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1. Introduction

The practice of carrying out reactions in solution
may reflect tradition,* but it appeared in the last two
decades that one can carry out many organic reac-
tions on solids' ¢ (alumina,’™ silica,>* zeolites,®
clays,>® and polymers??), generating faster reactions
and higher yields than via the traditional solution
methods.! Recently the surface of inorganic oxides
also proved to be a useful reaction medium for the
easy high-yield preparation of various metal carbonyl
complexes and clusters’~° which are of interest as
catalysts or catalysts precursors.®—9

The first surface-mediated synthesis of metal car-
bonyl complexes was reported by Fischer et al. 40
years ago; they observed that MCl3-nH,O (M = Ir,1°
Rh!%) supported on silica yielded, respectively, [Ir-
(CO).Cl]n and [Rh(CO).Cl],, after successive thermal
treatments with a stream of Cl, and then of CO.
Although it was a long time before the potential of
this innovative synthetic method was realized, in
recent years there has been considerable interest in
the use of surfaces of inorganic oxides as a noncon-
ventional reaction medium for the synthesis of metal
carbonyl compounds. Typically surface-mediated syn-
theses involve three simple steps: (i) impregnation
of the inorganic oxide with the metal salt or organo-
metallic precursor dissolved in a solvent followed by
evaporation to dryness; (ii) treatment of the sup-
ported reagent under well-defined reaction condi-
tions; (iii) recovery of the product. Both supported
reagent and product can be often fully characterized
by various surface methods (e.g., IR, NMR, EXAFS,
XPS, extraction, and chemical reactivity methodolo-
gies, comparison with molecular models).'? In many
cases, selectivities and yields are so high and reaction
conditions so mild that surface-mediated organome-
tallic syntheses (on silica, Table 1; on MgO or Al,Og,
Table 2) can be recommended over traditional syn-
theses in solution (Table 3), which often require high
pressures, high temperatures, and strongly reducing
conditions.”*

Surface-mediated syntheses of metal carbonyl com-
pounds are controlled by the (i) nature and loading
of the metal salt or organometallic precursor ad-
sorbed on the inorganic oxide, (ii) nature of the
inorganic oxide, (iii) physical and chemical properties
of the surface as such or after addition of specific
reactants (e.g., alkali or acids), (iv) nature and

Cariati et al.

Elena Cariati was born in Tradate, Italy, in 1968. She completed her
Ph.D. degree in 1995 at the University of Milano. Her doctoral research,
performed under the supervision of Professor Renato Ugo, was concerned
with the use of silica as a reaction medium for the high-yield synthesis of
various metal carbonyl compounds. In 1997 she spent one year as a
Fullbright Fellow with Professor Peter C. Ford's group at the University
of California, Santa Barbara. During this year she studied the nonlinear
optical (NLO) and luminescence properties of different Cu(l) complexes.
Since 1998 she has been working as a researcher at the University of
Milano. Her current research interests include the study of the photo-
physical and NLO properties of organometallic and coordination com-
pounds and the surface chemistry of metal carbonyl clusters and
complexes.

Dominique Roberto was born in Marseille (France) in 1961. She received
the B.S. (in 1984) and the Ph.D. (in 1989) in Chemistry from the University
of Ottawa (Canada), where she did research mainly in the synthesis of
nitrogen heterocyclic compounds, catalyzed by transition metals, under
the guidance of Professor Howard Alper. Since 1989 she has collaborated
with Professor Renato Ugo at the University of Milano (Italy), where she
became Associate Professor for General and Inorganic Chemistry in 1998.
Her current scientific interests include (1) synthesis of organometallic
compounds with electric or nonlinear optical properties and (2) surface
organometallic chemistry, in particular, (i) reactivity and characterization
of metal carbonyl complexes or clusters supported on silica, (i) synthesis
of organometallic compounds as models of surface species, and (iii) use
of the silica surface as reaction medium for the selective and high-yield
synthesis, working under mild conditions, of various metal carbonyl
complexes and clusters.

composition of the gaseous phase, and (v) tempera-
ture, pressure, and reaction time. Neutral metal
carbonyl species synthesized on the surface, either
physisorped or chemisorped, are usually recovered
simply by sublimation or by extraction with an
adequate solvent. Only in few cases, the organome-
tallic compounds are covalently linked to surface oxy
groups, requiring selective cleavage of the covalent
bond (e.g., M-OS, S = Si, Al or Mg) with the support
at the end of the reaction. Anionic carbonyl com-
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pounds synthesized on a basic silica surface are
simply physisorped and can be easily extracted with
an adequate polar solvent, whereas on the surface
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of MgO or Al,O3 they strongly interact with AI** or
Mg?* and therefore must be extracted from the
surface by ion exchange (e.g., with [(Ph3P);N]CI
dissolved in CH,CI,).12713

As a general trend, uncharged carbonyl complexes
and clusters are generated on the surface of rather
neutral supports such as silica®® or in the cages of
some zeolites such as NaY.” On the other hand, the
synthesis of anionic carbonyl clusters from metal
salts, neutral carbonyl complexes, or clusters requires
an adequate surface basicity. Up to now, the latter
has been reached by three different approaches. The
first is the use of an intrinsically strongly basic
surface such as MgO.”*3 The basicity strength of this
surface can be easily varied by the temperature of
treatment: an increase of the temperature leads to
gradual decarbonatation and dehydroxylation of the
surface with increase of strongly basic O?~ centers
and therefore to a relevant increase of the surface
basicity.*® A similar behavior occurs on the less basic
surface of Al,03.2% In the second approach, rather,
basic zeolites such as NaX can produce in their basic
cages anionic metal carbonyl species.” The third
approach involves an increased basicity of silica by
dispersion on the surface of an alkali carbonate.®?®
In this latter case, the basicity is controlled by (i) the
nature and amount of the alkali carbonate, (ii)
temperature, and (iii) the manner by which the alkali
carbonate is deposited on silica. The surface basicity
is affected not only by the amount of the added alkali
carbonate but also by its nature. There is clear
evidence that silica-supported K,CO3; behaves as a
stronger basic medium than silica-supported Na,COs,
probably due to a low solvation on the silica surface
of the alkali carbonates and therefore to a stronger
ion-pair interaction of the basic center CO32~, which
thus decreases its basicity, with the Na* cation than
with the larger K* cation.'* In agreement with such
an hypothesis, due to a decrease of physisorped water
which can solvate the alkali carbonate, an increase
of the temperature (e.g., up to 150 °C) increases the
surface basicity. Finally, a high alkali carbonate
loading (e.g., 36 wt % Na,COs with respect to silica)!®
can lead more to a real solid mixture than to a
dispersion on the silica surface. The alkali carbonate
is deposited from a slurry in CH.CIl, or a water
solution. This latter method leads to a more homo-
geneous dispersion of the base on the surface and
consequently to an increased basicity for a given
surface loading.*~1°

This review covers what is known about this
innovative and promising area of syntheses of metal
carbonyl complexes and clusters mediated by the
surface of inorganic oxides. Emphasis is placed on
syntheses which allow comparison of yields and
reaction conditions with respect to traditional syn-
theses in solution, but many interesting surface-
mediated syntheses without reported yields are also
mentioned. The use of the silica surface will be
described first, followed by MgO, Al,O3;, ZnO, and
La,Os3. Also, brief mention will be made of the
synthesis of metal carbonyl clusters in the cages of
zeolites, although this chemistry is not of synthetic
value because the resultant clusters remain usually
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Table 1. Synthesis of Metal Carbonyl Complexes and Clusters on the Silica Surface?
product starting material reaction conditions yield (%) ref
[Rh(CO).CI]. RhCl3:nH,O CO, 25 °C, 24h? 80—84 20
[Rhe(CO)16] RhCl3-nH0O molar ratio CH3CO,Na/Rh = 20/1, CO, 50 °C, 48 hP 89 24
[Rhe(CO)16] [Rh(CO).CI]. molar ratio Na,COs/Rh = 10/1, CO, 25 °C, 24 h° 83 24
[Rh4(CO)12] [Rh(CO).Cl]. molar ratio CHz;CO,Na/ Rh = 20/1, CO + H;0, 25 °C, 24 h® 85 24
[Rhlz(CO)go]z_ [Rh(CO)gCl]z molar ratio K,CO3s/Rh = 10:1, CO, 25 °C, 24 hde 71 24
[Rhs(CO)1s]~ [Rh(CO).Cl]. molar ratio K,CO3s/Rh = 10:1, CO, 25 °C, 24 hdf 80 24
[Ir(CO)sCl]n IrClz-nH,0 CO, 150 °C, 24 h; product sublimes during the reaction 76—83 20
[1ra(CO)12] IrCl3-nH,0O molar ratio Na;COs/Ir = 1.5/1, CO + H,0, 90 °C, 48 hd 84 32
[Ir4(CO)12] [Ir(COT).ClI].® molar ratio Na,COs/Ir = 1/1, CO + H,0, 90 °C, 6 hd 82 32
[1re(CO)15]?~ [Ir(COT).Cl]* molar ratio K,COgs/Ir = 5/1, CO, 120 °C, 22 h" 87 32
[1rs(CO)22]% [Ir(COT).Cl]9 molar ratio K,COgs/Ir = 5/1, CO + H0, 100 °C, 18 h" 71 32
[Ru(CO)sCl;]» RuClz-nH0O CO, 100 °C, 48 h 88—93 20
[H4Ru4(CO)12] RuCl;z-nHO (i) CO, 100 °C, 48 h to give [Ru(CO)s;Cl,(HOSi=)]; 86 15
(ii) molar ratio Na,CO3z/Ru = 3/1, CO/H, (1/3), 110 °C, 19 h°
[Ru3(CO)12] RuClz-nH,0! (i) CO, 100 °C, 48 h to give [Ru(CO);Cl,(HOSi=)]; 82—-93 15
(ii) molar ratio Na,CO3z/Ru = 3/1, CO, 110 °C, 48 h®
[Rus(CO)1Cl;] RuClz-nH,0 (i) CO, 100 °C, 48 h to give [Ru(CO);Cl,(HOSI=)]; 75 15
(ii) molar ratio Na,COz/Ru = 3/1, CO, 110 °C, 24 h®
[RusC(CO)16]?~ RuClz-nH0 (i) CO, 100 °C, 48 h to give [Ru(CO)s;Cl,(HOSi=)]; 95 15
(ii) molar ratio K,COz/Ru = 10/1, CO, 150 °C, 10 hi
[H3Ru4(CO)12]~ RuCl;z-nH0 (i) CO, 100 °C, 48 h to give [Ru(CO);Cl,(HOSIi=)]; 81 15
(if) molar ratio Na,COs/Ru = 3/1, CO/H, (1/3), 110 °C, 19 h!
[HRu3(CO)11]~ RuClz-nH,0 (i) CO, 100 °C, 48 h to give [Ru(CO)s;Cl,(HOSIi=)]; 42 15
(if) molar ratio K,COz/Ru = 10/1, CO, 80 °C, 60 h"
[HRues(CO)1s]™ RuClz-nH,0 (i) CO, 100 °C, 48 h to give [Ru(CO)sCl(HOSIi=)]; 61 15
(if) molar ratio K,COz/Ru = 30/1, CO + H0, 80 °C, 60 hi
[Os(CO);Cl]2 OsCl3.nH0 CO, 180 °C, 48 h™m 80—90 20
[H40s4(CO)12] OsCl3.nH,0O (i) CO, 180 °C, 48 h to give [Os(CO);Cl,(HOSi=)]; 70-83 41a
(ii) molar ratio Na,CO3/Os = 2/1, Hy, 150 °C, 72 h®
[H40s4(CO)12] [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give 94 67a
[HOs3(C0)100Si=]; (ii) Hz, 150 °C, 24 hP
[Os3(CO)12] OsCl3.nH,0O (i) CO, 180 °C, 48 h to give [Os(CO);Cl,(HOSi=)]; 76—82 4la
(ii) molar ratio Na,CO3/Os = 2/1, CO, 200 °C, 72 h®
[HOs3(CO)100H] [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO)100Si=]; 91 67
(it) H2O/toluene, N2, 95 °C, 5 h"
[HOs3(CO)100BuU] [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO)100Si=]; 87 67a
(i) n-Butanol, N3, 118 °C, 20 h"
[HOs3(CO)100Me] [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO)100Si=]; 54 67a
(i) MeOH, drop HBF4.Et,0, Ny, 65 °C, 24 h"
[HOs3(CO)100Ph] [Os5(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO)10,0Si=]; 66 67a
(i) molar ratio PhOH/Os; = 100/1, heptane, N3, 98 °C, 5 h"
[HOs3(CO)10X], [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO)100Si=]; 87—-89 67a
X =ClI, Br (ii) HX aq./CHCl,, Np, 40 °C, 7 h"
[HOs3(C0O)1002CR], [Os3(CO)12] (i) octane, reflux, 8 h and filtration to give [HOs3(CO),00Si=]; 56—72 67a
R = CHgs, CF3 (i) RCO;H/toluene, N2, 90 °C, 6 h"
[H30s4(CO)12]~ OsCl3.nH0 (i) CO, 180 °C, 48 h to give [Os(CO);Cl(HOSI=)]; 91 40
(if) molar ratio K,COz/Os = 10—20/1, CO, 150 °C, 24 h"
[H20s4(C0O)12]%~ OsCl3.nH0 (i) CO, 180 °C, 48 h to give [Os(CO);Cl(HOSI=)]; 92 41
(if) molar ratio K,CO3/Os = 10—20/1, CO, 200 °C, 48 h"
[0s10C(CO)24]>~ OsCl3.nH0 (i) CO, 180 °C, 48 h to give [Os(CO);Cl,(HOSi=)]; 81 41
(if) molar ratio Na,CO3/Os = 10/1, H,, 200 °C, 24 h"
[OssC(CO)14]?~ OsCl3.nH,0 (i) CO, 180 °C, 48 h to give [Os(CO);Cl,(HOSi=)]; 74 41a
(if) molar ratio K,CO3/Os = 20/1, CO, 265 °C, 24 h"
[H50510(CO)24]~ [Os(CO)3(0OH)]° H,, 200 °C, 72 hh 65 91
[Re2(CO)10] NH4[ReO4] CO(20 atm) + H>(130 atm), 150 °C, 24 h 40 99
[Re2(CO)10] [Re(CO)3(OH)14 CO, 200 °C, 72 h¢ 60 100
[Re(CO)3(OH)14 [Re2(CO)10] Nz, 250 °C, 30 min' 63 100

a Aerosil is used as silica, metal loadings can be in the range 2—15% (w/w) of metal relative to SiO,, and reactions are carried
out under 1 atm in a closed reaction vessel unless otherwise specified; the alkali carbonate is deposited from a CH.CI; slurry;
when different synthetic paths are available, the best methods are reported. ? Product recovery by extraction with CH,Cl,. ¢ Product
recovery by extraction with pentane. ¢ Product recovery by extraction with THF. ¢ Extraction under N,. f Extraction under CO.
9 COT = cyclooctene. " Product recovery by extraction with CH3CN. F Product recovery by extraction with acetone. I Working with
2—5% (w/w) Ru/SiO,. K Working with 15% (w/w) Ru/SiO,. ' Product recovery by extraction with [PPN]Br in THF. ™ Product recovery
by extraction with hot CHCI; in a Soxhlet. " Both steps are carried out in a three-necked flask; in step i the silica powder containing
[HOs3(CO)100Si=] is filtered and treated according to step ii, affording the product which goes in the organic phase and is then
recrystallized to give the reported yield. ° Generated in situ by reaction of [Os(CO)3Cl,], with NaOH.%*

trapped in the cages (ship-in-bottle synthesis) and
cannot be isolated.” Finally the role of the syntheses
mediated by the surface of inorganic oxides as a
spring of inspiration for syntheses of metal carbonyl
clusters in solution is outlined (Table 4).

2. Synthesis on the Surface of Silica

Various carbonyl complexes and clusters from
groups 7, 8, and 9 have been prepared on silica. As a
general trend, neutral compounds are generated on
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Table 2. Synthesis of Metal Carbonyl Clusters on the Surface of MgO or Al,O32

product starting material reaction conditions yield (%) ref
[Pt15(CO)30]?~ Na,[PtClg] (i) MgOuo0, MeOH, CO, 25 °C, 8 h; evaporation to dryness 73 107
(i) extraction under CO with [(PhsP),N]CI in THF
[PtRhs(CO)15]~  Nay[PtCls] and (i) MgOzs, MeOH, CO, 25 °C, 48 h; evaporation to dryness 84 108
RhCl3nH,0,
molar ratio Pt/Rh = 1/5
(i) extraction under CO with [(PhsP).N]CI in THF
[Rhe(CO)15)?~ [Rhe(CO)16] (i) MgO2sor200, CH2Cly, 25 °C; evaporation to dryness 40 111
(i) extraction with [(Ph3P).N]CI in CH.ClI,
[Rhs(CO)1s]™ [Rh(CO),(acac)] (i) MgO, hydrated hexane; evaporation to dryness a7 113
(i) CO, 25 °C, 5 days; extraction with CH3;CO,K
in MeOH under CO
[HFe3(CO)11]~ [Fes(CO)12] or (i) MgO2s, hexane, 25 °C; evaporation to dryness 60 115
[Fe(CO)s]
(i) extraction with [EtsN]CI in CHCl,
[HFe3(CO)11]™ [Fes(CO)y2] or (i) Al,O3, hexane, 25 °C, 1 h; evaporation to dryness 70 115
[Fe(CO)s]
(ii) extraction with [Et4N]CI in CH.CI;
[0s10C(CO)24]>~ H20sClg (i) MgOug0, H20, 25 °C; evaporation to dryness 65 95, 118
(i) CO/HZ(1/1), 275 °C, 5 h; extraction with [(PhsP).N]CI
in acetone
[OssC(CO)14)>~  [0s3(CO)12] (i) MgOugo, hexane, 25 °C; evaporation to dryness 65 7,95, 121

(i) CO, 275 °C, 4 h; extraction with [(PhsP),N]CI in acetone

a Metal loadings are in the range 1-2.5% (w/w) of metal relative to MgO or Al,Og; reactions are carried out under 1 atm.

such a neutral inorganic oxide, but addition of a base
allows the formation of anionic species. The basicity
of the silica surface can be controlled by the nature
and amount of the alkali carbonate, the temperature,
and the manner by which the alkali carbonate is
deposited on silica. This easy modulation allows an
excellent control of the reaction conditions necessary
to obtain with high selectivity a specific cluster. In
this review, unless otherwise stated, the silica used
as reaction medium is Aerosil, a nonporous silica, the
metal loading is in the range 2—15% (w/w) of metal
with respect to SiO,, and the reaction is carried out
at 1 atm in a closed reaction vessel. An interesting
aspect of silica-mediated syntheses is that when a
mixture of neutral and anionic species are formed on
the surface, as evidenced by infrared spectroscopy,
they can be selectively recovered by an adequate
choice of the solvents used for extraction. Thus,
neutral complexes and clusters simply physisorped
on the silica surface can be extracted with a solvent
such as pentane or dichloromethane whereas anionic
species require a solvent such as acetone or acetoni-
trile. The recovery of species linked to the surface via
silanols such as [M(CO);Cl,(HOSi=)] (M = Ru, Os)
needs a solvent able of displacing silanols such as
acetone. All yields reported in this section are those
of the product obtained after extraction from the
silica surface or sublimation (Table 1).

2.1. Cobalt. Neutral and Anionic Clusters:
[C04(CO)12] and [RUCOg(CO)lz]_

Although, up to now, the reaction of Co clusters
on the silica surface has been investigated only from
the point of view of the surface organometallic
reactivity, the results are promising for synthetic
purposes. Thus, physisorped [Co,(CO)s] is converted
to physisorped [Co4(CO)12] on the surface of silica gel
by a mild thermal treatment (40 °C)¢ like in petro-
leum ether solution.'” Besides, it appeared that
chemisorped [Ru(CO);Cl,(HOSi=)], prepared by ad-

sorption of [Ru(CO)3;CIly(THF)] on silica (Davison),
reacts with [Co(CO)4]~ to give physisorped [RuCos-
(CO)12]~, which can be extracted as the [(PhsP),N]*
salt by treatment with a solution of [(PhsP),;N]CI in
THF,'® a reaction that mimics that of [Ru(CO)sCl,-
(THF)] with [Co(CO)4]~ in THF solution.'®

2.2. Rhodium

2.2.1. Neutral Complexes and Clusters: [Rh(CO).Cl],,
[Rhy(CO)12] and [Rhg(CO)y¢]

[Rh(CO).ClI].. As already pointed out, 40 years
ago, Fischer et al. reported that treatment of RhCl;-
nH,0 physisorped on silica gel first with a stream of
Cl; at 160°C and then with a stream of CO at 140 °C
affords physisorped [Rh(CO),Cl], (97% yield), which
sublimes (Scheme 1).!! Later, it appeared that such
drastic conditions and chlorination are not necessary
when Aerosil, a nonporous silica, is used. When
RhCl;-nH,0 physisorped on Aerosil is treated with
CO at 25 °C in a closed vessel, physisorped [Rh-
(CO).ClI]; is formed on the silica surface from which
it can be separated by extraction with CH,CI, (80—
84% yields).?° This synthesis is very attractive when
compared to the traditional synthesis in solution
(Table 3),'2 and the conditions are milder than those
of the reductive carbonylation of solid RhCl3-nH,0.?°
Whereas in the latter synthesis failure to periodically
remove water caused decomposition of [Rh(CO),Cl];
to metal, water is not troublesome in the silica-
mediated synthesis.?°

[Rh4(CO)12] and [Rhe(CO)6]. The formation of
physisorped [Rh4(CO)12] and [Rhg(CO)16] by treat-
ment with CO and H,O of chemisorped [Rh(CO),-
(0Si=)(X0Si=)] (X = H or Si=; formed by oxidation
with O, of [Rh4(CO);12] or [Rhe(CO)16] physisorped on
silica) was the first evidence for a high mobility of
surface rhodium carbonyls?? and provided a hint for
the study of the silica-mediated synthesis of Rh
carbonyl clusters from Rh(l) species,?® or even from
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Table 3. Best Traditional Synthesis of Metal Carbonyl Complexes and Clusters in Solution?

Cariati et al.

product starting material reaction conditions yield (%) ref
[Rh(CO).CI]. RhCl3-nH0 (i) MeOH/H;0, ethylene, RT, 7 h (ii) Et,0, CO, 25°C, 1 h 40 2la
[Rhs(CO)16] [Rh(CO).Cl]> MeOH, CHsCO.Li, CO, RT, 24 h 78 25
[Rh4(CO)12] [Rh(CO).CI]. n-hexane, NaHCO3;, CO, RT, 24 h 83 25
RhCl3:3H,0 (i) Cu, NaCl, H,0, CO, RT, 2 h 85 27
(ii) disodium citrate, CO, RT, 20 h
[Rh12(CO)s0]?~ [Rh(CO).Cl]> THF, CH3CO;Na, CO, RT, 5 h 88 29
[Rhs(CO)1s]™ [Rh4(CO)12] THF, [Rh(CO)4]~, CO, RT 80 30
[Irs(CO)12] IrCls-nH,0 (i) EtOH, H0, CO, reflux, 6 h 65 33
(i) disodium citrate, CO, RT, 24 h
IrCl3-nH,0 HCOOH, sealed tube, 100 °C, 12 h 100 34
[1rs(CO)15)? KalrClg (i) 2-methoxyethanol, CO, 110 °C, 18 h 70-75 36
(if) Ko.CO3, CO, 90 °C, 5 h
[1rs(CO)2]2~ [1r4(CO)12] THF, Na, CO, RT 42 37
[Ru(CO)sCl2]2 [Ru3(CO)12] CHCls, N2 (5atm), 110 °C, 6 h 53-60 46
RuClz-nH0 MeOH, Ag; CO(10atm), 65 °C, 30 h 73 a7
[HiRu4(CO)12] [Rus3(CO)12] octane, Hy, reflux, 1 h 88 49
RuCl;s-nHO EtOH, Ag, CO(40 atm)/H»(80 atm), 75 °C, 72 h 10—-30 50b
[Rus3(CO)12] RuClz-nH0 MeOH, CO(50atm),125 °C, 8h 85—-95 53
RuCl;z-nH0O (i) 2-ethoxyethanol, CO, 135 °C, 6 h 45-60 51
(ii) ethanol, Zn, CO, 85 °C, 6—7 h
[RusO(O,CCHg)e propanol, NEt;, CO, 80 °C, 30 h 59 52
(H20)3](0.CCH3)
RuCl;z-nHO (i) 2-methoxyethanol, CO, 125 °C, 2 h; (ii) 2-methoxyethanol, 80—90 55d,
molar ratio KOH/Ru = 1/1, CO, 85 °C, 20 min 55e
[RusC(CO)16]?~ [Rus(CO)12] diglyme, Na, reflux, 12 h 90 57b
[H3Ru4(CO)12]~ [H4Ru4(CO)12] THF, [PPN]CI, RT, 15 min 100 60c
[HRuU3(CO)11]™ [Rus(CO)s2] THF/MeOH, KOH, RT, 6 h 100 61
[HRUG(CO)18]7 [HRU3(CO)11]7 THF, H,SO,4, RT 50 61
[Os(CO)sClz)2 [Os3(CO)12] cyclohexane, HCI, 170 °C, 40 h 80 68
[H40s4(CO)12] [Os3(CO)12] octane, Hz(120 atm), 100 °C, 24 h 70 70
[Os5(CO)12] 0s04 MeOH, CO(75 atm), 125 °C, 12 h 70-80 74
[HOs3(CO)100H] [Os3(CO)12] THF, NaBH,, N, 40 °C followed by acidification 27 79a
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H20s3(CO)10] 33 77
(ii) hexane, Me;NCN, reflux, 10 min to give
[HOs3(CO1o(NCHNMe,)]
(III) CH2C|2/H20, HBF4.M€20, RT, 15 min
[HOs3(CO)100Me]  [Os3(CO)12] MeOH, autoclave, 160—170 °C, 19 h 10 79b
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H2,0s3(CO)10] 41 77
(i) hexane, Me;NCN, reflux, 10 min to give [HOs3(CO10(NCHNMe;)]
(III) CHzclg/MeOH, HBF4.M€20, RT, 30 min
[HOs3(CO)100Ph]  [Os3(CO)1z] xylene, PhOH, reflux, 10 h 48 79b
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H,0s3(CO)10]; 35 76
(i1) hexane, cyclohexadiene, N, reflux, 4 h to give
[Os3(CO)10(cyclohexa-1,3-diene)]
(iii) cyclohexane, PhOH, Ny, reflux, ca. 3 h
[HOs3(CO)10X] [Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H,0s3(CO)10] 30—-36 75
X =ClI, Br (i) CH.Cly, vinylene carbonate, RT, 28 h to give
[HOSs(CO)lo(OCH=CH2)]
(iitf) CH2Cl,, HBF4.Me2O, Ar, —78 °C, [NEt4]X 1.5 h
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H,0s3(CO)10] 35 76
(i1) hexane, cyclohexadiene, N, reflux, 4 h to give
[Os3(CO)10(cyclohexa-1,3-diene)]
(iii) cyclohexane, HX, reflux, 3 h (X=CI) or 10 min (X=Br)
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H,0s3(CO)10] 55 77
(i) hexane, Me;NCN, reflux, 10 min to give [HOs3(CO10(NCHNMe;)]
(iii) CH2Cl,, HCI, RT, 0.5 min
[HOs3(C0O)100.CR] [Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H20s3(CO)10] 40 76
R = CHs;, CF3 (ii) hexane, cyclohexadiene, Ny, reflux, 4 h to give
[Os3(CO)10(cyclohexa-1,3-diene)]
(iii) cyclohexane, RCOzH, reflux, 1—-2 h
[Os3(CO)12] (i) octane, Hy, reflux, 1.5 h to give [H20s3(CO)10] 52 77
(i) hexane, Me;NCN, reflux, 10 min to give [HOs3(CO10(NCHNMe;,)]
(iitf) CH2Cl,, CF3CO2H, RT, 1.5 min
[H30s4(CO)12]~ [Os3(CO)12] BuOH, KOH, reflux, 48 h 45 85
[H4OS4(CO)12] MBOH, KOH, RT 75 70
[H20s4(CO)12]>~ [Os3(CO)12] dioxane, NaBHg4, reflux 39 86
[0s10C(CO),4]%~ [Os3(CO)12] tetraglyme, Na, 230 °C, 70 h 63 88
[OssC(CO)14)? [Os3(CO)12] (i) sealed tube, 210 °C, 12 h to give OssC(CO);s; 37 90
(if) CO(50 atm), 165 °C, 16 h;
(iii) MeOH, Na,COs, N2, RT, 2.5 h
[H50s10(CO)24]~ [Os3(CO)12] (i) BUOH, reflux to give very low yields of [H40s10(CO)24]%~ very low 92

(i) acidification with H,SO40r CF;COzH, RT
a Carried out at atmospheric pressure unless otherwise specified.
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Table 4. Solution Syntheses, Working at Atmospheric Pressure, Inspired by Silica-Mediated Ones

product starting material reaction conditions yield (%) ref
[H4Ru4(CO)12] RuClz-nH0 (i) ethylene glycol, CO, 110 °C, 3h 82 55b,55¢
(i) Na2CO3 (molar ratio base/Ru = 3/2), CO/H, (1/3), 95 °C, 12 h
[Ru3(CO)12] RuClz-nH,0 (i) ethylene glycol, CO, 110 °C, 3h 80—85  55b,55¢c
(i) Na2CO3 (molar ratio base/ Ru = 3/2), CO, 95 °C, 7 h
[RusC(CO)s6]*> RuClz-nH0 (i) ethylene glycol, CO, 110 °C, 3h 80—84  55b,55¢c
(i) KoCO3 (molar ratio base/ Ru = 10/1), CO, 160 °C, 8 h
[H3sRu4(CO)12]~ [Ru(CO)sCl)2 t-amyl alcohol, Na,CO; (molar ratio base/Ru = 3/1), 93 55a
CO/H, (1/3), 88 °C, 12 h
[Os3(CO)12] OsClz-nH,0 ethylene glycol, Na,COj3; (molar ratio base/Os = 3/2), 64—70  55b,55c
CO, 160—165 °C, 15 h
[H40s4(CO)12] OsCl3nH,0 (i) ethylene glycol, K,CO3 (molar ratio base/Os = 10/1), 74—81 5ba
CO, 160—165°C, 9 h
(ii) H2SOy4; extraction with CH,CI,
[H30s4(CO)12]~ OsCl3-nH0 ethylene glycol, K,CO3; (molar ratio base/Os = 10/1), CO, 74—81 55a
160—165 °C, 9 h; extraction with [NaBu,]I/CH.CI,
[H40s10(CO)24]*~ [Os(CO)sCl2]2 ethylene glycol, Na,COs (molar ratio base/Os = 2:1), H,, 160 °C, 6 h  79—81  55b,91

Scheme 1. Best Syntheses of Various Rhodium Carbonyl Compounds on the Surface of Silica (1 atm)

|[Rh(0,CCH,),],/SiO, |

CO, 100°C

— CH,CO,Na:Rh=20:1, CO, 50°C — CH,CL,
RhCL,/Si0, [Rh6(CO)l6]/8102|—> [Rhy(CO),]

CO, 25°C

Na,CO, or CH;CO,Na : Rh=10 or 20:1

]
[RR(CO),CIL/SiOy—c =

CH,CI,

[Rh(CO),CI],

RhCl3-nH,0 since the intermediate chemisorped [Rh-
(CO),CI(HOSi=)] is easily generated.??

The reductive carbonylation of RhCl;-nH,O and
[Rh(CO),Cl], physisorped on silica has been investi-
gated working under CO either in the absence? or
in the presence?* of a base. Physisorped RhCls:nH,0
cannot be converted to [Rh4(CO)12] and [Rhe(CO)16]
by working under mild conditions in the absence of
a base because the reaction stops at [Rh(CO),Cl]..
Most probably the amount of HCI liberated during
the reaction inhibits at relatively low temperatures
aggregation to Rh clusters. At higher temperatures
(70 °C), sublimation of the dimer occurs, preventing
further reduction.?® However, treatment at 25 °C of
physisorped [Rh(CO),Cl], (prepared by stirring [Rh-
(C0O).Cl],, pentane, and silica followed by evaporation
of the solvent) with CO and water affords slowly
mixtures of physisorped [Rh4(CO):12] and [Rhe(CO)16].2°
A large amount of water favors the formation of [Rh,-
(CO)12], a behavior similar to that reported for the
reductive carbonylation of [Rh(CO),Cl], in metha-
nol.?®

Addition of a base to the silica surface favors
removal of the chloro ligands from the Rh coordina-
tion sphere and therefore formation of neutral or even
anionic carbonyl clusters.?* Thus, when the reductive
carbonylation of physisorped RhCl;-nH,0 is carried

K,CO;:Rh=10:1, CO, 25°C

H,0

CH,CI,
[Rh4(CO)12]/Si02|—> [Rh,(CO),,]

N
> K,[Rh,,(CO)y]

(Kol

——THF|
Rh;,(CO);,)/Si0,

K[Rh5(CO);s]
CcO

out at 50 °C in the presence of CH3CO2Na, [Rhg-
(CO)4¢] is obtained in 89% yield. By working under
the same conditions but at 25 °C, RhCl3-nH;O does
not afford carbonyl species even after 1 month,
whereas [Rh(CO),Cl], can be selectively converted to
[Rhe(CO)16] (83% yield) or [Rha(CO)12] (85% yield,
when working in the presence of added water). [Rhe-
(CO)16] can also be prepared in 83% yield by reductive
carbonylation of physisorped [Rh(CO).Cl], in the
presence of Na,CO3.2* The yields and reaction condi-
tions of these silica-mediated syntheses are compa-
rable with those of conventional syntheses in solution
of [Rh4(CO)12]25_27 and [Rha(CO)lﬁ].ZS_ZG Besides, [Rhe-
(CO)46] can also be prepared by reduction (100 °C,
CO) of physisorped [Rh(O,CCHj5),],,2 reaction condi-
tions and yield (82%) being similar to those reported
for the traditional synthesis from [Rh(O,CCH3);]; in
propanol.?8

2.2.2. Anionic Clusters: [Rhi(CO)s]*~ and [Rhs(CO)s]™

When [Rh(CO),Cl], physisorped on silica in the
presence of excess K,COj is treated at 25 °C with CO,
reduction to physisorped K;[Rh1,(CO)s0] occurs. The
cluster can be extracted under N, with THF (71%
yield), whereas by carrying out the extraction under
CO, K[Rhs(CO)1s] is obtained (80% yield), in agree-
ment with the interconversion of these two clusters
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Scheme 2. Best Syntheses of Various Iridium Carbonyl Compounds on the Surface of Silica (1 atm)

[1r(CO),C],

sublimes

50°C Na,CO, :Ir = 1.5:1; CO, H,0, 90°C
IrClLy/SiO, 23 .

Na,CO,:Ir=1:1; CO, H,0, 90°C CH,Cl,

[Ir(COT),Cl1],/SiO,
K,CO;:Ir=5:1

[Ir,(CO),,)/Si0, | —— [Ir,(CO),,]

CO, 120°C

CO, H,0, 100°C

K,[Ir(CO),J/SIO, |

|[11,(C0),,1/SI0, +K,[I(CO),,ISiO,

CH,CN

K, [Irg(CO)y5]

[Ir,(CO),,]
in CH,CI,

first CH,Cl, then CH,CN

+ K,[Irg(CO)y,)
in CH;CN

Scheme 3. Possible Pathways for the Generation of Various Iridium Carbonyl Clusters on the Surface of

Silica

IrCl, /SiO, or [Ir(cyclooctene),C1],/SiO, |

Weak basicity

CO + H,0, fast

[Ir(CO),(OR)(HOR)}/SiO, (R =H, Si)l

[Ir,(CO),,)/Si0O,

Strong basicity

lCO, slow

| [Ir(CO),CI(HOR)}/SiO, (R = H, Si)

[Ir(CO);Cl],
sublimes

CO +H,0
100°C, slow

1 €O, 100°C

|K,[Ir(CO),I/SiO, |

CO
80-120°C, fast

Kz[Irg(CO)ZZ]/SiOZ I 1. dry; 2. CO, 80-120°C, fast | Kz[Iré(CO)w]/SiOZ |

in solution.?%3° The yields and reaction conditions of
these silica-mediated syntheses are comparable with
those of conventional syntheses in solution.?®—30
Interestingly, a new anionic rhodium carbonyl cluster
of high nuclearity, never observed in solution, was
isolated in excellent yields by reductive carbonylation
(CO, 50—100 °C) of RhClsnH,O or [Rh(CO),Cl],
physisorped on silica in the presence of excess Na,-
CO3 and water (50 wt % of water with respect to the
silica powder).?* The structural characterization and
the reactivity of this new cluster are underway.

2.3. Iridium

2.3.1. Neutral Complexes and Clusters: [Ir(CO)sCl], and
[Irs(CO)12]

[Ir(CO)sCl],. Treatment of IrCl3-nH,O physisor-
ped on silica gel first with a stream of Cl, at 150 °C
and then with a stream of CO at 180 °C affords [Ir-
(CO)sCl]n, which sublimes (93% yield after five cycles
of chlorination/carbonylation) (Schemes 2 and 3).1°
This surface-mediated synthesis, which 40 years ago
was a very convenient way to obtain this complex

previously formed in low yields by treatment of finely
divided IrClz-nH,0 with CO at 150 °C,3!2 was repro-
posed 17 years later working on chromatographic-
grade silica gel.3'® After chlorination and carbonyla-
tion for 12 h, 15—43% vyields of [Ir(CO)sCl], were
reached but [Ir4(CO)1,] was obtained as byproduct.31®
More recently, it appeared that such a tedious
treatment with Cl, is not necessary when Aerosil, a
nonporous silica, is used. When IrCl;-nH,O supported
on Aerosil is heated at 150 °C under CO for 24 h in
a closed vessel, [Ir(CO);Cl], sublimes on the cold
walls of the vessel outside the oven (76—83% yields).?

[1r4(CO)12]. When silica physisorped IrCl;-nH,0 is
heated under CO at 90 °C for 48 h in the presence of
water, physisorped [Ir4(CO);.] is formed and can be
easily recovered from the silica surface by extraction
with tetrahydrofuran (58% yield).?%3? Higher yields
(79—84%) are reached by working in the presence of
a low amount of Na,COs. Similarly, treatment at 90
°C with CO of [Ir(cyclooctene),Cl], physisorped on
silica in the presence of Na,CO; and H,O (16%
(w/w) of H,O relative to the silica powder) gives
physisorped [Ir4(CO)12] (82% yield after 6 h only).??
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These silica-mediated syntheses represent an alter-
native to traditional methods in solution.33341t is
interesting to point out that silica physisorped [Ire-
(CO)1¢] is converted to [Ir4(CO);2] by treatment at 100
°C under argon,®*@ an unexpected conversion because
an increase in cluster nuclearity on thermal treat-
ment is usually expected. The same decrease of
cluster nuclearity upon heating was then reported
to occur also by heating [Irs(CO);¢] in dichloroethane
at 80 °C under nitrogen.3®

2.3.2. Anionic Clusters: [Irg(CO)15)?~ and [Irg(CO)po]?~

When [Ir(cyclooctene),Cl], physisorped on silica in
the presence of excess K,COs is heated at 120 °C
under CO, physisorped K;[Irs(CO);5] is obtained (87%
yield).3? The amount of water has a strong influence
on the selectivity of the reductive carbonylation. With
a large excess of H,0 (200% (w/w) of H,O relative to
the silica powder) at 100 °C, a mixture containing
Ko[lrg(CO)22] and [Iry(CO)12] is formed. Extraction
with CH,Cl, affords [Ir4(CO)12] (27% yield), whereas
further extraction with CH3;CN gives K;[Irg(CO)22]
(71%).22 The silica-mediated synthesis of K;[Irg(CO);s]
is comparable to the traditional one in solution3®
whereas the silica-mediated route to [Irg(CO)2,]% is
much more attractive (better yields, more convenient
starting material) than the synthesis in solution.3":%8
Interestingly, on the silica surface the use of high
temperatures (150—200 °C) leads to a new anionic
high-nuclearity iridium carbonyl cluster which had
never been observed when working in solution.%?
Work is in progress to define its structural charac-
terization.

2.3.3. The Understanding of the Process of Nucleation of
Surface Ir(l) Carbonyl Species to Various Iridium
Carbonyl Clusters

By working with a low surface basicity (molar ratio
Na,COs:lr = 1-1.5:1), both silica physisorped [Ir-
(cyclooctene),Cl], and IrCl; generate [Iry(CO);2] by
treatment with CO (Scheme 2). This process could
proceed via some surface Ir(l) species such as [Ir-
(CO)2(OR)(HOR)] (R = H, Si=), similar to the sug-
gested [Ir(CO),(OMg)(HOMQ)] species obtained by
chemisorption of [Ir(CO),(acac)] on MgO (see section
3.3).3% This assumption is in line with the reaction
of silica physisorped [M(CO);Cl;], (M = Os, Ru) in
the presence of alkali carbonates to give reactive
species of the type [M(CO)x(OR);]n (x = 2, 3; R = H,
Si=) characterized mainly by infrared spectros-
copy.14-1540-41 However, attempts to obtain infrared
evidence of [Ir(CO),(OR)(HOR)] (R = H, Si=) failed
probably due to its very high reactivity with CO to
give [Iry(CO)12] already at room temperature.

Also, the related surface species [Ir(CO),CI-
(HOSi=)], formed by carbonylation of silica physi-
sorped [lIr(cyclooctene),Cl],, reacts quickly at room
temperature and in the absence of alkali carbonate
to give [Iry(CO)y,] if an excess of physisorped water
is present. In fact, this latter Ir(l) species is stable
only on very dry silica (pretreated at 500 °C under
1075 Torr).*> We have strong evidence that the silica
surface must play a role in favoring the process of
aggregation under CO of [Ir(CO).CI(HOSi=)], and
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probably also of the proposed intermediate [1r(CO),-
(OR)(HOR)] (R = H, Si=), to give [lry(CO)2] since
the related Ir(l) species [Ir(CO),Cl], is stable under
CO at room temperature in donor solvents such as
acetonitrile.*?

On silica added with an excess of K,COs, like in
strongly basic solution®” or on the MgO surface® (see
section 3.3), the silica-supported [Ir4(CO)12] initially
formed gives sequentially [Irg(CO)x]>~ and [lrs-
(CO)15)>. By analogy with the iridium chemistry
occurring in basic solution®” or on the MgO surface?®
(see section 3.3), the first anionic iridium cluster
formed on the silica surface added with alkali car-
bonates is probably [HIrs(CO)11]~. However, attempts
to define the reaction conditions necessary to detect
this cluster, failed. In fact, treatment of silica-physi-
sorped [Ir4(CO);2] at 80 °C for 6 h in the presence of
CO and K;CO3; (molar ratio K,COg3: Ir = 5:1) gives
minor amounts of K;[1rs(CO)1s], but no K[HIr4(CO)11],
while most [Irs(CO)12] does not react. When the
reductive carbonylation is carried out at 120 °C for
5 h, [Iry(CO),2] is totally converted to Ky[lrg(CO)1s].
Probably [HIr,(CO)11] is formed already at about
60—80 °C, but it immediately aggregates first to
[Irg(CO),2]2~, like it occurs on hydrated MgO?° (see
section 3.3), and then to [Irg(CO)15]?~. To support a
sequence of transformation, we found that silica-
supported K;[Irg(CO),;] is rapidly (ca. 2 h) converted
to K;[Irg(CO);s] by thermal treatment (80—120 °C)
under CO in the presence of K,CO3 (molar ratio K-
COzllr =5:1).%2

In conclusion the chemistry of “Ir(1)(CO),” species
generated in situ on the silica surface added with
alkali carbonates (Scheme 3) parallels the chemistry
of similar “Ir(1)(CO),” species on the hydrated MgO
surface®® (see section 3.3) or of [Iry(CO);2] in basic
solution.®” The main difference is due to the lower
basicity of the silica surface added with small amounts
of alkali carbonates when working at temperatures
below 50 °C because under these conditions [Hlry-
(CO)11]™ is not generated from [Iry(CO),,]. However,
on the silica surface added with excess alkali carbon-
ates, this latter anion is probably generated, but it
reacts much more quickly than in solution or than
on the MgO surface, where probably it is more tightly
interacting with Mg?" centers of high polarizing
power. In the presence of a huge amount of water,
the [HIry(CO)11]~ produced is transformed via a
controlled reaction into [Irg(CO),2]> only (as it occurs
starting from physisorped [Ir(cyclooctene),Cl], in the
presence of excess K,COg). This reaction proceeds to
selectively generate [Irs(CO)15]>~ when working in the
absence of added water. Since the basicity of a silica
surface added with alkali carbonates increases when
the amount of physisorped water decreases,'* it
follows that on the silica surface added with K,CO3
in absence of excess water, like in strongly alkaline
solution®” or on the surface of MgO®?° (see section 3.3)
or inside neutralized basic zeolite cages*® (see section
6.3) the high basicity favors the direct formation of
[lrﬁ(CO)15]27.32

Whereas [Ir4(CO)12] is obtained in excellent yield
by direct reduction of IrCl; working with a low
surface basicity or in the absence of any surface
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Scheme 4. Best Syntheses of Various Ruthenium Carbonyl Compounds on the Surface of Silica (1 atm)

RuCly/Si0,|  [Ru(CO),CL,],

CO, 100°C

CO, 80°C
——

CO/H,, 100°C

[Ru(CO),Cly(HOsi)) [2CORu=10:1] €O, 150°C

K,CO;:Ru=30:1
CO+H,0, 80°C

K[HRu,(CO),, /810 < K[HRu,(CO), ]

K[H;Ru,(CO),,}/5i0. I K[H,Ru,(CO) ;]

acetone
K,[Ru,C(CO),1/Si0, —* K,[Ru,C(CO), ]

Na,CO;:Ru=3:1

co
| K[HRu,(CO),)/SiO, | 110°C
acetone l .
15wi%Ru/SiO,

K[HRuy(CO) 4]

2-5Wt%Rw/SiO,

COM, 1/3
110°C

[H,Ru,(CO),,]/SiO}

[[Ruy(C0O),,CLYSIO, | [ [Ruy(CO),,158i0, |

CH,CI, |
[Ru,(CO),,Cl,]

basicity,?°%? neither [Irg(CO)»2]?~ nor [Irg(CO)15]> can
be prepared in high yields by direct reduction of 1rCl;
on a silica surface of high basicity (molar ratio K-
COs:lr = 5—15:1). An explanation of this lack of
reactivity could be the formation of hydroxo species
(e.g., Ir(OH)3, [Ir(OH)s]*~, or [Ir(OH)s(H,0)]>)*44°
during the impregnation of silica with a water solu-
tion of IrCl3-nH,0 in the presence of excess K,COs.
These hydroxo species, which are not formed when
starting from [Ir(cyclooctene),Cl], (which is rapidly
converted into reactive “Ir(1)(CO),” surface species
such as [Ir(CO),(OR)(HOR)] (R = H, Si=)), can be
much more difficult to reduce than Ir(l) surface
carbonyl species. This suggestion is supported by a
similar evidence for the reaction in solution where a
two-step process is required to obtain [Irs(CO)5]>~
from KIrClg: first reduction of K;IrClg under CO at
110 °C to generate Ir(l) carbonyl species and then
successive reduction under CO at 90 °C in the
presence of K,CO3 to give Ky[lrg(CO);s].%6

2.4. Ruthenium

2.4.1. Neutral Complexes and Clusters: [Ru(CO)3Cly],,
[Ru3(CO)12], [HsRu4(CO)12], and [Ruz(CO)1oClo]

[Ru(CO)3Cl;]2. RuCls-nH,0 physisorped on silica,
when heated at 100 °C under CO, generates chemi-
sorped [Ru(CO);Cl,(HOSi=)] (Schemes 4 and 5).
Extraction with a donor solvent such as acetone gives
[Ru(CO)sCl,], in 88—93% yields.?° This silica-medi-
ated synthesis is attractive when compared to the
best traditional synthetic routes in solution which
require more drastic conditions and afford lower
yields of [Ru(CO)sCl], (Table 3).46747

[RU3(CO)12], [H4RU4(CO)12], and [RU3(CO)10C|2].
It appeared that silica physisorped [Rus(CO);.] reacts
with H; at 50 °C to give physisorped [H4Ru,(CO);,],*®
a reaction slower (due to the relatively low temper-
ature) but similar to that observed in refluxing
octane.*® This surface reactivity and the easy recovery
of [H4Ru4(CO)12] by extraction with CH,ClI; hinted the
development of a convenient silica-mediated synthe-
sis of [H4Ru4(CO);,] directly from RuCl;-nH,0, a less
expensive material than [Ru3(CO);2]. In ethanol,

| cHCL,
[Ru,(CO),,]

CH,CI / \\HF+ PPN]B

[H,Ru,(CO),,] PPN[H,Ru,(CO),,]

Scheme 5. Possible Pathways for the Generation
of Various Ruthenium Carbonyl Clusters on the
Surface of Silica

Na,CO; or K,CO;
[Ru(CO),(OH),],/SiO, [Ru(CO),CL,(HOSi)]
(x=2.3) Molar ratio M,CO; : Ru = 3-20
Cco
50-100°C

CO/H, or H,, 50-110°C

[Ruy(CO),,1/SiO, [H,Ru,(CO),,)/Si0,

neutral or low basicity
high basicity high basicity
CO, 25-80°C
CO/H, or H,, 80°C KIELRuACO)_VSiO

K[HRu,(CO),,)/Si0, Co.80°C [H;Ruy(CO),,1/Si0,
high basicity %goh lbsagigty
CO+H,0, 80°C

K[HRu,(CO),4]/SiO, K,[Ru,C(CO),(1/SiO,

under very high pressures (40 atm of CO + 40 atm
of Hy),® [H4Ru4(CO)1,] can be formed from RuCls-
nH,0, but in low yields (10—30% yields after 3 days
at 75—100 °C). It turned out that high yields of this
cluster can be reached by using a two-step silica-
mediated route via the intermediate synthesis of
chemisorped [Ru(CO);Cl,(HOSi=)]. Thus, treatment
of the latter species with a low amount of Na,CO3
(Na,CO3:Ru = 3:1; deposited from a CHCl; slurry)
followed by heating at 110 °C under CO + H; (molar
ratio 1:3) affords [H4Ru4(CO)12] in 88% yield. Similar
yields are obtained starting from [Ru(CO);Cl,]..*° By
working with the same reaction parameters but using
pure CO as gas phase, both chemisorped [Ru(CO);Cl,-
(HOSi=)] and physisorped [Ru(CO)3Cl;], are readily
converted to physisorped [Ruz(CO);2] (82—93% yields)
with a loading of 2—5% (w/w) of Ru relative to SiO,.1®
These yields are higher than those reported in the
past working in solution by reductive carbonylation
at atmospheric pressure of RuCls-nH,05! or [RuzO(O,-
CCH3)s(H20)3](0,CCH3)%? and comparable to those
reached under pressure.*” 52753

Interestingly it was observed that when physi-
sorped [Ru(CO)sCly]2 (15% (w/w) of Ru relative to
SiO,) is treated with Na,CO3; (molar ratio Na,COs:
Ru = 3:1; deposited from a CH,ClI; slurry) and heated
at 110 °C under CO, no [Ru3(CO);.] is formed, the
product being physisorped [Ruz(CO)10Cly] (75% yield),*
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a new cluster never synthesized in solution although
[Ruz(CO)10X2] (X = Br, 1) is known.5* The different
selectivity observed by increasing the Ru loading
from 5% to 15% has been explained by a nonhomo-
geneous dispersion of Na,CO3 on the silica surface
when a slurry in CH,Cl, is used for its deposition.*®
This limited homogeneity leads to a lower surface
basicity than that expected for a 3:1 molar ratio of
Na,COg3:Ru. Therefore it is more difficult to remove
all the chloro ligands from the Ru coordination
sphere, so that [Rus(CO)1oCl;] is generated instead
of [Ru3(CO)12]. In agreement with this hypothesis,
when Na,COgs; is deposited on silica starting from a
water solution instead of a CH,CIl, slurry, thus
producing a far better dispersion, only [Ru3(CO);2]
is formed even at high loading. This is a clear
example of how much the manner by which an alkali
carbonate is deposited on silica can influence the
surface basicity and therefore the selectivity. Due to
the solubility of alkali carbonates in ethylene glycol,
this effect cannot be used in solution for controlling
the selectivity. In fact, attempts to prepare [Ruz(CO)10-
Cl;] by controlled reductive carbonylation of RuCls-
nH,0 or [Ru(CO)3Cl,]; in ethylene glycol failed, even
by working with a defect of base.>?

The above silica-mediated syntheses of [HsRus-
(C0O)12] and [Ru3(CO)12] were the springboard of new
convenient syntheses working in ethylene glycol
solution, a high boiling solvent carrying non acidic
OH groups that could mimic the OH groups of the
silica surface. In particular, although only traces of
[H4Ru4(CO)12] are generated by reduction with a
mixture of CO + H; (molar ratio = 1:3) of RuCls-
nH,0 supported on silica treated with Na,CO3,® this
latter cluster could be obtained in 66—88% yields by
bubbling at 90 °C the same gas mixture through an
ethylene glycol solution of RuCls;-nH,0 in the pres-
ence of Na,CO3; (molar ratio Na,CO3z:Ru = 3:2). By
working under similar conditions but under pure CO,
[Ruz(CO)1.] is formed (70% yield).552:550.55¢ Better and
well-reproducible yields (80—85%) are obtained by a
modified two-step methodology, inspired by the two-
step route to convert silica-supported RuCls-nH,0
into Ru carbonyl clusters via [Ru(CO)s;Cl,(HOSi=)],'®
involving (i) preparation of [Ru(CO)Cl(ethylene
glycol)] (x = 2, 3) species by carbonylation of RuCls-
nH,0 at 110 °C in ethylene glycol and (ii) addition
of Na,COj3 (molar ratio Na,CO3:Ru = 3:2) and further
reduction with CO + H; (to obtain [H4Ru4(CO)12]) or
pure CO (to obtain [Ru3(CO);2]) at 95 °C. This latter
method appears to be a very convenient way to con-
vert RuCls-nH,0 into these neutral carbonyl clusters
in excellent yields and under mild conditions.5%°55¢
In the latter preparation of [Ruz(CO)i2], it is worth
pointing out that if the second step is carried out in
the presence of a molar ratio Na:Cl inferior to 1, a
mixture of [Ruz(CO)12] and unreacted tri- and di-
carbonyl Ru(ll) species is obtained. This result is in
contrast with a recently reported similar two-step
preparation of [Rus(CO);2] involving (i) reductive
carbonylation of RuCls;-nH,0 in 2-methoxyethanol at
125 °C followed by addition of ca. 1 equiv of KOH
per Ru and successive reductive carbonylation at 85
°C,55d5% put it was then observed that it is better to

Chemical Reviews, 2003, Vol. 103, No. 9 3717

use a higher amount of KOH (ca. 2 equiv per Ru) in
this latter synthesis.>

2.4.2. Anionic Clusters: [RUeC(CO)le]Z_, [H3Ru4(CO)19]
[HRuU3(CO)u1]™, and [HRuUg(CO)1s]

[RUGC(CO)le]zi. When [RUg(CO)lz] or K[HgRU4-
(CO)12] physisorped on silica added with excess
K,COj3 is heated at 150 °C under CO, physisorped
K2[RusC(CO)s6] is formed in quantitative yield and
can be recovered by extraction with acetone.® The
same kind of reaction takes place on the surface of
MgO.56 Excellent yields of K,[RusC(CO)16] (95%) can
also be reached starting from RuClz;-nH,0 by a one-
pot two-step process involving first preparation of
chemisorped [Ru(CO);Cl;(HOSIi=)] and then reduc-
tive carbonylation in the presence of excess K,COs3
(CO, 150 °C).*® The latter silica-mediated synthesis,
of particular interest because the traditional synthe-
ses in solution of [RusC(CO)16]?~ require [Ruz(CO)12]
as starting material (Table 3),527¢ was the inspira-
tion for new syntheses in solution. Thus K;[RueC-
(CO)y6] is obtained in 89% vyield by bubbling CO
through an ethylene glycol solution of [Ru(CO)sCl;],
and excess K,COj; at 160 °C. Excellent yields (80—
84%) are also reached by a methodology, inspired by
the two-step route to convert physisorped RuCls-
nH,0 into Ru clusters via [Ru(CO);Cl,(HOSi=)],'® in-
volving (i) preparation of [Ru(CO)«Cl(ethylene gly-
col)] (x=2,3) by carbonylation of RuCls;-nH,0 at 110
°C in ethylene glycol and (ii) addition of K,CO3; and
further reduction with CO at 160 °C. This is the best
way to convert RuClz-nH,0 into [RugC(CO);6]?.550:55¢

[H3Ru4(CO)12]~. When physisorped [Ruz(CO);2] or
K[HRu3(CO)44] is treated with CO + H; (molar ratio
1:3) at 80 °C on a silica surface treated with excess
K>CO3, K[H3Ru4(CO);,] is obtained quantitatively.'®
This surface reaction, which is reversible, mimics
that reported to occur in solution®® or on the surface
of MgO®°® (see section 3.5). More interestingly, treat-
ment of chemisorped [Ru(CO);Cl,(HOSi=)] with CO
+ H, (molar ratio 1:3) at 100 °C in the presence of
K,CO3; affords mixtures of physisorped [H4Ru4(CO);5]
(10% yield) and K[H3Ru4(CO);,] (60% yield). Higher
yields (81%) of [H3Ru4(CO);2]- can be reached by
extraction of silica-physisorped [H4Ru4(CO)y2], pre-
pared from RuCl;-nH,O (as described in section
2.4.1), with a solution of [PPN]Br in THF.1> Besides,
it appeared that when a t-amyl alcohol solution of
[Ru(CO)sCl;], is heated at 88 °C in the presence of
excess Na,CO3z under CO + H, (molar ratio = 1:3),
Na[H3sRu4(CO)12] is formed in 93% yield.5%2 This new
synthesis, inspired from silica-mediated syntheses,
is particularly convenient when compared with the
traditional syntheses in solution which involve [Hj-
Ru4(CO);,] as starting material.5°

[HRu3(CO)11]™ and [HRug(CO)1g]~. Treatment
under CO at 80 °C of [Ru3(CO);,] (or K[H3Ru4(CO)12])
physisorped on silica in the presence of excess K-
CO; affords K[HRu3(CO)4] in quantitative yield.*®
However, this reaction occurs at much lower tem-
perature (e.g., 25 °C) when working in basic solu-
tion,%861 on the surface of MgO (see section 3.5),5%.62
of ZnO and La,O; (see section 5.1)%2 and of Al,O3 (see
section 4.4).5% Besides, treatment of chemisorped [Ru-
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(CO)sCIl(HOSi=)] with CO, working with excess
K,CO3 at 80 °C, affords a mixture of physisorped
[RU3(CO)12] (11% y|6|d) and K[HRU3(CO)11] (42%
yield).*> By working under the same conditions but
in the presence of a huge amount of water (110%
(w/w) of H,0 relative to SiO;), a mixture of physi-
sorped [Ru3(CO)12] (16% yield) and K[HRug(CO)1s]
(61% vyield) is obtained.’®> Since [HRug(CO)1g]™ is
usually prepared in solution by acidification of
[HRu3(CO)11]~ (50% vyield) or of [RUe(CO)lg]Z_ (80%
yield),®! its easy silica-mediated synthesis from RuCls-
nH,0 via [Ru(CO)sCIl,(HOSi=)] is attractive from a
preparative point of view.

2.4.3. The Process of Nucleation of Surface Ru(ll)
Carbonyl Species to Various Ruthenium Carbonyl
Clusters

Evidence has been reached for a step-by-step
process (see Scheme 5) which explains the origin of
the good selectivities obtained in the controlled
reduction of silica-supported [Ru(CO)sCl;], or [Ru-
(CO)3CIl(HOSi=)] to give, in the presence of alkali
carbonates, various neutral or anionic ruthenium
carbonyl clusters.'® The first step is probably the
formation of hydroxo species such as [Ru(CO)x(OH),]n
(x = 2, 3)% by reaction of [Ru(CO)sCl,]> or [Ru-
(CO)sClx(HOSI=)] with alkali carbonates on the silica
surface. These hydroxo Ru(ll) carbonyl species are
then converted to [Rus(CO);,] under CO, probably via
[HRu3(CO)10(OR)] (R = H, Si=), as it occurs in the
process of aggregation of related Os(l1) carbonyl
species to various Os carbonyl clusters.'* Attempts
to stop the reduction of Ru(ll) carbonyl species when
detectable amounts of [HRu3(CO)10(OR)] (R = H, Si=
) are formed, failed due to the quick reaction of this
latter silica-bound cluster with CO to give [Rus-
(CO)12].%5 The role of [Ru3(CO)12] as key intermediate
of the aggregation process was confirmed by the
formation of a mixture of [Ru3(CO)12] and [Ru(CO)x-
(OH)2]n (x = 2, 3) after treatment of [Ru(CO);Cl,-
(HOSi=)] for 24 h at 50 °C under CO or CO + H;
(molar ratio 1:3) when working either with a low
surface basicity (molar ratio Na,CO3z:Ru = 3:1) or
with a high surface basicity (molar ratio K,CO3:Ru
= 10:1).

With a low surface basicity, silica-supported [Rus-
(CO)12] is then easily converted to [H4Ru4(CO);2] by
reaction with H, at 50—110 °C. In the absence of H,
and working with a more basic silica surface (molar
ratio K,COz:Ru = 10:1), [Ru3(CO);2] affords first
K[HRu3(CO),1] (at 25—80 °C), which is quickly trans-
formed into K[HRug(CO)1s] when working with an
even more basic silica surface (molar ratio K,COg:
Ru = 30:1) and in the presence of excess water.
By analogy with the known redox condensation in
THF of [Ru3(CO)11]?~ with [Ru3(CO)1,] to give [Rue-
(CO)18]?>~,5® [HRuUE(CO)1g] ™ is probably formed on the
silica surface by condensation of [Ru3(CO);,] with the
anionic species [HRu3(CO)11]~, which is first gener-
ated from [Ruz(CO);.] under basic conditions.

On the other hand, [Rus(CO),2], supported on a
basic silica surface (molar ratio K,CO3z:Ru = 10:1),
reacts with CO + H; at 80 °C to give K[H3Ru4(CO);2].
This process could involve either [H4Ru4(CO);2] or
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K[HRu3(CO),1] as intermediate. In fact, on such a
basic silica surface, [H4Ru4(CO);2] is easily deproto-
nated to give K[H3Ru4(CO)12]; however, this latter is
also obtained by reaction of K[HRu3(CO)14], formed
under alkaline conditions from [Ru3(CO)12], with a
mixture of CO + H; at 80 °C. On the silica surface,
like in solution,®® K[H3Ru4(CO)1,] is reconverted to
K[HRu3(CO)11] when H; is removed. Evidence that
thermal treatment at 100—150 °C of K[H3Ru4(CO)12]
supported on a silica surface treated with excess K-
CO; gives K;[RugC(CO)16] suggests that K[HzRuy-
(CO)12] could act as intermediate in the synthesis of
K2[RugC(CO)16] from silica-supported [Rus(CO)i2]
working with CO at 150 °C and with a high surface
basicity. Under these conditions some H; is generated
by the water gas shift reaction, so that the amount
necessary to produce [H4Ru4(CO)12] and then [HzRugs-
(CO)12]~ or to react with [HRu3(CO)y1]~ could be
available.

In conclusion, the remarkable selective surface-
mediated syntheses of various neutral and anionic
Ru clusters starting from RuClz-nH;O or [Ru(CO)s-
Cl,]; involves the in situ formation of [Ru3(CO)1,] as
the key intermediate. The significant selectivity
toward the synthesis of various neutral or anionic
clusters is then controlled by the basicity of the
surface, the composition of the gaseous phase (CO
or CO + H,), and the temperature.?®

2.5. Osmium

2.5.1. Neutral Complexes and Clusters: a-[Os(CO)sCly], ,
[0s3(CO)12], [H40s4(CO)12), and [HOs3(CO)10Y] (Y = OH,
OR, Cl, Br, O,CR)

About 20 years ago, it was shown that reductive
carbonylation at 200 °C of chemisorped [HOs3(CO)10-
(0OSi=)] and [0Os(CO)(0Si=);]n (x=2,3) gives [Os3-
(CO)12],%8 showing an unexpected mobility of Os
carbonyl species even if anchored to the silica surface.
Starting from this observation, more recently, a-[Os-
(C0O)3Cl;]; and various neutral Os carbonyl clusters
have been generated from OsCl; or [Os3(CO);2], in
high yields and under mild conditions, on the surface
of silica added*! or not*#67 with an alkali carbonate.®

[Os(CO)sCl;]2. Anhydrous or hydrated OsCl; phy-
sisorped on silica, when heated at 180 °C under CO,
gives chemisorped [Os(CO);Cl,(HOSi=)] with parallel
sublimation of [Os(CO)sCl;], and cis-[Os(CO)4Cl;] on
the cold walls of the reactor. Extraction of the
sublimate and of the silica powder with hot CHClI;
affords only a-[Os(CO)sCl;], (80—90% yield) because
any cis-[Os(C0)4Cl;] is thermally converted to a-[Os-
(CO)3Cly]2.2° The excellent yield and the mild condi-
tions are remarkable when compared to the tradi-
tional methods in solution.®® The carbonylation of
solid anhydrous OsCl; can be effected only by work-
ing at 155 °C under 65 atm of CO, affording cis-[Os-
(CO)4Cl;] (60% vyield), which can be converted to
0-[0Os(CO)3Cl,]2 by refluxing in CHCI5.5% Since, on a
silica surface, anhydrous OsCl; may be reductively
carbonylated at atmospheric pressure, silica must
play an important role.? In fact the silica surface can
behave as a donor system via the surface silanol
groups, as suggested by the traces of methanol
required to avoid the formation of unreactive anhy-
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Scheme 6. Best Syntheses of Various Osmium Carbonyl Compounds, from [Os3(CO);;], on the Surface of

Silica (1 atm)
[H,0s,(CO),,]
CH,CI,

[05,(CO),,)/SiO0,

octane,reflux

H, 150°C
[H,05,(CO),,/Si0, [HOs,(CO),,(0Si)]
reflux, N,
HY, /CH,CL,, N.
aq’ 2720 22 "BuOH
[HOs;(CO),,Y] (Y=CI, Br), 40°C [HOs,(CO),(OBum)]
MeOH/HBF

RCO,H/toluene, N,

[HOs,(CO);,(O,CR)]
(R=CF;, CH,), 90°C

RCO,H/heptane N,
R=CF, 25°C
R=CH, 78°C

[HOs,4(CO),(0,CR)]

drous OsCl; in the synthesis of [Os(CO)s;Cl;], by
treatment of OsClz-nH,0 at 270 °C with CO.5%

[H40s4(CO)12]. Treatment of silica physisorped
[Os3(CO),2] with H, at 100 °C affords physisorped [Hy-
0s4(C0)12] (68% vyield).*® The particularly mild pres-
sure of Hy, (1 atm) required for this synthesis,
compared to the high pressure (120 atm) needed
when working in inert solvents such as octane in
order to obtain similar yields,”® was later explained
by the activation of [Os3(CO)i,] by interaction with
surface silanols to give chemisorped [HOs3(CO);0-
0Si=], a reactive and labile intermediate.”* This
synthesis has the disadvantage of requiring a long
reaction time due to the necessity of working at low
temperatures (100 °C) to avoid parallel sublimation
of [Os3(CO)12].*8 This observation led to a better silica-
mediated synthesis involving a one-pot two-step pro-
cess: (i) formation of [HOs3(CO)100Si=] (98% yield)
by refluxing an octane solution of [Os3(CO);,] with
silica;”? (ii) treatment of [HOs3(CO)1,0Si=] with H,
at 150 °C to give [H40s4(CO)12] in 94% total yield.672

The direct reaction of OsCl;-nH,0 or a-[Os(CO)s-
Cl;]; is a way to synthesize [H40s4(CO)12] from a less
expensive species than [Os3(CO);.]. Reaction of silica
physisorped o-[Os(CO)sCl;], with H, (100—200 °C)
does not afford [H;0s4(CO)12] due to the easy subli-
mation of the starting dimer at temperatures higher
than 100 °C and the difficulty of removing chloro
ligands from the Os coordination sphere when work-
ing at relatively low temperatures.”® Only after
addition of bases, such as alkali carbonates, chloro
ligands are easily removed.®°~4%73 Thus, [H4O0s;-
(CO)12] is obtained in 70—83% yields when chemi-
sorped [Os(CO);Cl(HOSi=)] (obtained in situ by
reductive carbonylation of silica physisorped OsCl3)?°
or a-[Os(CO)sCl;]. physisorped on a silica surface is
heated in the presence of Na,CO3; (molar ratio Na,-
CO03:0s = 2:1) under H, at 150 °C.#12

An alternative convenient way to prepare [H;0s;-
(CO)12] (76% yield) directly from OsClz-nH,0 involves
three steps:*12 (i) synthesis of [Os(CO)s;Cl,(HOSi=)];2°
(i) addition of K,CO3 and reductive carbonylation
(CO, 150 °C) to give physisorped K[H30s4(CO)12]; (iii)
extraction with CH,Cl, acidified with H,SO,.4!2

[HOs;(CO),((OPh)]

————————4— [HOs,(C0O),,(OMe)]

PhOH/heptane
[HOs4(CO),,(OPh)]

H,O/toluene

[HOs;(CO),o(OH)]

MeOH/HBE,
PhOH/heptane/HBF, 65°C, N,
98°C, N,

[HOs,(CO),,(OMe)]

[Os3(CO)12]. The reductive carbonylation of silica
physisorped a-[Os(CO);Cl;], to generate [Os3(CO)12]
does not occur easily due to sublimation of chloro-
carbonyl Os compounds when working at high tem-
peratures (130—250 °C) and to the difficulty of
removing chloro ligands at lower temperatures.”
However, when chemisorped [Os(CO);Cly(HOSI=)]
(obtained in situ by reductive carbonylation of silica
physisorped OsCl3)?° or a-[Os(CO);Cl,], physisorped
on silica is heated in the presence of a low amount
of Na,COg, [0s3(CO);5] is obtained in 76—82% yields.*'2
The discovery of the latter synthesis is of particular
interest because, in solution, the best route to syn-
thesize [Os3(CO);,] is the reductive carbonylation
under high pressure of OsO,.”* This easy surface-
mediated synthesis was the springboard for a new
convenient synthesis in solution. Thus, treatment of
an ethylene glycol solution of a-[Os(CO);Cl,], added
with a stoichiometric amount of Na,CO3 with CO at
160 °C gives [0s3(CO)12] (65% yield).5%2 In addition,
while [Os3(CO);2] cannot be obtained by direct car-
bonylation of silica supported OsCl;-nH,O in the
presence of alkali carbonates,* excellent yields (64—
70%) are obtained by bubbling CO at 160—165 °C into
an ethylene glycol solution of OsCl;-nH,0O and Na,-
CO3.55a

[HOs3(CO)10Y] (Y = OH, OR, CI, Br, O,CR). The
facile activation of [Os3(CO);1,] by the surface, via
reaction with surface silanols to give chemisorped
[HOs3(C0O)100Si=], provides a convenient route to the
synthesis of [HOs3(CO)10Y] (Y = a three-electron
donor like OH, OR, CI, Br, O,CR). These syntheses
compare favorably with traditional syntheses in
solution (Table 3)”>~7 which require intermediates
(e.g., [HOs3(CO)10(OCH=CHy)],” [Os3(CO)10(cyclohexa-
1,3-diene)],76 [HOS3(CO)10(NCHNM€2)],77 [OS3(CO)10-
(cyclooctene);],” [Os3(CO)10(CH3CN),]8) usually ob-
tained in many steps with low global yields starting
from [Os3(CO)12]. Chemisorped [HOs3(CO),00Si=] is
obtained in one step and in nearly quantitative yield
by activation of physisorped [Os3(CO);2],? and its
conversion in [HOs3(CO)10Y] occurs in high yields and
under mild conditions (Scheme 6).57
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Scheme 7. Best Syntheses of Various Osmium Carbonyl Compounds, from OsCl3, on the Surface of Silica

(1 atm)

0sCly/Si0,| [0s(CO)CLL,  150°C

CO, 180°C\ CHCl,4 200°C

[0sCO),Cl,(HOS)]
or K,C0,;:0s=20:1

CH,Cl, + H,SO,
[H,0s,(CO),,]

| K[H;05,(C0),,)/SiO, |

CH,CN
37, K[H,;0s,(CO) 5]

— |CH,C
K,[H,08,(C0),,1/8i0, | 2Nk [1,0s,(CO),,]

[0s(CO),CL,],/Si0,| €O 265°C

Na,CO;:0s=10:1
H,, 200°C

K,[0s,C(CO),,}/SiO,

CH,CN
K,[0s;C(CO) 4]

Na,CO,:0s=2:1

CO 200°C

H, 150°C

[Na,[0s,,C(CO),,)/Si0,

|[0s,(CO),,)/si0, |

| [H,05,(CO),,)/SiO, |

CH,CN |
Na,[0s,,C(CO),,]

| CHCL,
[05,(CO),,]

| CHCL
[H,05,(CO),,]

[0s(CO),CL,], + 4NaOH Lﬁ [Os(CO)3(OH)2]n/Si02| ;«_I{C%:?Na[HSOSIO(CO)M]

2.acetone + SiO,
3.dry.

[HOs3(C0O)100H]. [HOs3(CO)100H] is obtained in
fair yields (56% yield starting from [Os3(CO)12]) by
treatment of [HOs3(CO),00Si=] with aqueous HF
which dissolves silica.8’ Better yields are reached
under milder hydrolysis conditions. Thus, when
[HOs3(CO)100Si=] is stirred at 95 °C under N, in a
biphasic system water/toluene, [HOs3(CO)1,0H] is
obtained in almost quantitative yield (total yield from
[Os3(CO)12] = 91%, compared with 9—33% yields in
solution).’” This is a relevant synthesis because
[HOs3(C0O)100H] is a convenient intermediate for the
synthesis of many related [HOs3(CO)10Y] clusters
(Scheme 6).%7

[HOs3(CO)100R] (R = Bu, Me, Ph). By stirring
under N; a slurry of [HOs3(CO);00Si=] in refluxing
n-butanol, [HOs3(C0O)100BuU] is obtained in 87%
yield.672 On the contrary, [HOs3(CO)100Si=] is quite
unreactive in refluxing methanol due to the rather
low temperature, but addition of HBF4-Et,O cata-
lyzes the exchange reaction affording [HOs3(CO)10-
OMe] in 54% yield.6”2 Besides, when a slurry of
[HOs3(C0)100Si=], excess phenol, and heptane is
stirred at 98 °C under N,, [HOs3(CO);00Ph] is
obtained (66% yield).672 [HOs3(CO);,0Me] and [HOsz-
(CO)100Ph] can be prepared in better total yields
(82—87%, much higher than those of traditional
syntheses in solution which are in the range 10—48%)
by using a one-pot three-step process from [Oss-
(CO)12]: (i) formation of [HOs3(CO),00Si=], (ii) hy-
drolysis to [HOs3(CO);00H], and (iii) reaction of
[HOs3(C0O)100H] with methanol (at 65 °C) or phenol
(at 98 °C) dissolved in heptane in the presence of a
few drops of HBF,-Et,0.572

[HOs3(CO)1,0Y] (Y = ClI, Br, O,CR). Treatment of
[HOs3(C0)100Si=] with a mixture of aqueous HY (Y
= CI, Br) and CH.Cl,, under N, at 40 °C, affords
[HOs3(CO)10Y] in excellent yields (87—89%). Similar-
ly, [HOs3(C0O);00Si=] reacts with CF3CO,H or CH3-
CO3H in toluene, under N, at 90 °C, affording [HOss-
(CO)10(0O2CR)] (56—72%).578 In addition, [HOs3(CO)10-
OH], easily prepared by hydrolysis of [HOs3(CO)10-

3

0Si=], reacts with CF3CO,H or CH3CO,H in heptane
(at 25 and 78 °C respectively) to give [HOs3(CO)10(O2-
CR)] in excellent total yields with respect to [Oss-
(CO)12] (82—91%).67 The above yields are much high-
er than those reported by traditional syntheses in
solution starting from [Os3(CO)12] (30—55%).75~77:81-82

These silica-mediated syntheses are limited by the
maximum surface concentration of the intermediate
[HOs3(C0)100Si=], which is controlled by the number
of available silanols on the surface.®® Only loadings
up to 4 wt % Os/SiO, can be used.?* Despite this
limitation, amounts of ca. 300 mg of cluster can be
obtained in a single reaction using ca. 10 g of silica,
which can be recycled after workup and completion
of the reaction.®”

2.5.2. Anionic Clusters: [H30s4(CO)12]~, [H20s4(CO)12)*~,
[0310C(CO)24]2_, [OS5C(CO)14]2_, and [Hs0s10(CO)p4] ™

[H3054(CO)12]_ and [HzOS4(CO)12]2_. When [H4-
054(C0O)12], [0s3(CO)12], or a-[0Os(CO)sCly]. physi-
sorped on silica is treated with CO at 150 °C in the
presence of excess K,COs, physisorped K[H3Osy-
(CO)12] is obtained (91—100% yields) (Scheme 7).14:40
Similar yields are reached starting from chemisorped
[Os(CO)sCl,(HOSi=)], prepared in situ by reductive
carbonylation of silica-supported OsCl3.2° By working
at 200 °C, with the same reaction parameters, both
o-[Os(CO);sCl;], and [Os(CO)sCl,(HOSi=)] are con-
verted to Ky[H20s4(CO)12] (92% yield).#*

The silica-mediated syntheses of K[H30s4(CO)15]
and K3[H;0s4(CO);,] starting from OsCl; are more
convenient than the traditional syntheses in solu-
tion,’085786 which start from the expensive [H;Os;-
(CO)12]° or [0s3(C0O)12]8588 clusters and afford, usual-
ly under more drastic conditions, lower yields (Table
3). Recently, the silica-mediated synthesis of K[H3-
Os4(C0O)12] was the springboard for a convenient one-
pot synthesis in solution of both K[H30s4(CO);,] and
[H40s4(C0O)1,].5%2 By bubbling CO through an ethyl-
ene glycol solution of OsCl;-nH,0 and K,CO3; at 160
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Scheme 8. Possible Pathways for the Generation of Various Osmium Carbonyl Clusters on the Surface of
Silica
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|

(H, is produced by water-gas shift)

°C, K[H30s4(C0O);2] is formed. According to the work-
up of the reaction mixture, either [H30s4(CO):2]~
(extracted with a CH,ClI; solution of [NBug]l) or [Hy-
0s4(C0O);2] (obtained by acidification of the reaction
mixture with H,SO, and then extraction with CH-
Cl,) is obtained in 74—81% yields. However, ethylene
glycol cannot be used as a safe reaction medium for
the synthesis of [H20s4(C0O)12]>" or high nuclearity
clusters such as [0s10C(CO)24]?>" and [0ssC(CO)u4]?,
which require high temperatures and strong basic
conditions. In fact treatment of glycols with strong
bases at above 200 °C leads to degradation with
exothermic reactions which can proceed uncontrol-
lably,®” an inconvenience that does not exist when
the silica surface is used as reaction medium.

[Os10C(C0O)24]% or [Os5C(CO)14]%>". When chemi-
sorped [Os(CO)s;Cly(HOSi=)], prepared in situ by
reductive carbonylation of silica-supported OsCl;,°
or a-[Os(CO);Cl,]), physisorped on silica is reacted in
the presence of excess Na,CO3; with H, at 200 °C,
physisorped Na,[Os;0C(CO),,] is obtained (81% yield),
whereas physisorped K;[OssC(CO)14] (74% yield) is
formed by working under CO at 265 °C with K,CO3.%!
These syntheses are highly attractive when compared
with the traditional syntheses in solution from [Os;-
(CO)12], or one of its derivative, which usually need
more drastic reaction conditions and afford much
lower yields of product.88-%0

[H50s,0(CO)24] . Reaction for 3 days of silica
physisorped [Os(CO)s(OH);]n, generated in situ from
a-[0s(CO);Cl,]2, with H; at 200 °C gives some physi-
sorped [H40s4(CO)12] (20% yield) and physisorped
Na[Hs0s10(CO)24] (65% yield).** This surface-medi-
ated high-yield route to [Hs0s10(CO)24] " is of interest
since this cluster was usually prepared by acidifica-
tion of [H40s10(C0O),4]?", obtained in very low yields
along with other high nuclearity clusters, by heating
under reflux a solution of [Os3(CO);2] in iso-butanol.%?
In addition it was the springboard for a one-pot
synthesis in solution of [H40s10(CO)24]?>~ and there-
fore of [H5OSlo(CO)24]7.4lb’91 In fact [H4OSlo(CO)24]27

has been prepared in 79—81% yields by bubbling H;
at 160 °C in an ethylene glycol solution of [Os(CO);-
(OH),]%* or of a mixture of a-[Os(CO)sCl,], and Na,-
CO03.41091 However, the latter route is not well
reproducible, lower yields (ca. 50%) in [H40s10(CO)24]%~
have been obtained in some cases due to the parallel
formation of [Hz0s4(CO)12]~ and [Os;0C(CO)x4)?~.410
This lack of reproducibility, not yet understood,
seems to be related to various factors such as acidity
of commercial ethylene glycol. Therefore silica-medi-
ated syntheses may be preferred due to the easier
reproducibility of the final products and yields.

2.5.3. The Process of Nucleation of Surface Osmium(ll)
Carbonyl Species to Various Osmium Carbonyl Clusters

A step-by-step process which explains the origin
of the good selectivities of the controlled reduction
of silica physisorped o-[Os(CO);sCl;]. to generate dif-
ferent osmium carbonyl clusters, when working in the
presence of alkali carbonates, is reported in Scheme
8. First of all the addition of an alkali carbonate
to silica-supported a-[Os(CO)sCl;], or [Os(CO)sCls,-
(HOSi=)] generates on the surface reactive hydroxo
or silanolate Os(lIl) carbonyl species which nature
depends on the basicity given to the silica surface.
With a low basicity (molar ratio Na,C0O3;:0s = 2:1),
neutral surface species such as [Os(CO)3(OR)2]n (R
= H or Si=) are formed. An increase of the surface
basicity (molar ratio Na,CO3 or K,CO3:0s = 10—20:
1) leads to anionic {[Os(CO)3(OR),]m(OR)}~ (R =H
or Si=; m > 1) entities up to the less reactive anion
[Os(CO)3(OH)s]~. The low reactivity of this latter
species explains why very low yields of carbonyl
clusters are obtained in the surface-mediated syn-
thesis when adding a stronger base such as an alkali
hydroxide instead of an alkali carbonate.44°

In agreement with the above picture, the selectivity
of the reduction (CO or H,) in the presence of alkali
carbonates of both chemisorped [Os(CO)«(OSi=);], (X
= 2 or 3)%9 and physisorped [Os(CO)3(OH),].%* is,
under similar reaction conditions, the same as that
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of physisorped a-[Os(CO)s;Cl,]; in the presence of
alkali carbonates.*?4! Unfortunately, one cannot dis-
tinguish between chemisorped [Os(CO)3(0OSi=),], and
physisorped [Os(CO)3;(OH).], on the basis of either
infrared spectra, which are very similar, or of extrac-
tion experiments. In fact, physisorped [Os(CO)s-
(OH).]» cannot be extracted with solvents such as
acetone or CH3CN due to its polymeric nature and
therefore to its low solubility. However, as prelimi-
nary results, we found that the Os—OSi bond of
structurally related Os(11) silanolate carbonyl com-
plexes is easily hydrolyzed. Therefore, any Os(Il)
surface silanolate species, if generated under strongly
alkaline conditions, should easily hydrolyze as well,
due to the presence of surface water under usual
reaction conditions, to generate [Os(CO)3(OH),]n.
Besides, with high Os loadings (15% (w/w) of Os
relative to SiO,) the formation of some [Os(CO)s-
(OH);]» is compulsory since there would not be
enough surface silanols to convert all physisorped
o-[0Os(CO);Cl;], into [Os(CO)3(0Si=);]n.

As suggested in the case of MgO (see section
3.6.2),% it is conceivable that the reactive silica-
supported dehalogenated Os(lIl) carbonyl species
initially formed are first converted to [HOs(CO),] .
Cluster growth would then result from redox conden-
sation of this anion with unreacted [Os(CO)3(OR);]n
(R = H and/or Si=), by analogy with the condensation
of [Rh(CO),4]~ and [Rh(CO),(OAI)(HOAI)] to give [Rhe-
(CO)16] on the surface of Al,O3 (see section 4.1).% The
first condensation product seems to be [HOs3(CO);0-
(OR)] (R = H and/or Si=). The facile equilibrium
between [HOs3(CO)10(0OSi=)] and [HOs3(CO)10(OH)]
on silica® does not allow to discriminate between
them. In any case both surface species are converted,
with similar selectivities, to [Os3(CO)12], [H40s4(CO)12],
[H3034(CO)12]_, [OSsC(CO)14]2_, or [0310C(CO)24]2_ by
reduction under specific conditions,®” thus producing
an indirect evidence that either chemisorped [HOs3-
(CO)10(0Si=)] or physisorped [HOs3(CO);0(OH)] or
both could act as intermediates in the silica-mediated
synthesis in the presence of alkali carbonates of
various Os carbonyl clusters starting from o-[Os-
(CO)sCl;)2- This hypothesis is supported by the detec-
tion of traces of both clusters during the silica-
mediated syntheses of [Os3(CO)12] and [H30s4(CO)12]~
from o-[Os(CO)3Cl,], 40412

Chemisorped or physisorped [HOs3(CO);0(OR)] (R
= H and/or Si=) species are converted to silica
physisorped [0s3(CO)12] or [H40s4(CO)1,] by working
under CO or H,, respectively, when the surface
basicity is low.?” By increasing the surface basicity,
further transformation of [Os3(CO)1,] into [H30s,-
(CO)12]~ or deprotonation of [H40s4(CO)12] to [H30s,-
(CO)12]™ or [H20s4(C0O)12]?~ can occur, according to
the basicity and to the reaction conditions. The latter
anion is favored by a strong surface basicity (molar
ratio K,CO3:0s = 10:1) and temperatures above 200
°C; the former by a relatively mild surface basicity
(molar ratio Na,CO3:0s = 10:1). Strangely enough,
in the presence of a large amount of H; in the gas
phase, [H30s4(CO)12]~ does not deprotonate to [H,Os,-
(CO)12)%, for instance, when working at 200 °C under
H, with a high basicity of the silica surface (10:1
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molar ratio K,CO3:0s).'* These two anions show
different reactivities which lead to two specific path-
ways of condensation: [H30s4(CO)12]~ increases its
nuclearity to generate [Os;0C(CO),4]?~ by raising the
temperature under either CO or H;, while [H20s,-
(CO)12)%>", which is stable under CO even at high
temperatures, increases its nuclearity at 200 °C to
generate [OssC(CO)14]>~ under relatively low amounts
of Hy'* Therefore [H30s4(CO)12]- can be the key
intermediate in the silica-mediated syntheses of
[0s10C(CO)24)%> starting from a-[Os(CO)sCly]x144
(Scheme 6). In agreement with this hypothesis, by
working at 200 °C under H; in the presence of a low
surface basicity (molar ratio Na,C0O3:0s = 2:1), [Hs-
0s4(C0O)12] is the major product, but when the reduc-
tion is carried out in the presence of a higher basicity
(molar ratio Na,CO3:0s = 10:1), deprotonation of [H,-
054(C0O)12] to [H30s4(CO)12]~ occurs, followed by its
thermal condensation to [0s10C(CO)24]2~. When the
reductive carbonylation (1 atm CO) of silica-sup-
ported o-[Os(CO)sCl;); is carried out at 275 °C in the
presence of K,CO3; (molar ratio K,CO3:0s = 10:1),
both H, and CO, are produced by water gas shift
reaction, as confirmed by gas chromatographic analy-
sis. The quantity of H, produced is probably low
enough to allow deprotonation of the intermediate
[H30s4(CO)12]~ to [H20s4(CO)12]?~, favored by the
high basicity, but it is high enough to favor further
thermal condensation of this latter intermediate to
[OssC(CO)14)?~.2 In summary, the basicity of the sur-
face of silica stabilizes the key intermediates [H30s;-
(CO)12]™ and [H20s4(CO)12]%~, which are characterized
by different surface reactivities because their stability
and further condensation to [Os;0C(CO)24]?>~ or
[OssC(CO)14]?~ are controlled not only by surface
basicity, but also by the temperature and by the
amount of H; in the gas phase.

2.6. Rhenium. Neutral and Anionic Complexes:
[Re2(CO)yg], [Re(CO)30H]4, and [Rez(CO)e(ﬂ-OH)3]_

The silica-mediated synthesis of Re carbonyl com-
plexes has been investigated only recently®-1°! pe-
cause the formation of low oxidation Re carbonyl com-
plexes or clusters on the silica surface is quite a chal-
lenge, being Re a rather oxophilic metal (Scheme 9).

[Re2(CO)10]. It has been reported that reductive
carbonylation of ammonium perrhenate physisorped
on silica affords [Rez(CO);0] in 40% yield, by working
under pressure of CO (20 atm) and H; (130 atm) at
150 °C. The silica surface plays an important role in
this reduction because, by working under similar
conditions but using a solvent such as THF instead
of the inorganic oxide as reaction medium, yields are
much lower.%® [Re,(CO)y0] can also be prepared in
high yields (71%) by treatment of physisorped [Re-
(CO)3(OH)]4 with CO at 200 °C.2%° This reduction
under relatively mild conditions is relevant because
[Re(CO);(OH)], was reported to be highly unreac-
tive.102 Surely the silica surface plays a unique role
in this easy reduction of [Re(CO)3(OH)]4 to a Re(0)
species because, working under similar conditions in
n-octanol (a high boiling hydroxylated solvent which
could mimic surface silanols) as reaction medium, the
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Scheme 9. Best Syntheses of Various Rhenium Carbonyl Compounds on the Surface of Silica

CO (20 atm) + H, (130 atm), 150°C

NH,[Re0,]/SiO,

CO (1 atm), 200°C

[Rey(CO)y0]
sublimes

[Re,(CO),]

[Re(CO),0H], /SiO,

sublimes
K,COyRe=10:1 NEt,Cl/CH,Cl
2 K[Re,(CO); (OH),J/SiO, tCVCH,CL, NE,[Re,(CO), (OH),]
H,0, 25°C
octane + H, O, reflux
[H,Re,(CO),,)/SiO, 2 [Re(CO),0H], /Si0, [ THE,  [Re(CO),0H],

N,, 250°C

[Re,(CO),,)/SiO,

reduction does not occur. There is evidence that this
facile reduction on the silica surface proceeds via a
reactive surface anchored species [Re(CO)s(0Si=)].1%°
Its facile reduction with CO to [Rex(CO)10], by cleav-
age of Re—0 bonds and formation of a Re—Re bond,
is noteworthy for an oxophilic metal and encouraging
in further attempts to study the silica-mediated
synthesis of other Re carbonyl clusters.

[Re(CO)30H]4. [Re(CO)3(OH)]4 has been prepared
in 93% vyield by heating a suspension of [HsRey-
(CO)12], silica (Carbosil), octane, and traces of water.
Both water and the silica surface play important roles
in this chemistry because water not only acts as a
reagent, but its presence is necessary to prevent
further oxidation of the Re carbonyl by the silanols
of the silica surface.®® [Re(CO)3(OH)]4 can also be
prepared (63% yield) by treatment of silica physisor-
ped [Re,(CO)10] at 250 °C under N,.1% This reactivity
is similar to that observed when a suspension of [Re,-
(CO)10] in water is heated at 200 °C under N, in an
autoclave.03

[Rez(CO)s(u-OH)3]l~. When a slurry of SiOg,
[Re(CO)30H]4, excess K,COg3, and water is stirred at
room temperature and evaporated to dryness, K[Re,-
(CO)s(u-OH)3] is quantitatively formed.%* However,
the silica surface does not play a significant role in
this conversion because it was successively observed
that the same complex can be obtained quantitatively
by reaction in water of [Re(CO)3;0H],4 with K,CO3 or
with [NEt;JOH.1°! In any case, the investigation of
this silica-mediated synthesis was a springboard for
new facile syntheses in solution of [Rex(CO)e(u-
OH);3]~, a complex with potential application in radio-
immunotherapy and protein labeling'®* and which
was usually prepared by more complex reactions.04

3. Synthesis on the Surface of Magnesia

Various Pt, Rh, Ir, Fe, Ru, Os, and Re anionic
carbonyl clusters can be prepared working on the
surface of MgOy (where x is the temperature of the
pretreatment of MgO) and removed from the surface
by cation metathesis with a solution of [(PhsP),N]CI
or [BuYN]Br in an adequate solvent, but yields are
seldom reported. In Table 2 are presented only the
surface-mediated syntheses with known yields of
isolated product.

[Re(CO),0H], /Si0, [ 2CELONE, [Re(CO),0H],

3.1. Platinum. Anionic Clusters: [Pts(CO)1]%,
[Ptg(CO)ls]z_, [Ptlz(CO)24]2_, [Ptls(CO)3o]2_, and
[PtRh5(CO)15]7

[Pts(CO)lz]zi, [Ptg(CO)ls]zi, and [Ptlz(CO)24]27.
Pt clusters such as [Pt3(CO)s]n>~ are traditionally
synthesized by reductive carbonylation in basic solu-
tions of Na,[PtClg] (Scheme 10).1% However, it ap-
peared that [Pts(CO)12]?>~ can be obtained from [Pt-
(acac),] supported on MgOgse in the presence of
[Re2(CO)10], under 100 atm of CO and at 60 °C.” This
synthesis is unusual in that it requires [Re(CO)40],
because without this Re carbonyl complex, [Pty-
(CO)1g]?> is formed.” Alternatively, [Pto(CO)1]?™ is
formed by treating [Pt(CsHs),] supported on MgQOuso
with CO (1 atm) at room temperature.’® By working
under the latter conditions but using CO + H, (1:1
molar ratio, 1 atm) as the gas phase, [Pt(C3Hs)] is
converted to a mixture of [Pt;2(CO)x]?>" and [Pte-
(CO)15]?.1% Yields of these anionic clusters have not
been reported.”:19¢

[Pt15(CO)30]2_ and [PtRhs(CO)s] . [Pt15(CO)30]2_
is formed by stirring a slurry of Nay[PtClg], MgOaoo
and methanol under CO (1 atm) at room tempera-
ture. Evaporation of the solvent followed by extrac-
tion under CO with a solution of [(PhsP),N]Cl in THF
affords the cluster in 73% yield, as estimated by
ultraviolet—visible spectroscopy of the extracted solu-
tion.1” When the reaction is carried out in the
presence of RhCl;-nH,O (molar ratio Pt:Rh = 1:5),
[PtRh5(CO);5]~ is formed and can be extracted under
CO with a solution of [(PhsP):N]CI in methanol or
THF.1% The isolated yield (84%) is comparable to that
obtained by working under similar conditions but in
the presence of NaOH instead of MgO,% suggesting
that the high basicity of the surface of MgO plays a
role analogous to that of NaOH in solution, also
because this synthesis does not occur on the less basic
y-Al,O3 surface.1%®

3.2. Rhodium. Neutral and Anionic Clusters:
[Rhe(CO)le], [Rhe(CO)15]2_, [Rhlz(CO)go]z_, and
Rh5(CO)15]7

[Rhe(CO)46]. When either RhClz-nH2O or [Rh(CO),-
Cl]. supported on MgO is treated with CO (1 atm) at



3724 Chemical Reviews, 2003, Vol. 103, No. 9

Cariati et al.

Scheme 10. Best Syntheses of Various Platinum Carbonyl Compounds on the Surface of Magnesia

(Pretreated at 400—450 °C)
[Re,(CO),y]

CO (100 atm),
60°C

[Pt(acac),]/MgO

[Pt,(CO),,]> /MgO
[Pty(CO),]> /MgO

[PPNICI
THF

[PPN],[Pts(CO),;,]

[Bu,N]Br

acetone

[Bu,N],[Pty(CO);s]

[Pt(C;H5),/MgO | CO (1 atm), 25°C
CO/, (1/1)
1 atm, 25°C

| [P4,x(C0),, P MgO+ [P1y(CO),,*MgO |

MeOH, CO
Na,[PtCL]/MgO >
o /Mg 1 atm, 25°C

RhCl,

[Bu,N]Br

acetone

[BuyNJ,[Pt;(CO),4] +[Bu,N][Pty(CO)y4]
(molar ratio 7:3)

PPN]CI
—JIPCOp MO G PPN, Pt (CO)
[PPN]CI
PtRh=1:5) f [PtRh(CO),s] MgO [PPN][PtRhs(CO);5]
MeOH

Scheme 11. Best Syntheses of Various Rhodium Carbonyl Compounds on the Surface of Magnesia or
Alumina (the Subscript Refers to the Pretreatment of MgO or Al;O3 in °C)

RhCly/MgOs,
or
[Rh(CO),Cl],/Mg0sq,

| CO+H,0,1atm

|[Rh(CO),CI1/ALO; s |5

CO, 1 atm, 25°C CH,CI,
[Rhy(CO),J/MgO [Rhy(CO),]

CH,CI,

[Rhy(CO),4)/ALO,

[[Rh,(C0),./ALO; 50

|[Rh(CO) Mg 5 200 ——

[Rhy(CO),s]*/MgO

[PPN]CI

[PPN],[Rhg(CO),5] 40%

[Rh(CO),(acac)/MgO,,
or
[Rh(CO),(acac)]/ALO; 5

CO 1 atm 25°C

room temperature, [Rhg(CO);¢] is formed and can be
extracted with CH,CI; (yields not reported) (Scheme
11). The unusual stability of a neutral cluster on the
highly basic MgO surface was attributed to the
formation of surface chloride ions which modify the
strong basic character of surface sites close to the Rh
atoms through formation of acidic Mg—CIl sites.*1°

[Rhe(CO)15]%. When a CH,CI, solution of [Rhe-
(CO)1¢] is brought into contact at 25 °C with MgO2sor200,
chemisorped [Rhg(CO)15]?~ is formed, as confirmed by
extraction with a solution of [(PhzP),N]CI in CH,Cl,
(ca. 40% yield, as estimated from the analysis of Rh
remaining on the surface after extraction).!! It has
been suggested that [Rhg(CO)i6] undergoes on the
basic surface a nucleophilic attack at coordinated CO,
leading to [HRhg(CO),5]~, which would undergo depro-
tonation by the high basicity of MgO.*! The forma-
tion of a species covalently bound to MgO such as
[Rhe(CO),5(COOMgQ)] ™ as intermediate has also been
proposed.t?

H,0

CH,C,

CH,CO,K, MeOH

lNz

K,[Rh,5(CO)5]

[Rh,(CO),, 1>/ MgO
or
[Rh;,(CO),|*/ALO;,

K[Rhs(CO),s]

CO

CH,CO,K, MeOH

[Rhy(CO),;51/MgO
or
[Rh5(CO);5]7/ALO,

[Rhlz(CO)3o]27 and [Rh5(CO)15]7 Reductive car-
bonylation at 25 °C and 1 atm of CO of the surface
Rh species formed from [Rh(CO),(acac)] adsorbed on
MgO (proposed to be [Rh(CO){ OMg}.]) gives sup-
ported [Rh12(CO)30]?~ or supported [Rhs(CO);s] ™, de-
pending on the degree of hydroxylation of the sur-
face.!'® [Rhy(CO)30]%" is formed when the adsorption
of [Rh(CO),(acac)] is carried out in the presence of
dehydrated hexane whereas [Rhs(CO);s]~ is formed
when hexane contains some water. Either cluster
anion can be extracted with potassium acetate in
methanol solution by cation metathesis. [Rhi2(CO)30]?~
is easily extracted under Ny, but [Rhs(CO);s]~ has to
be extracted under CO to avoid its known?°30-
conversion in solution to [Rh;2(CO)30]?>". The surface-
mediated synthesis was recommended as an efficient
method for preparation of [Rhs(CO);5]~ (isolated yield
is about 47%). There is a quite clear correlation
between this surface chemistry!® and that occurring
in basic solutions.?%:3°
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Scheme 12. Best Syntheses of Various Iridium Carbonyl Compounds on the Surface of Magnesia or
Alumina (the Subscript Refers to the Pretreatment of MgO, or Al,O3 in °C)

C0, 25°C [PPN]CI
[Ir(CO),(acac)/ALO; 10 }—» [Ir,(CO),,J/ALO, E»[pPN][Im(CO)“cu

[Ir,(CO),,1/MgO,90

| [Ir(CO)(acac) /g0 [-£2:25°C

[HIr,(CO), 1/MgO [ IPPNICL ooy o),

MeOH

CO, 75°C

‘ [Ir(CO),(acac)/MgO,; |-£9:25°C

[14(CO),*/MgO i%c—l»[PPN]z[[lrs(CO)zz]

CO, 200°C

[1r4(CO),s*/MgO i%C—I»[PPN]z[Iré(CO)IS]

3.3. Iridium. Anionic Clusters: [HIry(CO)11]™,
[|r8(CO)22]2_, and [|r5(CO)15]2_

[HIrs(CO)11]~. When a slurry of [Iry(CO)1,] in hex-
ane is brought in contact with MgOyqo, [HIr4(CO)11]~
is formed (Scheme 12).1'4 This cluster is also gener-
ated by reductive carbonylation (1 atm CO, room
temperature) of [Ir(CO)(acac)] adsorbed on MgQ4g0.%°
Yields are not reported.

[1rs(CO)22]?~ and [Irs(CO)15]%. Reductive carbo-
nylation (1 atm CO at 25 °C) of [Ir(CO),(acac)] on
hydrated MgQO,s affords [Irg(CO)»2]?~, which is con-
verted to [Irg(CO)15]> by further treatment under CO
at 200 °C for 2 h.®® It was suggested that reactive
surface species such as [Ir(CO),(OMg)(HOMg)] are
initially formed by chemisorption of [Ir(CO),(acac)]
on MgO.% Reductive carbonylation of these species
gives sequentially [HIry(CO)11]~, [Irs(CO)2]>", and
[Irs(CO)15]?~, by working at an adequate temperature
and in the presence of different amounts of surface
hydroxo groups, as expected for different surface
basicities.®® In agreement with this latter point, on
the surface of partially dehydroxylated MgOgqo, treat-
ment of [HIry(CO),1]~ with CO (1 atm) for 2 h gives
selectively [Irg(CO)2,]?> and [Irs(CO)15]?~, working at
75 and 200 °C, respectively.3%114 Yields have not been
reported.

The organometallic chemistry of Ir carbonyl clus-
ters on the surface of MgO clearly mimics that
occurring in basic solution®” or on the silica surface
added with alkali carbonates (section 2.3.2).%? In fact,
treatment of [Iry(CO).2] in methanol under CO at
room temperature with the relatively weak base K-
COg3 gives [HIr,(CO)11]~, whereas treatment with Na
in tetrahydrofuran gives sequentially [Irg(CO)22]?~
and [Irg(CO)15]?.%7 It is worth pointing out that the
use as starting material of IrCl;-nH,0 (in the syn-
thesis of [Ir,(CO)12]) or [Ir(cyclooctene),Cl], (in the
synthesis of [Irg(CO),2]?~ and [Ire(CO)15]%") makes the
silica surface-added with alkali carbonates®? slightly
more attractive than the MgO surface,®® where the
more exotic [Ir(CO),(acac)] is the starting material

and which requires more drastic conditions (200 °C
instead of 100—120 °C) to generate [Irg(CO)15]°".

3.4. Iron. Anionic Cluster: [HFe3(CO)y1]™

When a hexane solution of [Fe3(CO);2] is stirred at
room temperature with MgOas (2.7% (w/w) of Fe
relative to MgO), chemisorped [HFe3(CO)14]~ is formed
and can be extracted from the surface with a solution
of [Et4N]CI in dichloromethane (60% yield) (Scheme
13). The maximum amount of cluster that can be
chemisorped corresponds to 2.7% Fe, further adsorp-
tion of [Fe3(CO)12] onto MgO being reversible. The
formation of [HFe3(CO),1]~ reasonably involves a
nucleophilic attack!!> at the coordinated CO as it
occurs in basic solution.''® This reaction is very fast
on the MgO surface due to its particularly high
basicity.’® By working with low Fe loadings, [Fe-
(CO)q] is also readily converted to [HFe3(CO)11]~ on
the MgO surface.'?®

3.5. Ruthenium. Anionic Clusters: [HRu3(CO)1]~,
[RUG(CO)lg]z_, [H3Ru4(CO)12]~, and [RusC(CO)16]“~

[HRu3(CO)11]™ and [Rue(CO)1g]?>. The reaction
between a CH,CI, solution of [Ru3(CO);;] and
MgO2s 200 0r 500 IS iINStantaneous at 25 °C, affording
[HRu3(CO)11]".%2 This anionic cluster is probably the
result of the nucleophilic attack® of the basic surface
of MgO at coordinated CO, a well-known reaction in
solution under basic conditions.86! Besides mixtures
of [HRu3(CO)11]- and [Rue(CO)ig]>~ are formed by
adsorption of [Ruz(CO)12] on MgO,00,%8 a reactivity
consistent with the growth of anionic ruthenium
clusters in very basic solution.5862

[H3RuU4(CO)12] . [Ruz(CO)12] impregnated on hy-
droxylated MgO from a CHCI; solution is converted to
[HRu3(CO)141]~, which further reacts, in the presence
of H, at room temperature, to give [H3Ru4(CO)1,] .5
This latter cluster is also obtained by deprotonation
of [H4Ru4(CO)12] on hydroxylated MgO.56:59.117

[RusC(CO)46]?". Exposure to CO + H, (molar ratio
1:1, 10 atm) of RuCl;-nH,0 adsorbed on MgO, at 225
°C for 24 h, affords [RusC(CO);6]2~.118
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Scheme 13. Best Syntheses of Various Iron, Ruthenium, and Rhenium Carbonyl Compounds on the
Surface of Magnesia, Alumina, Zinc or Lanthanum Oxides (the Subscript Refers to the Pretreatment of

MgO, Al;O3, ZnO, or Lay03, in °C)

| [H,05,(C0),,J/MgO, 0r AL,O; 4g0 0r ZnO0 01 Las0; 5

[PPNICI

| [H;0s,(CO),,]- / MgO or Al,O; or ZnO or La,0,

rCrcr, ~ (PPNIH,05(C0),)
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[H3084(C9)|z]‘ MgO| ppnici [PPNJ[H,05,(CO) ]
[H,0s,(CO),,]*/MgO | CH,Cl,

[PPN],[H,0s,(CO),,]

Co
| [O055(CO),,//Mg0,g0

1 atm, 150°C

Latm, 275°C [1655.0(C0), J2Mg0| —EPNICL (PPN [05,C(CO) ]
acetone

CO 1 atm 275°C

11 atm, 275°C

[H,0s,(CO),,]1/MgO

[0s;C(CO),,]>/MgO

| [05,,C(CO),,MgO|
*

CO/H, 1/3 10 atm 275°C

CO/H,
[H,0sCls)/MgO 4, i PPN]CI
1/1 | 1 atm, 275°C ] PPNI,[Os,,C(CO
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Scheme 14. Best Syntheses of Various Osmium Carbonyl Compounds on the Surface of Magnesia,
Alumina, Zinc or Lanthanum Oxides (the Subscript Refers to the Pretreatment of MgO, Al,O3, ZnO, or

Lay0O3, in OC)
| [Fe;(C0),,)MgO,; . ALO; s or ZnO,; or [Fe(CO),/MgO,; |
NEt,]Cl
[[HFe,(CO), 1/MgO, ALO, or ZnO '[C—HZ“C]JT'[NE’(‘,][HF%(CO)I 1
l [Ru(CO),CL(THF))/ AL,O, 1oo| l [Ru3(CO);,]/MgO055 200 or 500 » A3 1595 Z1Oy9 0T La,05 599
| colam
| [HRu,(CO),,]/MgO, AL,0;, ZnO or La,O, l [PPNICI [PPN][HRu,(CO), ]
CH, Cl,
|[HRu,(CO), ]/MgO, H, 1 atm, 25°C
[[HRu,(CO),IMgO,. | [[H;Ru,(CO),,/MgO| %PPN][H3RW(CO)D]
2 2
CO/H2 1/1 10 atm I - [NBU ]Br
RuClyMgO-- = ¥ [Ru,C(CO),]*/MgO] FZACT[ [NBu,], [Ru,C(CO),(]
[Re,(CO),,/MgO,5 ] -50°C [Re,(CO), /Mg | EEEIEL NEL, [Rey(CO]
2 2
3.6. Osmium fords [OssC(CO)w4]>~ under CO.795121 Both anionic

3.6.1. Anionic Clusters: [H3054(C0212]*, [H20s4(CO) 12,
[0310C(CO)24]2_, and [0ssC(CO) 14>~

[H3OS4(CO)12]7 and [HzOS4(CO)12]27. [H3OS4-
(CO)12] ™ is formed by adding MgOzq to a solution of
[H40s4(C0O)12] in CH,CI,1° whereas by working with
highly dehydroxylated MgOgg a mixture of [H3Os,-
(CO)12]” and [H20s4(C0O)1,]% is obtained in agree-
ment with the stronger surface basicity (Scheme
14).13120 Besides, adsorption of [Os3(CO)1,] on MgOano
followed by heating at 150 °C under CO (1 atm) gives
[H30s4(CO)12]~ along with a small amount of [OssC-
(CO)14)?.% Finally, treatment of H,OsClg adsorbed
on MgOa4e With flowing CO + H, (equimolar) at 275
°C and under 11 atm affords [H3O0s4(CO);,]~.7%

[0s10C(C0O)24]? and [OssC(CO)14]?". By working
at atmospheric pressure and at 275 °C on MgOqgo,
H,OsClg is easily converted to [0s;0C(CO)24]?>" under
CO + H; (equimolar)®18, whereas [Os3(CO)1,] af-

clusters can be isolated by extraction with [(PhzP),N]-
Cl dissolved in acetone but in 65% yield only because
they are partially retained by the surface of
MgO.7v95'118~121

3.6.2. The Understanding of the Process of Nucleation of
Surface Osmium(ll) Carbonyl Species to Osmium
Carbonyl Clusters on the Surface of Magnesia

The process of nucleation to high nuclearity anionic
osmium carbonyl clusters can be indirectly inferred
from the same process on the surface of silica added
with alkali carbonates (section 2.5.3). The first step
of the reductive carbonylation (1 atm CO or CO +
H,) of H,OsClgs supported on MgO, carried out at
200—250 °C, produces probably Os(I1) subcarbonyl
species such as [0Os(CO),{ OMg}:] (x = 2 or 3) which
are quite stable under CO or CO + H, and are
reduced to give anionic clusters only at temperatures
approaching 275 °C. The reduction of the Os(Il)
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subcarbonyl species and the initiation of cluster
growth are coincident with the loss of physisorbed
water from the MgO surface, which becomes signifi-
cant above 250 °C. Therefore, it was suggested that
the reduction of Os(I1) subcarbonyl species on MgO
in the presence of CO alone is initiated by nucleo-
philic attack of strongly basic surface hydroxyl groups
to generate by reductive carbonylation the reactive
species [HOs(CO)4]~. This latter anion could also be
obtained by reduction of [Os(CO)s:{ OMg}.] at 275 °C
working with a mixture of CO + H,.The cluster
growth to high nuclearity initially occurs via attack
of the nucleophile [HOs(CO),]~ species on the Os(11)
subcarbonyl surface species to generate first [H30s;-
(CO)12]™ as reactive intermediate species.®

As above-mentioned (section 2.5.3), working on a
silica surface treated with excess alkali carbonates,
there is evidence that cluster growth of [H30s4(CO)12]~
or [H,0s4(CO)12)?~ leads then to the formation of
[0s10C(CO)24]%> and [OssC(CO)14]%, respectively. The
control of the selectivity of the nucleation is related
to (i) a relatively mild basicity and the presence of
large amounts of H, which favor the formation of
[H30s4(CO)12]~ and then of [Os;0C(CO)24]?~ and (ii)
the fact that [H.0s4(C0O)12]?", generated with a high
surface basicity, is stable under CO and gives selec-
tively [OssC(CO)14]?>~ only in the presence of small
amounts of H,.'* This body of observations can be of
some help in order to interpret the reported cluster
growth of Os carbonyl species on the surface of
MgO.% In fact, as expected for this strongly basic
surface, at 275 °C [H30s4(CO)12]~ is easily converted
to [OssC(C0)14]?~ under CO (1 atm), whereas a very
slow condensation to [0s;0C(CO)24]>~ occurs under a
mixture of CO and H; (1:3 molar ratio, 10 atm)
(Scheme 14).9° The facile condensation to [OssC-
(CO)14)?> could be due to the positive role of small
amounts of Hy, produced by the water—gas shift reac-
tion catalyzed by the osmium anionic carbonyl clus-
ters,'?? on the deprotonated species [H20s4(CO)12]%>~
generated in situ by the very basic surface of MgO.
As expected, under an excess of H, (for example with
10 atm of a mixture of CO and H;, 1:3 molar ratio),
[H30s4(CO)12] ™ is stabilized; therefore, it is slowly
thermally converted into [Os;,C(CO)24]%>" but not into
[OssC(CO)14]?~. Under these latter reaction condi-
tions, the amount of H; in the gas phase is too high
to allow conversion of [H30s4(CO)12]- to [H20ss-
(CO)12]*.

3.7. Rhenium. Anionic Clusters: [H,Re3(CO)12]~
and [Re,(CO)o)*~

[HsRe3(CO),2] is readily deprotonated on MgOzqo to
give [H2Re3(CO)12]".*22 In addition, when a slurry of
[Re2(CO)10], hexane, and hydroxylated MgO is stirred
at temperatures exceeding about —50 °C, [Rex(CO)q]>~
is formed.™?* In this surface-mediated synthesis, it is
crucial to use an hydroxylated MgO surface because
as the degree of surface dehydroxylation increases,
the formation of this anion is reduced and the
principal adsorbate is [Rex(CO)10].1%* By comparison
with the related solution chemistry,'®® the chemi-
sorption on MgO is inferred to involve nucleophilic
attack of surface OH groups on [Rex(CO)i0] to give
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first [HRe,(CO)q], which is then deprotonated by the
very basic surface to give [Rex(CO)g]?.1%* This selec-
tive second step occurring on the surface of hydrox-
ylated MgO is of some interest because, in a con-
trasting manner, in strongly basic solution there is
further nucleophilic attack of OH~ on another CO
ligand of [HRe,(CO)o]~ to give [H2Re(CO)g]?>.1%° The
synthesis in solution of [Re(CO)g]?~ involves reaction
of [Re2(CO)10] with the exotic base K(sec-C4Hg);BH
in tetrahydrofuran at 25 °C.1%6

4. Synthesis on the Surface of Alumina

4.1. Rhodium. Neutral and Anionic Clusters:
[Rhg(CO)16), [Rhlz(CO)3o]2_, and [Rhs(CO)ys]~

[Rhs(CO)16]. [Rhe(CO)16] is obtained by adsorption
of [Rh(CO),Cl], in CHCI; solution on the surface of
y-or n-Al,O3, followed by treatment at room temper-
ature with 1 atm of a mixture of CO + H,0.2%2.96.127
The neutral cluster can be easily extracted with CH,-
Cl,% or CHCI3,*?" but yields have not been reported.
Cluster growth could result from condensation of
[Rh(CO)4]™, generated in situ, on chemisorped [Rh-
(CO)(OAN(HOAI].%¢ The same cluster is also gener-
ated by simple adsorption of [Rh4(CO)12] in hexane
solution on y- or 5-Al,03.22>127 Although yields have
not been reported, the reaction seems to be quantita-
tive, and in addition the selectivity and the very mild
conditions evidence a high surface mobility of rhod-
ium carbonyl species on the surface of Al,03.2296.127

[Rh12(CO)30)>~ and [Rhs(CO)1s]~. Like on MgO
(see section 3.2.3), reductive carbonylation at 25 °C
and 1 atm of CO of chemisorped [Rh(CO){ OAl};],
generated by adsorption of [Rh(CO),(acac)] on
y—AI203, giVES [Rhlz(CO)3o]27 or [Rhs(CO)15]7 depend-
ing on the degree of hydroxylation of the surface.
[Rh12(CO)30]? is formed when the adsorption of [Rh-
(CO)(acac)] is carried out in the presence of dehy-
drated hexane whereas [Rhs(CO);s]~ is formed when
the hexane contains some water.'3 Both clusters can
be extracted with potassium acetate in methanol
solution by cation metathesis but yields were not
reported; [Rhi2(CO)30)?~ is extracted under Ny, but
[Rhs(CO)1s]~ has to be extracted under CO to avoid
its conversion to [Rh;(CQO)3g]2~.297%0

4.2. Iridium. Anionic Cluster: [Ir4(CO)1;Cl]~

Reductive carbonylation, under 1 atm of CO at
room temperature, of [Ir(CO),(acac)] chemisorped on
y-AlLO3 affords strongly physisorbed [1r4(CO)12], which
cannot be extracted with tetrahydrofuran; how-
ever, treatment with a tetrahydrofuran solution of
[(Ph3P).N]CI generates [(PhsP).N][Ir4(CO)1,Cl], which
is easily extracted. The cluster’s yield was not
determined.'?8

4.3. Iron. Anionic Cluster: [HFe3(CO)11]™

When a hexane solution of [Fe3(CO);,] is stirred at
room temperature with Al,Os (» or ), chemisorped
[HFe3(CO)14]~ is formed. The maximum quantity of
cluster that can be chemisorped onto Al,O3; varies
with the nature of the alumina used. For example,
with y-Al,O3 (100 m?g~! surface area) and 7-Al,O3
(315 m?g~?! surface area), the maximum amounts
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correspond to 2.0% and 2.5% Fe, respectively; further
adsorption of [Fe3(CO),2] leads to reversible physi-
sorption of this cluster. When only chemisorption
takes place, extraction with a solution of [Et;N]Cl in
CH,Cl; affords [HFe3(CO)11]~ in 70% yield. Similarly,
[Fe(CO)s] is converted to [HFe3(CO)11]~ on Al,O3, but
the yield was not determined. The formation of
[HFe3(CO)11]~ is much slower on Al,O3; than on the
more basic surface of MgO (see section 3.4),''5 in
agreement with the role of the surface basicity in the
reduction process.

4.4. Ruthenium. Anionic Cluster: [HRu3(CO)y1]~

[Ru(CO)sClx(THF)] is adsorbed on y-Al,O3, from a
tetrahydrofuran solution at room temperature, af-
fording surface species such as [Ru(CO);(HOAI)-
(OAl);] (HOAI and OAI represent surface hydroxyl
and oxy groups, respectively). These surface carbonyl
species react rapidly with CO (1 atm) to give
[HRu3(CO)11]~, which can be easily extracted from the
surface as its (PhzP),N* salt in CH,ClI, but the yield
was not determined.'?® This anionic cluster is also
formed by stirring a hexane solution of [Ruz(CO)12]
with amorphous Al,03.%3

4.5. Osmium. Anionic Cluster: [H30s4(CO)12]™

When [H40s4(CO),7] is adsorbed from refluxing its
hexane suspension onto y-Al,O3 pretreated at 400 °C,
[H30s4(C0O)12]~ is formed and can be extracted from
the surface by ion metathesis with [(PhsP),N]CI
dissolved in CH.CI,, but the yield was not deter-
mined.13.130

5. Synthesis on the Surface of Zinc Oxide and
Lanthanum Oxide

5.1. Iron and Ruthenium. Anionic Clusters:
[HM3(CO)11]_

The behavior of Zn0O%115 and La,0s%? surfaces
toward [Rus(CO)12]%? and [Fez(CO)1,]* is very similar
to that of the surface of MgO or Al,O3 (sections 3.4,
3.5 and 4.3). The rather basic surface OH groups
behave as good nucleophiles toward coordinated CO
generating the anion [HM3(CO)11]~ (M = Fe, Ru),
which can be extracted from the surface with
[(PhsP)2N]ClI dissolved in CH,Cl,. However, yields of
isolated products were not reported.

5.2. Osmium. Anionic Cluster: [H30s4(CO)12]™

When a solution of [H;0s4(CO)12] in CHCI; is
stirred with ZnO or La,Os3, deprotonation occurs such
as on MgO (section 3.6.1). Extraction with [(PhsP),N]-
Cl dissolved in CH,CI, produces excellent yields (the
exact yield is not reported) of [H3Os4(CO)12] .19

6. Synthesis in the Cages of Zeolites

Only a brief mention is made of the reported
examples of syntheses of metal carbonyl clusters in
the cages of zeolites with a limited porosity because
this chemistry, although significant in the field of
heterogenized homogeneous catalysis, is useless for
synthetic purposes since the resultant clusters re-
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main trapped in the cages (ship-in-a-bottle synthesis)
and cannot be extracted and isolated.” 431221317140

6.1. Palladium and Platinum. Neutral and Anionic
Clusters: Pdi3(CO)y and [Pt3(CO)]n?~ (n = 3-5)

6.1.1. Pd13(CO)x

It has been suggested, but on the basis of IR
spectroscopy only, that neutral [Pd;3(CO),] clusters
are formed when [Pd(NH3),]?-exchanged NaY zeolite
is calcined (O, 500 °C), reduced (H,, 200 °C), and
then treated with 1 atm of CO at room tempera-
ture.13!

6.1.2. [Pts(CO)g]n?~

The formation of anionic platinum clusters in basic
zeolites has been reported.’*? For example, treatment
under CO at 100 °C of [Pt(NHs),]>"-exchanged NaY
zeolite (Si/Al molar ratio = 5.6) affords [Pte(CO)1s]%,
as suggested by IR spectroscopy and EXAFS.132
When the [Pt(NH3)4]?t-exchanged NaY zeolite is
calcined (O, 300 °C, 2h) prior to reductive carbon-
ylation, [Pt;»(CO),4]?>~ is formed, whereas under
similar conditions but using a more basic zeolite NaX
(Si/Al molar ratio = 2.3), [Pt15(CO)30]?” is generated,
showing that the size of the platinum cluster dianions
is related to the interior basicity of the zeolite
cages.1320

6.2. Rhodium. Neutral and Anionic Clusters:
[Rhe(CO)le], [Rhe(CO)15]2_ and [PtRh5(CO)15]_

6.2.1. [Rhs(CO)1q]

When [Rh(NH3)g]*t-exchanged NaY zeolite is heated
at 120—130 °C under 80 atm of CO + H, (molar ratio
1:1)13%2 or under 2 atm of CO in the presence of
water?33® [Rhe(CO)s6] is generated. The same cluster
is formed by treatment of [Rh(NH3)sCI]>" or [Rh-
(H20)e]*"-exchanged NaY zeolite with 1 atm of CO
and water or with 1 atm of CO + H, at 70—120
°C.13%-133d Similarly, when [Rh(CO),Cl]; is introduced
in the cages of NaY or even acidic HY zeolites and
treated at room temperature with 1 atm of CO in the
presence of water, [Rhg(CO);6] is formed, like on the
surface of Al,03.%

6.2.2. [Rhg(CO)ﬁ]zf and [PtRh5(CO)15]7

When [Rh(NH3)sCl]?t-exchanged NaX zeolite (a
quite basic zeolite having an Si/Al molar ratio of ca.
1.5) is heated at 75 °C under 1 atm of CO in the
presence of water, [Rhs(CO)15]>" is formed, as evi-
denced by IR spectroscopy.t33¢ Under similar condi-
tions but using an exchanged mixture of [Rh(NH;3)s-
CIJ?* and [Pt(NH3),]?" (molar ratio 1:5), the bimetallic
anionic species [PtRhs(CO)1s]~ is generated.33¢

6.3. Iridium. Neutral and Anionic Complex and
Clusters: [Ir(CO)sCl], [Ir4(C0212], [Irs(CO)16],
[HIr4(CO)w1] ™, and [Irs(CO)us]
Neutral iridium carbonyl compounds are generated
in the less basic NaY cages, whereas anionic clusters
are formed in the more basic NaX cages.*3134-138

6.3.1. [Ir(CO)sCl]

[Ir(NH3)sCl)>"-exchanged NaY zeolite upon thermal
decomposition (O, 250 °C) is converted into a species
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proposed to be “Ir(OH).CI”, which may undergo
reductive carbonylation (1 atm of CO, 170 °C) to
generate, inside the zeolite cage, [Ir(CO)sCl].13

6.3.2. [Irg(CO)12), [Ire(CO)16], [HIrs(CO)11]~, and
[Irs(CO)1s]*~

Some mononuclear iridium(l) carbonyl species can
thermally migrate through the porous network of
zeolites and can be further reduced under 1 atm of
CO to give [Iry(CO)1o] 135136 or [Irg(CO)ye] 137:138-
entrapped in the zeolite cages. For example, [Ir(CO),-
(acac)] deposited in the pores of NaY zeolite (Si/Al
molar ratio about 4.74) is converted into [Ir;(CO)12]
by working under 1 atm of CO at 40 °C;'%¢ under 1
atm of CO at 125 °C, it is converted into [Irs(CO)6].2%8

When a more basic zeolite, NaX, having an Si/Al
molar ratio of about 2.5, is used instead of NaY, [Ir-
(CO)z(acac)] is converted into [HIry(CO)11]-, en-
trapped in the zeolite cage, by working under 1 atm
of CO at 70 °C. Further treatment under CO at 175
°C gives [Irg(CO)15]?~.#2 This chemistry parallels the
chemistry of the synthesis of these anions in basic
solution,3” on the silica surface added with alkali
carbonates®? (see section 2.3.2) or on the magnesia
surface® (see section 3.3). However, the intermediate
formation of [Irg(CO)22]>~ has never been observed in
the zeolite cages perhaps because this cluster is too
large to fit.*?

6.4. Iron. Anionic Clusters: [HFe3(CO);1]~ and
[Feth4(CO)16]2_

[Fe2(CO)q] and [Fe3(CO)12] deposited in the pores
of the hydrated NaY zeolite yield [HFe3(CO)11], but
this anion is not formed using a dehydrated NaY
zeolite, as expected if the role of water or zeolite
hydroxyl group is that of the nucleophile necessary
for reduction.®®® Further reaction of [HFe3(CO)u],
generated inside the zeolite cages, with [Rh4(CO)12]
at 70 °C affords [Fe,Rh4(CO)16]%, characterized by
EXAFS and FTIR spectroscopy.4°

6.5. Osmium. Anionic Cluster: [H30s4(CO)12]™

[Os3(CO)12], supported on an acidic zeolite, reacts
at high temperature (180 °C) with the hydroxylic
groups of the support to give an anchored species
supposed to be [HOs3(CO)100AI=]. A suspension of
the latter in diglyme or ethoxyethanol in the presence
of a base (aliphatic amines or NaOH) and an excess
of water reacts under 1 atm of CO at 130 °C to give
the anion [H30s4(CO)12]- trapped in the zeolite
framework.1??

7. Conclusion

The rationalization of the methods of synthesis of
high nuclearity metal carbonyl clusters was initiated
in the 1960 by Chini'*! and Lewis and Johnson.89-92142
Growth of nuclearity was achieved by nucleophilic
attack of metal carbonyl species'#* or by thermal
condensation, 892142 5o that the synthesis and struc-
tural characterization of many metal carbonyl clus-
ters was reported. Roughly during the same period,
the investigation of the behavior of carbonyl clusters
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supported on inorganic oxides, carried out by Basset,
Ugo, and Psaro*® and Gates and Knozinger,*® as
prototypes of highly dispersed supported metal cata-
lysts or as precursors of them uniquely suited to
making them well defined structurally, was the
origin of the so-called surface organometallic chem-
istry. The understanding that surface metal carbonyl
fragments, covalently linked to the surface or weakly
chemisorped or physisorped, can be highly mobile
was the springboard, particularly in the group of Ugo
and Roberto and in that of Gates, of the idea of
considering the surface of an inorganic oxide as a
reaction medium for organometallic reactions.

From the increasing knowledge of the surface
organometallic chemistry of mononuclear metal car-
bonyl compounds supported on inorganic oxides, it
was clear that these species easily move on the
surface and can react with the surface itself, where
they can loose CO and can aggregate under reductive
conditions to generate selectively clusters. In parallel,
supported carbonyl clusters under more drastic con-
ditions or by oxidation can disaggregate to regenerate
monomeric metal carbonyl fragments, usually co-
valently bound to the surface.'*® Because surface
reactions take place under mild conditions, in par-
ticular often at atmospheric pressure, it was obvious
to investigate the potentiality of the surface of
inorganic oxides as reaction medium for the synthesis
from metal salts of metal carbonyl complexes and
clusters which often require for their synthesis
drastic temperatures or very high pressures. This
approach has allowed, as shown in this review, the
synthesis of many metal carbonyl complexes and
clusters working at atmospheric pressure with se-
lectivities and yields often never achieved before
when working in solution.

Although the high selectivity of reactions carried
out on the surface of inorganic oxides can be predicted
from the known surface organometallic chemistry of
metal carbonyl species, the synthetic value of this
new approach, in terms of yields and amount of
reaction product for 1 g of support, was unexpected.
Reactions carried out on the surface of inorganic
oxides allow high-yield and selective syntheses of
various metal carbonyl complexes and clusters, start-
ing from easily available materials and at atmo-
spheric pressure, often also at relatively low temper-
atures. The synthetic procedures are simple and
straightforward and the recovery of products is easy.
Since the use of a solid as reaction medium is not
limited as in solution by boiling points and by the
thermal instability of some solvents, it is possible to
work at atmospheric pressure even at rather high
temperatures. Therefore, in many cases, yields and
pressure are better and lower, respectively, than
those of the syntheses in solution.

As a general trend, neutral compounds are pre-
pared on the surface of silica or in the cages of neutral
or acidic zeolites whereas the formation of anionic
clusters requires an adequate basicity such as that
of the surface of MgO, Al;O3, ZnO, La,03 oxide or of
silica treated with alkali carbonates. The basicity can
be controlled by the nature and amount of alkali
carbonate added to the silica surface or by the ratio
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Si/Al of neutralized zeolites. Even the high basicity
of the MgO surface can be modulated by controlling
its carbonatation, the amount of water or of hydroxyl
surface groups and by introducing specific Mg—ClI
sites on the surface. This easy modulation of the
nature of the surface has allowed an excellent defini-
tion of the reaction conditions necessary to control
the selectivity of a synthesis, in particular of anionic
clusters.

Remarkably, the potentiality of easily carrying out
reactions at temperatures above 200—250 °C not only
has allowed the high-yield synthesis of high nucle-
arity clusters usually obtained in low yields and with
low selectivity but also opens the investigation of the
synthesis of new high nuclearity metal carbonyl
clusters, for instance, with Rh and Ir, whose cluster
chemistry has been investigated, but never working
at such high temperatures. For instance, we have
isolated, working on silica treated with K,CO; at
150—-200 °C, new and unknown high nuclearity
anionic carbonyl clusters of Rh and Ir, evidencing
that the investigation of selective high-temperature
syntheses of high nuclearity clusters can be renewed
via the surface-mediated synthetic methodology.

It is worth pointing out that when surface-medi-
ated syntheses are carried out in the absence of
solvent, reactions must occur on the surface of the
inorganic oxide. However, when surface-mediated
syntheses are carried out in the presence of a solvent,
the reactions leading to the product can really occur
in solution, influenced by the surface. For example,
in the synthesis of [Pt;5(CO)30]?>~ by using MgO and
methanol as reaction medium, the surface of MgO
behaves only as a solid base, working as a slurry.

The understanding of the chemistry involved in the
syntheses mediated by the surface of silica has shown
that in a few cases, like the conversion of [Irg(CO)16]
in [Iry(CO)12], silica serves as a dispersion medium
only and the same reaction can be carried out in an
inert solvent of adequate boiling point like dichloro-
ethane. However, in most surface syntheses, the
particularly mild reaction conditions are due to
activation of some metal carbonyl fragments by
reactive surface groups such as silanols, as in the
case of reactive intermediates such as [HOs3(CO)10-
OSi=] and [Re(CO)s0OSi=]. In some cases, by a spring
of inspiration derived from the possible role of the
silanol groups of the silica surface, a high boiling
point solvent with OH groups, which mimic surface
silanols, was used as a convenient reaction medium
for the high-yield and selective synthesis in solution
of various carbonyl clusters starting from simple
metal salts.%® For instance, by using ethylene glycol,
the synthesis of many carbonyl clusters from MCls-
nH,O (M = Ru, 0s), although very delicate when a
controlled low basicity is necessary, was achieved at
atmospheric pressure and with yields and selectivi-
ties very seldom obtained in the previous reported
syntheses in solution.%®25% These new syntheses in
solution are sometimes faster, and therefore more
convenient, than the parent surface-mediated syn-
theses due to a higher mobility of reagents and
intermediate species in solution than on a solid
surface. However, in specific cases, this low mobility
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on the surface can be used in order to allow the
selective synthesis of some carbonyl clusters such as
[Ru3(CO)410Cl;]. Besides, because treatment of glycols
with bases at high temperatures (ca. 200 °C) leads
to degradation with exothermic reactions proceeding
rapidly and uncontrollably, glycols cannot be used as
a safe reaction medium for the syntheses of high
nuclearity carbonyl cluster anions which require high
temperatures and strong basic conditions. Obviously
this inconvenience does not exist with a basic surface
as a reaction medium. Therefore, when high temper-
atures and basic conditions are required, as in the
case of the synthesis of [Os;0C(CO)24]?>" and [OssC-
(CO)ua)> from [Os(CO)sCly],, the role of the silica
surface treated with alkali carbonates as a conve-
nient reaction medium is unique and compulsory.5525%
In addition, the selectivity of reactions carried out
on surfaces such as silica treated with alkali carbon-
ates can be more easily controlled than when working
in solution as in the case of [HsOs10(CO),4] .3

In conclusion, surface mediated syntheses of metal
carbonyl compounds, in particular using the silica
surface, is now a well-established useful synthetic
methodology, characterized by mild pressure condi-
tions, possibility of working at rather high temper-
atures, excellent yields and selectivities, convenient
starting materials as metal salts, easy and straight-
forward synthetic procedure in a closed vessel, and
easy recovery of products by selective extraction
processes. Also, when working at high metal loadings,
excellent amounts of products can be obtained using
a few grams of inorganic support, which in the case
of silica can be recycled after workup and completion
of the reaction. This is a new and still open area of
research: inorganic oxides such as Al,Os, ZnO, or
La,O3 have been poorly studied; the work with MgO
as reaction medium is excellent but often qualitative;
the extension of the methodology for the synthesis
from metal salts or from metal oxides of metal
carbonyl compounds of non noble metals such as Fe,
Ni and Co or of oxophilic metals, e.g., Re, is still
poorly studied; the surface-mediated synthesis of
bimetallic carbonyl clusters is limited to few ex-
amples; the use of new zeolites with very large pores
opens also the use of these materials as unusual and
very flexible reaction medium for synthetic purposes;
the surface-mediated synthesis of metal compounds
without carbonyl ligands just started with the silica-
mediated synthesis of [RhH2(PMej3)4]™ by treatment
of bis(allyl)rhodium with PMe; followed by H,.14
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