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Abstract

The surface-mediated reductive carbonylation of S80pported RuGl and Ru(NO)(N@)3 has been studied by IR
spectroscopy. Hydrated RuZ$iO, reacts readily with CO (100-700 Torr) to form a mixture of Ru(CQJBDSi); and
Ru(CO)Cl»(HOSI) at 25 C, and a mixture of Ru(CO)@HOSi);, Ru(COYCl>(HOSI), Ru(CO}Cl(HOSI) (major prod-
uct) and [Ru(CO3Clz]» at 100 C. Hydrated Ru(NO)(N@)3/SiO; reacts readily with CO to give a mixture of Ru(CQQSi),
and Ru(CO3(0Si), at 25C. At 100°C, hydrated Ru(NO)(Ng)3/SiO, is converted to a mixture of Ru(C&PSi), and
Ru(CO}(OSi) under 100 Torr of CO, and a mixture of {CO);» (good yield) and Ru(CQJOSi), under 700 Torr of CO.

All these results are demonstrated by surface IR spectra and extraction experiments with organic solvents. While the carbony-
lation of hydrated Ru(NO)(N§)3/SiO, proceeds, the stoichiometric reductions of ;N@nd NO: 2NQ~ +3CO+2HOSi —

2NO+ 3CO; 4+ H20 + 20Si™ and 2NO+ CO — N0 + CO;, are suggested to occur on the surface, according to gaseous

IR observation. The proportion of ruthenium(ll) tricarbonyl species is found to increase with the increases of carbonylation
temperature and CO pressure. In addition, the detrimental effect of calcination of/8i@Gland Ru(NO)(NQ)s/SiO, at

400°C on the reductive carbonylation is discussed. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction than inorganic salts in the preparation of supported
metallic catalysts [1-3]. Nowadays, research has in-
Over the last 20 years, the investigation of metallic creasingly been focused on the direct conversion of
carbonyl complexes in the field of both homogeneous inorganic salts to metal carbonyls on inorganic sup-
and heterogeneous catalysis has achieved quite a lotports such as Sig) Al2O3, MgO and zeolites by
of progress. The benefits of the application of metallic surface-mediated carbonylation [2,4-12], so as to
carbonyl complexes in the preparation of supported meet the needs of a simple and efficient synthesis
catalysts are that they can not only result in highly or preparation of supported catalysts. Quite a num-
dispersed metallic catalysts but also serve as effi- ber of examples have appeared, which particularly
cient bimetallic catalyst precursors. It has proven that relate to the study of nucleation processes of polynu-
metallic carbonyl complexes are rather more valuable clear metallic clusters by reductive carbonylation of
supported simple metal chlorides under mild condi-
* Corresponding author. Tel86-411-4671991; tions. Of these examples, the surface-mediated re-
fax: +86-411-4691570. ductive carbonylation of Si@supported MG-3H,0
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(M = Rh, Ir, Os, Ru) which is analogous to the
title study has been reported by Ugo and cowork-
ers [7-10,13]. In the study of the carbonylation of
RuCk-3H20/Si0;, it was shown that this physisorbed
salt reacts with 1 atm of CO at 258D to form the

surface-bound species Ru(G@QJ2(HOSI), which

is converted to the corresponding tricarbonyl species

Ru(COXxCI>(HOSI) under 1atm of CO at 10Q in
high yield [9]. Despite that chlorine-free ruthenium
inorganic salts like Ru(NO)(N¢§)3 have widely been
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RU(NO)(NQ)3/SiO, were pressed into wafers of
20.0 mg each and placed in the IR cell. All IR spectra
were recorded on a Bio-Rad FTS-7 spectrometer at
ambient temperature. Surface IR spectra were mea-
sured in the presence of gas phase by subtracting the
contribution of solid and gas phases.

The metal contents of the samples were determined
by atomic absorption (AA) spectroscopy.

used to prepare supported catalysts [14-18], their 3 Rag)its

surface chemistry on inorganic supports has seldom
been reported [19]. In the present paper, we report
a detailed study of surface-mediated synthesis of

ruthenium carbonyl complexes from R@3i0, and
Ru(NO)(NG;)3/SiO; by IR spectroscopy. We afford
detailed spectroscopic information on the reaction of
these ruthenium inorganic salts with CO on the SiO
surface.

2. Experimental

RuChk-nH20 and Ru(NO)(NQ@)3 were purchased
from Aldrich and Beijing Chemicals companies, re-
spectively. The support SiOwas a silica ‘Aerosil’
supplied by Degussa with a surface area of 38@m
The organic solvents CHl, and GHsOH were dried
before use. The gases CO and Ar had a purity of
99.99%.

RuCk/SiO, and Ru(NO)(NQ@)s3/SiO, were pre-
pared by incipient wetness impregnation. i
powder was incipient wetted with an aqueous solu-
tion of ruthenium salt. After stirring, the resulting
slurry was gently heated under an infrared lamp till
it turned into a dry solid sample. At this stage, the
solid sample is called hydrated Ru{3iO, or hy-
drated Ru(NO)(N@)3/SiO,. If the solid sample un-
derwent calcination at 40C followed by rehydration
at 25°C, it is called calcined Ru@lSiO;, or calcined
Ru(NO)(NG)3/SiO,. The samples prepared from
RuCk/SiO, and Ru(NO)(NQ)3/SiOy contained 1.0
and 0.9% Ru, respectively.

IR experiments were carried out using a KBr
cell for liguid samples and a single beam cell with
Cak, windows for solid and gaseous samples. For
the monitoring of surface-mediated synthesis, the
above mentioned hydrated Ry{3i0, and hydrated

3.1. Reactivity of hydrated RuCl3/S O, with CO

Fig. 1 shows the surface IR spectra collected dur-
ing the carbonylation of hydrated RuZ$iO, under
100 Torr of CO at 25C. Once a brown wafer of
hydrated RuGJ/SiO, after outgassed under vacuum
(10~2Torr) at 25C for 1 h, was exposed to 100 Torr
of CO, a small single band at 2081 ciemerged first
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Fig. 1. Surface IR spectrum after carbonylation of hydrated
RuCk/SiO; (1.0% Ru loading) under 100 Torr of CO at°Z5for:

(a) 2min; (b) 10min; (c) 0.5h; (d) 3h; (e) 8h; (f) 21h; (g) 51h;
(h) 99h.
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in the surface spectrum and shifted slowly upward
as its intensity increased with time. Then another
band at 2034 cm! appeared 10 min later. These two
bands grew synchronously and progressively under
CO, concomitant with the appearance of a shoulder
band toward 1992 cm. It was noted that the band
intensities at 2090 and 2027 chincreased no longer
and the initial brown wafer turned yellow after over
50h. This indicated the completion of carbonylation
of RuCk at 25°C. The observation of the doublet at
2090 and 2027 cmt in the spectra suggested the for-
mation of surface ruthenium gem-dicarbonyl species
like Ru(COYCI>(HOSIi)y, [Ru(COXCIl2(HOSI)]
and physisorbed [Ru(C@Cl,] [8]. The doublet is
attributed to the symmetric and asymmetric C-O
stretching of the gem-dicarbonyl. The assignment
of the single 1992 cm! band remains unknown in
the range of ruthenium carbonyl species. It presum-
ably corresponds to a mononuclear ruthenium car-
bonyl species on Si® The initially observed single
band at 2081 cm! may be assigned to physisorbed
[Ru(CO)CE] [8] which was further carbonylated into
the surface ruthenium gem-dicarbonyl species.

Much the same surface spectral results were
obtained during the carbonylation of hydrated
RuCk/SiO, under 700 Torr of CO at 2%, as shown
in Fig. 2.

At this stage, an extraction experiment was con-
ducted to identify the ruthenium carbonyl species
formed from carbonylation of hydrated RuZ3i0,.

In a Schlenk tube, 0.50g of brown hydrated
RuCk/SiO, was outgassed under vacuum t£dorr)

at 25 C for 1 h before admission of 700 Torr of CO.
After 168 h of contact of hydrated RU§Z8IO, with
CO at 25C, the solid sample turned yellow. The
solid sample was divided into two portions and trans-
ferred to two new Schlenk tubes under Ar. Onto the
two portions were added Gi€l, and GHsOH, re-
spectively under Ar. The C}Cl, extract which was
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Fig. 2. Surface IR spectrum after carbonylation of hydrated
RuCk/SiO; (1.0% Ru loading) under 700 Torr of CO at“Z5for:

(a) 26min; (b) 2h; (c) 5.5h; (d) 10h; (e) 23.5h; (f) 72h; ()
168 h; (h) after 1 min of evacuation following (g).

may match with the 1992 cnt band observed in the
surface spectra, which may be due to a mononuclear
ruthenium(ll) monocarbonyl species not identified.
It may be postulated as Ru(COYOSI). This
accounts for that the surface-linked carbonyl species
can be removed with an electron donor solvent.
Based on the surface IR spectra and different
reactivities of the surface ruthenium(ll) carbonyl
species with CHCl, and GHsOH, it is strongly
suggested that Ru(Cell, and Ru(CO)H frag-
ments bound to the silanol groups of SiGurface,
namely Ru(CO)Cl>(HOSI), and Ru(CO)CI(HOSI);

colorless, displayed no IR bands. This shows that the are produced, by reductive carbonylation of hy-
surface carbonyl species observed above are linkeddrated RuGJ/SiO, at 25C. The production of

to the SiQ surface and cannot be extracted with a
non-electron donor solvent. However, theHgOH
extract whose color was black, displayed three IR
bands at 2067, 1997 and 1928chwith almost
the equal intensity, as shown in Fig. 3(a). The 2067
and 1997 cm? bands may be typical of Ru(C&Jl,
with CoHsOH as ligand [20]. The 1928 cnd band

Ru(CO)»ClI>(HOSi), has been concluded by Roberto
et al. who discussed in detail the possible surface
ruthenium carbonyl species formed from carbonyla-
tion of RuCk-3H,O/SiO; [8].

After the carbonylation temperature had been
raised to 100C, it was found that a new band at
2151 and 2090 cmt developed synchronously while
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Fig. 3. IR spectra of ruthenium carbonyl extracts. (a) Extract
in CoHsOH from hydrated RuGISiO; (1.0% Ru loading) af-
ter 168 h of carbonylation under 700 Torr of CO at°@5 After
40h of carbonylation of hydrated Ru$iO, (1.0% Ru load-
ing) under 700 Torr of CO at 10C; (b) extract in CHCly;

(c) extract in GHsOH; (d) extract in CHCI, from hydrated
Ru(NO)(NGs)3/SiO, (0.9% Ru loading) after 70h of carbonyla-
tion under 700 Torr of CO at 10C.

the band at 2030 cmt remained almost unchanged.
The 2090cm? band shifted slightly downward to
2085cnt! after 31h. Meanwhile the 1992 crh
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Fig. 4. Following Fig. 1(h), surface IR spectrum after carbonylation
of hydrated RuG/SiO;, (1.0% Ru loading) under 100 Torr of CO
at 100C for: (a) 15min; (b) 1 h; (c) 3h; (d) 7h; (e) 13h; (f) 25h;
(g) 31h.

of the latter band and the 2151 chband may be
ascribed to the production of surface ruthenium(ll)
tricarbonyl species [8,21] by surface carbonylation
of Ru(CO)»CI>(HOSi), at 100C. The new species
may be present in the forms of [Ru(C4Q)>]» and/or
Ru(COXClI>(HOSI).

Similar surface spectra were achieved after hydrated
RuCk/SiO, had been treated under 700 Torr of CO at
100°C, as presented in Fig. 5.

In order to identify the gaseous products and re-
veal the nature of the tricarbonyl species, analysis
of the gas phase and extraction of the tricarbonyl

shoulder band vanished gradually with time. The species were carried out following 40 h of treatment

spectral evolution is presented in Fig. 4. By 25h,

the carbonylation equilibrium was reached accord-

ing to the spectral intensity, and the yellow wafer

of hydrated RuG/SiO, (0.509g) under 700 Torr of
CO at 100C. The gaseous products evolved from
the carbonylation reaction in a Schlenk tube were

turned pale. Obviously, the intense band observed admitted into an IR cell which had been previously
at 2085cm! can be regarded as a superimposition evacuated. The gaseous IR spectrum exhibited only

of the 2090 cm?! band due to Ru(CQLIx(HOSi),
and a new band around 2080th The appearance

bands corresponding to CO and gs presented
in Fig. 6(a). After carbonylation at 10Q, the brown
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Fig. 5. Surface IR spectrum after carbonylation of hydrated
RuCk/SiO; (1.0% Ru loading) under 700 Torr of CO at T@
for: (a) 24 h; (b) 48h.

solid sample turned pale. Onto two portions of the
solid sample were added GBI, and GHsOH, re-
spectively under Ar. As seen in Fig. 3(b and c), the
CH,Cl, extract which was colorless, showed two
IR bands at 3146m and 2085sth the GHsOH
extract which was colorless, gave two analogous IR
bands at 2135m and 2063sth and two weak ones
at 1999 and 1828cnt. Both the pair of bands at
2146m, 2085s cm! and the pair of bands at 2135m,
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Fig. 6. Gaseous IR spectrum after carbonylation under 700 Torr
of CO at 100C of: (a) hydrated RuGISIiO; (1.0% Ru loading)

for 40 h; (b) hydrated Ru(NO)(N£§)3/SiO, (0.9% Ru loading) for
70h.
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2063scm! in the extract spectra correspond to the
bands at 2150m and 2090sthin the surface spec-
tra, which are attributed to a ruthenium(ll) tricarbonyl
species. The extraction result with the non-electron
donor solvent CHCIy clearly demonstrates that this
species is physisorbed in the form of [Ru(GO]»

on SiG. However, according to ruthenium quanti-
tative analysis of the solid samples, the percent of
ruthenium in the CHCI, extract was only 23 whereas
that in the GHsOH extract was 86, based on the ini-
tial amount of ruthenium on Ru@/SiO,. The results
indicate that after treatment of hydrated Rg/SIO,
under 700 Torr of CO at 10€ for 40h, 86% of
RuCk are carbonylated among which the vyield of
[Ru(COXCl3]2 is only 23% and Ru(CQLI>(HOSI)
remains as the major product. The co-presence of the
weak bands at 1999 and 1828chwith the intense
bands at 2135m and 2063scthin the GHsOH
extract spectrum indicates that some amounts of
Ru(CO)»ClI>(HOSI), and Ru(CO)CI(HOSI) coexist
with [Ru(COXClz]2 and Ru(CO3CI>(HOSI) on the
surface.

3.2. Reactivity of hydrated
Ru(NO)(NO3)3/9 0, with CO

Figs. 7 and 8 show the surface IR spectra taken dur-
ing the carbonylation of hydrated Ru(NO)(Na/SiO,
under 100 Torr of CO. Fig. 7(a) represents N-O
stretching vibrational bands of Ru(NO)(NJ/SiO».

The bands at 1888 and 1512 chare attributed to the
terminal NO and N@~, respectively [22]. The follow-

ing spectra of carbonylated samples are represented by
subtracting that of the starting Ru(NO)(NJ@/SiO,.

As soon as a light brown wafer of hydrated
Ru(NO)(NG)3/SiO; which had been outgassed un-
der vacuum (102 Torr) at 25C for 1 h, was exposed
to 100 Torr of CO at 25C, a band at 2159 cnt ap-
peared together with an inverse band at 1886tm
About 2.5h later, two other bands at 2085 and
2028cm! were discerned, with the concomitant
appearance of the water band at 1629 ¢rand an-
other inverse band at 1533 crh As seen in Fig. 7,
the bands at 2150, 2085 and 2028¢ndeveloped
slowly as the carbonylation proceeded at@5This
set of bands closely resemble those superimposed of
the carbonyl bands for Ru(Celylo(HOSI), [8] and
Ru(COX%CI>(HOSI) [8,21] and thus are assignable
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Fig. 8. Surface IR spectrum after carbonylation of hydrated
Ru(NO)(NG;)3/SiO; (0.9% Ru loading) under 100 Torr of CO at
100°C for: (a) 15min; (b) 2.5h; (c) 6h; (d) 28h; (e) 70.5h.
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Fig. 7. (a) IR spectrum of Ru(NO)(N&k/SiO,, surface IR spec- Due to the absence of other inorganic ligands except
trum after carbonylation of hydrated Ru(NO)(M@/SiO; (0.9% the silanol group of Si@surface after carbonylation,
Tfn:‘_’ridinglénﬁer 1%%1‘_’"1“45(5)}1"_“ %gg)[-;h(.b)fmg,(?. _ the resulting surface ruthenium(ll) dicarbonyl and
216?:., (@ 2.5h; (@) + (1) 48.5h; (9) 96.5h; () 170.5h; () tricarbonyl species are reasonably postulated to be
Ru(CO)(0OSi) and Ru(CO3(0Si),.

When hydrated Ru(NO)(N§)3/SiO, was exposed
to a surface mixture of ruthenium(ll) dicarbonyl and to 700 Torr of CO, heating at 10Q led to the rapid
tricarbonyl species on SO At the same time, the  growth of bands at 2144, 2081, 2036 and 1628&m
water band at 1629 cnt increased in intensity with  and inverse bands at 1900 and 1525¢mas shown
time while the 1900 and 1525 crth bands grew in- in Fig. 9. The 2144 and 2081 cth bands are rea-
versely with time, indicative of loss of NO and NO sonably assigned to the presumed Ru(§fO¥i). It
groups from the surface and concurrent increase of was noticed that the position of the 2036chband
water amount on the surface during carbonylation. In- was significantly higher than that of the 2024¢th
creasing the temperature markedly enhanced the ratesband observed in Fig. 7. This band shifted slightly
of carbonylation and conversion of NO and BO downward as its intensity increased. It as well as the
on SiQ, as seen in Fig. 8. After 28 h of treatment 2144 and 2081 cmt bands increased in intensity with
under 100 Torr of CO at 10C, the wafer had no  carbonylation time at 10@. After 45h of carbony-
apparent color change. But the carbonylation equi- lation at 100C, the light brown wafer turned yellow.
librium of Ru(NO)(NGs)3 was reached because the It can be roughly calculated from the inverse NO
carbonyl band intensities increased no more. It can be band intensity at 1900 cnt (Fig. 9(c)) that 64% of
roughly estimated from the inverse NO band intensity Ru(NO)(NQ;)3 is converted. When the temperature
at 1892 cm! (Fig. 8(d)) that 57% of Ru(NO)(N§)3 was raised to 15@, 20 h of carbonylation resulted
is consumed. Furthermore, no other N-O stretching in a marked increase of the 2034chband and a
vibrational bands were present in the surface spectra.marked decrease of the 2144chband in intensity
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Fig. 9. Surface IR spectrum after carbonylation of hydrated Ru(NOJJNSIO, (0.9% Ru loading) under 700 Torr of CO for: (a) 20 min
at 100C; (b) 2h at 100C; (c) 44.5h at 100C; (d) 22h at 150C.

simultaneously, with the 2082 cmh band being lit- band implies that the 2034 cth band is not attributed
tle changed. Meanwhile, the yellow wafer became to one of the features of the Ri(CO), fragment.

deep yellow. It is highly likely that the 2082 cmh Similarly, extraction and gaseous product anal-
band results from the superimposition of two bands, ysis were done after carbonylation of hydrated
one belonging to the Ri(CO) fragment and the  Ru(NO)(NQ)3/SiO, under 700 Torr of CO. Follow-
other growing together with the 2034 cthband. The ing 7 days of carbonylation of a light brown hydrated
former depletes while the latter develops when the Ru(NO)(NG;)s/SiO, sample (0.509) at 2%, there
temperature is varied from 100 to 18D Under the was no color change on the solid sample. Onto two
circumstances, the observed growth of the 2032tm  portions of the solid sample were added £Hp and
band with the concomitant depletion of the 2144¢m CoHsOH, respectively under Ar. Both the GBI,
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and the GHsOH extracts which were colorless,
showed no IR bands. This indicates that the surface
ruthenium carbonyl species cannot be removed by
either an electron donor or a non-electron donor sol-
vent. The results show accord with the surface IR
observations, suggesting that the ruthenium(ll) di-
carbonyl and tricarbonyl fragments resulting from
Ru(NO)(NG;)3/SiO, are strongly bonded to the SiO
surface. Following 70 h of carbonylation of hydrated
Ru(NO)(NG;)3/SiO; (0.509) at 100C, the color of
the solid sample changed from light brown to yel-
low. The gaseous products in a Schlenk tube were
admitted into an IR cell which had been previously
evacuated. The gaseous IR spectrum exhibited not
only the marked bands for CO and g0ut also two
intense ones at 2233 and 2214c¢mas shown in
Fig. 6(b). These two bands are assigned to the sym-
metric and approximately asymmetric N-O stretch-
ing of N2O. Onto two portions of the solid sample
were added CBCl, and GHsOH, respectively un-
der Ar. The GHsOH extract was colorless and dis-
played no IR bands, whereas the £Hb extract was
pale-yellow and displayed three IR bands at 2064s,
2032m and 2014wcmt, as shown in Fig. 3(d).
The three bands are evidently characteristic of the
ruthenium carbonyl cluster B(CO)». Moreover,
this spectrum may match with the surface IR bands
at 2034 and 2066 cnt which overlapped with the
band at 2082cm. Note that Rg(CO) is spar-
ingly soluble in CHCl, and insoluble in @HsOH.
The results suggest the formation of FgA0);» as
well as SiQ-bonded Rét(CO)s from carbonylation

of hydrated Ru(NO)(N@)3/SiO, under 700 Torr of
CO at 100C. Ruthenium quantitative analysis of the
solid sample indicated that the yield of £GO)»
was 50% based on Ru(NO)(NR. When hydrated
Ru(NO)(NG;)3/SiO; (0.50g) was subjected to 40h
of carbonylation at 150C, the solid sample turned
deep-yellow and Ry(CO);» was obtained with a 65%
yield. After extraction with CHCI,, the solid sample
turned light yellow.

3.3. Reactivities of calcined RuCl3/SO, and
calcined Ru(NO)(NQO3)3/S 02 with CO

The influence of calcination of RugBiO, and
Ru(NO)(NG;)3/SiO, on their carbonylation was
investigated. Wafers of hydrated Ru3iO, and
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Fig. 10. Surface IR spectrum after carbonylation of calcined
RuCk/SiO; (1.0% Ru loading) under 150 Torr of CO for: (a) 24 h
at 25'C; (b) 10min at 100C; (c) 2.5h at 100C; (d) 9 h at 100C;

(e) 21.5h at 10TC; (f) 57 h at 100C; (g) 68h at 100C.

hydrated Ru(NO)(N@)s/SiO, were first subjected
to calcination under vacuum (18Torr) or in air

at 400C for 4 h. Subsequently, the calcined wafers
were rehydrated in air at 26 for 12 h before car-
bonylation, since the water content is known to play
an important role in the reductive carbonylation of
MCIl3 (M = Rh, Ir, Os, Ru) on inorganic supports
[7,9,23-25].

Fig. 10 gives the surface IR spectra obtained during
the carbonylation under 150 Torr of CO of calcined
RuCkL/SiO,. At 25°C, the calcined sample hardly re-
acted with CO to exhibit adsorbed CO signals, as seen
in Fig. 10(a). After the temperature had been raised
to 100C, three bands appeared at 2147, 2070 and
2006 cnt! and developed slowly with time. The car-
bonylation was completed after 57 h with the presence
of three bands at 2142, 2075 and 2029 ¢pwhich
are due to a surface mixture of ruthenium(ll) dicar-
bonyl and tricarbonyl species. Apparently, the spectral
intensities in this case were rather weak than those in
the case of hydrated Ru§ZbiO,. This indicates that
the conversion of Rif to R/t under CO is rather
low after calcination of RuGISiO, under vacuum.

Fig. 11 gives the surface IR spectra observed during
the carbonylation under 150 Torr of CO of calcined
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Fig. 11. Surface IR spectrum after carbonylation of calcined
Ru(NO)(NG;)3/SiO; (0.9% Ru loading) under 150 Torr of CO at
100°C for: (a) 10min; (b) 2.5h; (c) 9h; (d) 55h; (e) 68h.

Ru(NO)(NG)3/SiOz. When a calcined wafer was ex-
posed to CO at 10Q, three bands emerged at 2137,
2071 and 2007 cm' and developed gradually with
time. After 55 h of carbonylation, the spectrum con-
sisting of bands at 2137, 2076 and 2035¢revolved

no longer. The three bands are likewise attributed to
a surface mixture of ruthenium(ll) dicarbonyl and
tricarbonyl species. Comparison of the spectral inten-
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formed from carbonylation of both Rug&iO, and
Ru(NO)(NG)3/SiO, following calcination under
vacuum.

When hydrated Ru@ISiO, and Ru(NO)(NQ)s/
SiOp were subjected to calcination in air at 4@) the
surface IR spectra exhibited no carbonyl bands after
treatment under CO at 100.

4. Discussion

In the light of achievements in the study of
surface-mediated organometallic synthesis, the ad-
vantages that inorganic oxide surfaces present over
liquid solvents lie in not only the simple manipu-
lation of synthesis of organometallic complexes but
also the easy control of desired synthetic conditions,
e.g. acidic, basic or redox properties. Many examples
have shown unusual and attractive synthetic results
of organometallic complexes by surface-mediated
approach [2,4,7-12]. Ruthenium carbonyl complexes
such as Ru(CQKl,, [Ru(COXClIz]2 and Ry(CO)2
are of valuable utility in both the direct catalytic pro-
cesses and the primary materials to synthesize polynu-
clear ruthenium organometallics and heteronuclear
organometallics [26—30]. Starting from RgXhe syn-
thesis of a mixture of Ru(C@X2 and [Ru(CO3X2]2
was first reported by Manchot and Konig [31]. Later
on, the preparation of [Ru(CeQls]> by pressuriz-
ing methanolic RuChH20O solutions under CO was
described by Bruce and Stone [32]. The synthesis
of [Ru(CO)Clo]2 and [Ru(CO3Clz]2 from RuCh
requires more severe conditions. For example, RuCl

sities in the case and those in the case of hydratedis refluxed in a mixture solution of HCOOH and

Ru(NO)(NG;)3/SiO; indicates that calcination under
vacuum renders the Rt — Ru?* conversion de-
creased on Si®under CO. It was noticed that the
calcined wafer displayed no N-O vibrational band,
showing full elimination of NO and N@ groups
from the surface by calcination.

Extraction experiments were carried out after 60 h
of calcination under 700 Torr of CO at 100D of cal-
cined RuC4/SiO, and calcined Ru(NO)(N§)3/SiOs.

In both cases, neither Gigl, nor GHsOH could
extract any carbonyl species from the calcined
samples. The results suggest that SEdnded
ruthenium(ll) dicarbonyl and tricarbonyl species
such as Ru(CQJOSiy, and Ru(CO3(OSi), are

HCI to give [Ru(COXCly]2 in 77% vyield after 5h
and [Ru(COjCl,]2 in 85% vyield after 24h [33];
RuCk-3H,0 reacts with CO at 10 atm and 8D for
24 h to produce [Ru(CQKLl2]2 in 71% vyield [32].
Until the early 1990s, the surface-mediated synthetic
route for mono- and di-nuclear ruthenium carbonyl
complexes from RuGl was opened up. Roberto
et al. obtained successfully [Ru(CD)2]> from
SiOp-supported RuGH3H0 with 88-93% yields by
reductive carbonylation at atmospheric CO and°I00
followed by extraction using acetone and recrystal-
lization from CHCly/pentane [7,8]. This convenient
method brings about higher [Ru(C§Q)I,], yields than
those obtained in the traditional solution syntheses.
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Based on the IR spectroscopic observations in be significantly faster than that involving OH [25],
the present work, the carbonylation processes of the following equations are proposed to illustrate the
RuCk and Ru(NO)(N@)s on the hydrated Si® reactivities of Rud and Ru(NO)(NQ)3 with CO on
surface are spontaneous and facile under CO. At the hydrated Si@surface:
25°C, the mononuclear ruthenium(ll) dicarbonyl
fragments Ru(CQCl, and R#+(COY, are formed  2RuCk+ 4CO+ H>0 + 5HOSI

upon contact of_ hydrgted RUWZBIO, and hydrated ZEO)CRU(CO)Cb(HOSDg-i— RU(CO),Clo(HOSI)»
Ru(NO)(NG)3/SiO; with CO. Increasing the tem-
perature to 100C promotes the carbonylation which +COz + HCl (1)

can be completed within 30h in high conversions

of RuCk and Ru(NO)(NQ@)3, in view of the evo- 2RuCk + 13CO+ 2H20 + 3HOSI

lution of IR spectral intensity and the elemental 100°C

analysis. The easy carbonylation behaviors are sim- RU(CO)3Cl2(HOS) + Ru(CO)2Cl2(HOS)
ilar to those of RhGISiO, and RROs/SiO,, al- +[Ru(CO)3Cl2]2 + 2CO; + 4HCI )
though the carbonylation is relatively rapid to reach

completion in the latter cases [34]. As far as the 2RUNO)(NO3)3 + 19CO-+ 4HOSI
carbonylation products are concerned, the reactions

25°C, 100~700 Torr C
of RhCh, RhOs and Rh(NQ)s with CO on SiG S RUCO)2(0Si)2
give the pure rhodium gem-dicarbonyl complexes L RUCO)3(OSi); + 4N,0

[Rh(COY], and [Rh(CO)Og]o (Os: surface oxy-
gen) [13,25,34-37], whereas those of RuGind +14CQ; + 2H0 3)
RUu(NO)(NGs)3 with CO on SiQ produce a com-

plex mixture of ruthenium carbonyl species. Car- 4RyNO)(NO3)3 + 46CO+ 2HOSI

bonylation of hydrated Ru@lSiO, forms a mixture 100-150°C

of Ru(CO)Ch(HOSiz and Ru(CO)Cly(HOSi) 0T CORUs(CO)12+RU(CO)s(OSDz

at 25C, and a mixture of Ru(CO)@@HOSi)g, 4+31CO + 8N,0 + H0 (4)
Ru(CO)Ch(HOSIi), Ru(COXCIl2(HOSi) (major

product) and [Ru(CQLIy], at 100C. Carbony- In the case of hydrated RusZ&iO,, carbonylation

lation of Ru(NO)(NQ)3/SiO, yields a mixture of at 25°C leads to the formation of Ru(Ce&lo(HOSI),
Ru(COY(0OSiy and Ru(CO)(OSip at 25C. At and possible Ru(CO)gHOSI);, as suggested by
100°C, carbonylation of Ru(NO)(N€)3/SiO, pro- surface IR study and extraction extractions. The co-
duces a mixture of Ru(C@jOSiy and Ru(COj existing Ru(CO)GI(HOSi); having the 1992 cmt
(OSi}, under 100Torr of CO, and a mixture of band was not observed in the work of Roberto et al.
Ru(CO%(OSi)y and Rw(CO)2 under 700 Torr of [8]. Raising the carbonylation temperature to 100
CO. The product complexity of carbonylation of results in the production of Ru(Cegl(HOSI)
RuCk/SiO, has also been stated in the paper of and [Ru(CO}Clo]2, as evidenced by surface IR
Roberto et al. [8]. As a whole, elevated carbonyla- study and extraction experiments. This demon-
tion temperatures and elevated CO pressures favorstrates the conversions of Ru(CO)EOSi); and
the achievement of ruthenium(ll) tricarbonyl species. Ru(CO)Cl»(HOSIi), to Ru(CO}Cl>(HOSI) and the
Obviously, the carbonylation processes involve the dimerization of Ru(CQO)Cl, by ligand substitution
reduction of R&* to RIZt by CO in the presence of  under CO at elevated temperatures. The surface chem-
H,O and OH on the Si@surface. According to the ical equilibrium between Rt (CO), and RE*+(CO)
analytical results of gas phases, £i® the oxidation on SiQ has been reported by Zanderighi et al. [38].
product of CO in the reductive carbonylation of&u Consistent with the shift of equilibrium toward the
on SiG in analogy with the reductive carbonylation tricarbonyl species under CO, our surface IR spec-
of RR** on SiQ, [23-25], while NO is the reduc-  tra exhibit continuously increased band intensities
tion product from NO and Ng™ on SiG. Since the of the ruthenium(ll) tricarbonyl species with car-
reductive carbonylation involving #D is known to bonylation time at 100C. Above all, carbonylation
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under 700 Torr of CO results in a dominating pro-
portion of Ru(COj)CI>(HOSIi) and [Ru(CO3Cl2]2

to Ru(CO)}CIl>(HOSi, and Ru(CO)GI(HOSI).
Roberto et al. obtained merely Ru(G@)2(HOSI)

by heating a Ru(CQKLIx(HOSiy, sample under
atmospheric CO at 10C [8]. The finding of
Ru(COXCI2(HOSI) as the major product arising from
carbonylation of hydrated Rug!5iO, under 700 Torr

of CO at 100C in our work shows substantial agree-
ment with the result obtained by Roberto et al. The
differences observed during the carbonylation pro-
cesses may be due to the different silica materials
used and different pretreatment of them.

The carbonylation of Ru(NO)(N§)s has not yet
been reported. The reduction of Ruto RZ to re-
lease CQ takes place with the concurrent reduction
of NO and N@Q~ groups to evolve NO. At 25°C,
the reaction of Ru(NO)(Ng)3 with CO on hydrated
SiO, simultaneously gives rise to Rt(CO) and
RU”T(CO) bound to the surface, according to sur-
face IR observations and extraction results. Under
100 Torr of CO, increasing the temperature to XD0
does not seem to influence the ratio of tricarbonyl
fragment to dicarbonyl fragment. Under 700 Torr of
CO at 100C, the dicarbonyl fragment is almost com-
pletely transformed to the tricarbonyl fragment. The
fact that the band intensity of N—-O stretching de-
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It is worth pointing out that the reduction of NO and
NO3~ in Ru(NO)(NQ;)3/SiO, by CO occurs at a tem-
perature as low as 26. NOz ™ is generally reduced to
NO [39]. However, little is known about the reactivity
of transition metal nitrates with CO [40]. Chernyaev
et al. reported a solution reaction of Ni(NR(PE&)2
with CO to give Ni(NGQ)(NO)(PEg)2 [40]. It may
be presumed without evidence that NOgroups in
Ru(NO)(NG;)3/SiO; convert to NO ligands under
mild CO reduction conditions following the equation
below:

2NGO3™ 4 3CO+ 2HOSI

— 2NO+ 3CQO, + H20 + 20Si™ (5)
and that NO ligands thus formed continue to be re-
duced to NO by CO.

The reaction 2NG+ CO — N20O + CO; is a typ-
ical DeNQO; process. A number of platinum metal
complexes, as well as metals and metal oxides are
found to catalyze this process under mild conditions
[41]. However, few papers are devoted to dealing
with this reaction with ruthenium catalysts [42,43].
By IR spectroscopic study of adsorption on reduced
Ru/TiO, and Ru/ZrQ, Guglielminotti et al. demon-
strated that NO is dissociated on Rand gives rise
to N2O and CQ in the presence of preadsorbed CO

creases continuously with increasing band intensities at room temperature [43]. Reed and Eisenberg re-

of the ruthenium(ll) dicarbonyl and tricarbonyl frag-
ments and water on the surface during carbonylation,
suggests that the formation of the ruthenium(ll) dicar-
bonyl and tricarbonyl fragments is accompanied by
the occurrence of reduction of NO and BlfOgroups

vealed earlier that ruthenium nitrosyl complexes are
little active for the reaction in solution under pressure
and on irradiation [42]. Surprisingly, S§asupported
Ru(NO)(NG;)3 can react stoichiometrically with CO
to give Ru(CO)(OSiy (n = 2, 3), O and CQ

and the increase of water amount on the surface, asat 25C. This result will encourage us to consider

indicated in Egs. (3) and (4). Meanwhile, the surface
IR results do indicate the presence oPR(CO), and
R+ (CO)s fragments on the surface. The fact that

Ru(NO)(NG;)3/SiO; as a candidate of effective cat-
alyst precursors for CO reduction of NO.
It is known that the reaction 2N@ CO — N +

these carbonyl fragments cannot be extracted from the 2CQO, may proceed simultaneously as a result of com-

surface by GHsOH leads us to assume the formation
of rigid Ru—O-Si bonds between RYCO), (n = 2,
3) and OSI. Taking into account the absence of other

plete decomposition of O on the catalyst [43]. Al-
though N was not analyzed in our experiments, we
assess that this reaction is unlikely to take place over

ligands in the system, we speculate that the surface Ru(NO)(NG;)3/SiO, or Ru(CO),(0Sip (n = 2, 3)

ruthenium carbonyl species resulting from carbonyla-
tion of RU(NO)(NQ)3/SiO, are present in the forms
of Ru(CO)(OSiy, and Ru(CO)(OSi). A similar
surface-bonded species [Rh(GO}]> has been pro-
posed to form from carbonylation of Rh(NR/SIO;
[37].

under working conditions. This is becauseONde-
composition to N is proposed to be activated only on
R’ and R surface sites in heterogeneous catalysis
[43-45].

It is of interest to find that one-step carbonyla-
tion of hydrated Ru(NO)(Ng)3/SiO, under 700 Torr
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of CO at 100-150C produces Rs(CO)2 in good
yields (50-65%). The AA analytical results after
Ruz(CO)2 extraction experiments are in accord with
the Ru(NO)(NQ)z conversions under CO estimated
by surface IR measurement. To synthesizg(RO®)12

in high yields (>50%), the traditional direct carbonyla-
tion of hydrated RuGlin solution is known to require
higher pressures of CO (>50 atm) [46—-48]. At a pres-
sure of 17 atm of CO, carbonylation of Ru&@H,O

in refluxing methanol was reported earlier to give
[Ru(COXCI2]2 in 71% vyield and Rg(CO);2 in only
18% vyield [32]. Recently, Roberto et al. carried out
the surface-mediated synthesis of 3REO)2 from
RuCkL/SiO, in the presence of N&€Oz aqueous so-
lution [10]. They attained a 56% yield by one-step
reduction at 1atm of CO and 130, and enhanced
the yield to 93% by two-step route: (i) preparation
of Ru(COXCl2(HOSI) from RuCh/SiO, at 1 atm of
CO and 110C; (ii) treatment of Ru(CQ)Clo(HOSI)
with a NgCOs aqueous solution at 1atm of CO
and 110C. By surface IR study, Zanderighi et al.
have demonstrated that Ru(GQODSi, (n = 2, 3)
are easily converted to physisorbed sRTO) 2> by
treatment with CO and 0 at 100C [38]. Consis-
tent with this result, the formation of B(CO);2 in
our case can likewise be explained in terms of the
conversion under CO and® of Ru(CO}(OSi)
which is issued from reductive carbonylation of hy-
drated Ru(NO)(N@)3/SiOy, since the hydrated SO
surface contains a sufficient amount of® This is

temperature is raised from 100 to 80D The deter-
mined enhancement of R(CO);» yield with increas-
ing carbonylation temperature from 100 to 180
is in accordance with the surface IR spectral evolu-
tion in Fig. 9. However, carbonylation of hydrated
RuClk/SiO, cannot yield Rg(CO)12 under equivalent
conditions. This is probably due to the greater diffi-
culty of removing chloride ligands from ruthenium
[8]. Some syntheses of B{CO),» are summarized in
Table 1 for comparison. The surface-mediated reduc-
tive carbonylation of hydrated B(NO)(NO3)3/SiO
not only facilitates the production of B(CO);2 un-
der mild conditions but also avoids the presence of
contaminants such as sodium and chlorine.
Furthermore, the other advantage of surface-
mediated synthesis of B(CO).» is that supported
Rus(CO)2 and Rwy(CO)o-derived supported cata-
lysts can be prepared conveniently. Trouble is usually
encountered during the impregnation manipulation
starting from Rg(CO)12 due to its poor solubility in
solvents. But the surface-mediated synthesis can over-
come this shortcoming. The reductive carbonylation
of hydrated Ru(NO)(N@)3 on SiQ is indeed able to
produce uniform and clean supportedsRTO);» that
is utilized as a catalyst precursor. This beneficial ap-
proach deserves to be applied to the catalytic research.
The interactions of RuGl and Ru(NO)(NQ)3
with the SiQ surface at 400C seem to hinder the
production of ruthenium(ll) dicarbonyl and tricar-
bonyl species. Following treatments of hydrated

demonstrated by the increase of IR band intensities RuCk/SiO, and hydrated Ru(NO)(N£)s/SiO, un-

of Rug(CO)2/SIiO, at the expense of IR band in-
tensities of Ru(CQ)OSi), when the carbonylation

der vacuum at 40, carbonylation gives rise to
rather low amounts of ruthenium(ll) dicarbonyl and

Table 1

Some syntheses of B{CO)»

Starting material Ru loading (%) Conditions Yield (%) Reference
RuCk 125°C, 50atm, CO 100 [48]
Ru(AcAc) 140-160C, 200-300 atm, CG+ H» >80 [49,50]
RuCk 65°C, 17 atm, CO, Zn 18 [32]
RuChk 75°C, 120 atm, CO+ Hy, Ag >50 [46]

RuCh 165C, 160 atm, CO+ Hy, Na(AcAc) 50-70 [47]
[RuzO(OAC)(OH2)3]0AC 75-80C, 1atm, CO 60 [51]
RuCkL/SiO, 2 130°C, 1atm, CO, NgCO3 56 [10]
RuCk/SiO, 15 130C, 5atm, CO, NgCOg3 55 [10]
RU(COXCl,(HOSI) 2 110C, 1atm, CO, NaCOs 93 [10]
Ru(CO}Cl(HOSI) 5 110C, 1atm, CO, NgCO3 82 [10]
Ru(NO)(NGs)3/SiO, 0.9 100C, 1atm, CO 50 This work
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tricarbonyl species compared to the uncalcined cases,is known to transform to Rupunder @ at 600C

in view of the relative IR spectral intensity. The fact
that the resulting ruthenium(ll) dicarbonyl and tricar-
bonyl species cannot be extracted by either,CH
or CoHsOH suggests the formation of Ru(CQPSi),
and Ru(COj(OSi) in the cases of both Rugland
RU(NO)(NGy)s.

The reactivities of Ru@land Ru(NO)(NQ)3 with

surface OH have not yet been elucidated. In the ab-

sence of @ or air, RUCk may be converted to surface
RuwO3 to certain extent by interaction with the sur-
face OH of SiQ. Calcination of RhGJ/SiO, and
[Rh(NHz3)sCI2]Cl2/SiO, at 400C has been shown
to result in partial loss of chlorine and partial sub-
stitution of chlorine by surface OH [34,52]. In the
case of RuC, the extraction result with no ruthe-
nium(ll) carbonyl chloride species from carbonylation
of calcined RuCGJ/SiO, implies that RuCd is com-
pletely converted to surface RD3 (all of chlorine

are replaced by surface oxygen) after treatment of

hydrated RuG/SiO, under vacuum at 40C. In the
case of Ru(NO)(N@)s, the surface IR spectra dur-
ing carbonylation of calcined Ru(NO)(NJ®/SIO,

apparently do not exhibit a band of CO adsorbed

on RW/SiO,. This accounts for that the thermal de-
composition of Ru(NO)(N@)3 on the SiQ surface
does not simply give rise to Ru Therefore, it is

difficult to understand the decomposition behavior of 2.

Ru(NO)(NG)3 on SiG with the intervention of the

surface OH of SiQ at 400C. Solymosi and Rasko
reported that Rlican be easily oxidized by the sur-
face OH of AbOs with the evolution of H [53].

This may help us consider the possibility that the 3.

thermal decomposition of Ru(NO)(Ngx» on SIQ at
400°C produces R#, or Rt or a mixture of them.
Both of them can be converted to surfacR(CO),

(n = 2, 3) species under CO [54-56]. Most likely,
the observed lower production of surface?R(CO),

(n = 2, 3) species from calcined RuZ$iO,
and calcined Ru(NO)(N€)3/SiO, is related to
the difficult carbonylation of surface-bound g
and RuO.

In the presence of air, calcination of hydrated

RuCk/SiO, and hydrated Ru(NO)(N$§s/SIO, at

[57].

5. Conclusions

In this paper, we have described the results of re-
ductive carbonylation of Si@supported RuGl and
Ru(NO)(NGs)3 treated under different conditions. The
main conclusions are drawn as follows:

1. Hydrated RuG/SiO, and hydrated Ru(NO)(N§)

3/SiO, react readily with CO (100-700 Torr) to
form surface ruthenium carbonyl species. At@5
carbonylation of hydrated RugBiO, produ-
ces a mixture of Ru(CO)g@(HOSi); and Ru(COy-
Cl2(HOSIi), carbonylation of hydrated Ru(CO)
(NO3)3/SIO, vyields a mixture of Ru(CO)
2(0Si), and Ru(CO3j(0Siy. At 100°C, a mix-
ture of Ru(CO)CGI(HOSI), Ru(CO»Cla(HOSI),
Ru(COX%Cl>(HOSI) (major product) and [Ru(CQ)
Cly]» are obtained from carbonylation of hydrated
RuCkL/SiO,, a mixture of Ru(CO)OSiy and
Ru(COX(OSi) are achieved from carbonylation
of hydrated Ru(NO)(N@)3/SiO, under 100 Torr
of CO; a mixture of Ry(CO)2 and Ru(COj
(OSi), are gained from carbonylation of hydrated
RU(NO)(NGs)3/SiO, under 700 Torr of CO.

During the carbonylation of hydrated Ru(NO)
(NO3)3/SiOy, the stoichiometric reactions 2NO+
3CO+ 2HOSi— 2NO+ 3CQO, + H20 + 20Si™
and 2NO+ CO — N2O+ COp occur concurrently
on the surface.

Increasing the carbonylation temperature to°T0
and increasing the CO pressure can lead to in-
creased proportion of ruthenium(ll) tricarbonyl
species.

. The calcination of hydrated RuZ&iO, and hy-

drated Ru(NO)(N®)3/SiO, has negative effect on
the reductive carbonylation. After treatment un-
der vacuum at 40@, the carbonylation produces
Ru(CO)»(0Si) and Ru(COj(0Si) in low yields.
After treatment in air at 40, the carbonylation
gives no carbonyl species.

400°C leads to the suppression of carbonylation. acknowledgements

This may be interpreted by the oxidation of Ru
by O, with the formation of Ru@ at 400C that is
promoted by the Si® surface. Unsupported Rugl

The authors acknowledge the support of this re-
search by the Chinese Academy of Sciences.
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