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“Simple” Carbonyls of Ruthenium:
New Avenues from the Hieber Base Reaction

Anthony F. Hill*

The rush to develop increasingly more complex and
sophisticated transition metal catalysts by ingenious coligand
design continues to gather momentum. In this climate it is
both refreshing and sobering when results of substantial
scientific significance emerge from studies of older and
simpler organometallic compounds, which can effectively
mediate technologically useful processes. Ultimately, the
simpler the system, the more generally applicable are the
lessons to be learnt. One such system is provided by the
carbonyl chlorides of ruthenium(i), which arise from the
carbonylation of alcoholic solutions of commercially available
hydrated ruthenium chloride “RuCl;-xH,0O”. The resulting
yellow solution, described!'® as including “species of doubtful
composition prepared in situ” finds wide use in the prepara-
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tion of numerous complexes of the form [RuCl,(CO),L,] (L=
phosphanes, arsanes, thioethers etc).! Not only do such
solutions provide access to the carbonyl chemistry of divalent
ruthenium. Bruce and Stone first showed that zinc reduction
provided the binary zerovalent carbonyl [Rus(CO);,].[2! This
remains the preferred route to this compound, the subsequent
chemistry of which has featured in thousands of papers.P! This
early study provided some key insights, including the isolation
of dimeric [Ru,(u-Cl),CL(CO)4] (1) and the observation that
the halide bridges were easily and reversibly cleaved by the
weak nucleophile THF to provide fac-[RuCl,(thf)(CO);] (2).
Chloride also reversibly cleaves dimeric 1, or replaces the
labile THF in 2, to provide the ruthenate fac-[RuCl;(CO);]~
(37). In the intervening 33 years, the comparative ignorance of
the true nature of the interacting species involved in such
alcoholic solutions has been more than excused by the
enormous synthetic utility. Recent studies, primarily those of
Lavigne and co-workers*l have however sought to under-
stand this witches brew, driven in part by the utility of
carbonyl halide complexes of divalent ruthenium in various
catalytic processes. Amongst these is the water—gas shift
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reaction, and by implication the Hieber base reaction,l! the
study of which has led to some surprising results. Herein we
would like to highlight and contextualize some particularly
intriguing results currently emerging.*-®l

Scheme 1 presents a manifold of well-characterized carbon-
ylchlororuthenium(ir) species. Elsewhere can be found the
specific conditions devised to favor the predominance or
isolation of each species.[* ® 71 The important point however is
that each and every one of these species might be considered
to be potentially present and operative in catalytic “broths”
employing carbonylated ruthenium chloride or mixtures of
[Rus(CO);,] and chloride sources. Despite the complexity of
this reaction manifold, the study of the individual species and
their inter-relationship has been made possible by convenient
and reliable routes to each of the components. In particular
the carbonyl ruthenate 3~ may be conveniently prepared as
either the Cs™! or [PPN]* salts (PPN = (PPh,;),N).['"] The
processes that deserve special comment are however the
various reactions of 1, 2, or [PPN]3 with sources of hydroxide:
The conditions are crucial to the progress of the reaction, for
example, with water and triethylamine the u,-oxo cluster 4 is
obtained. With KOH, however, a (possibly solvento-stabi-
lized) hydroxycarbonyl intermediate 5~ may be observed at

al |b/OH2 co

oc/ | '~ci
c
0

co
'RuCl3"xH20" IT

ambient temperatures, with clear implications for the Hieber
base reaction’® and the water—gas shift reaction!"!! mediated
by divalent ruthenium species.['> 1%l

Hieber’s “Base reaction” is a fundament of organotransi-
tion metal chemistry, having provided the archetypal metal
hydrides K[HFe(CO),] and [H,Fe(CO),]"! as well as the key
rationale for the metal-catalyzed water—gas shift reaction
(WGSR, Scheme 2):1 Nucleophilic attack by hydroxide at a
carbonyl ligand, with subsequent formation of CO, and a
metal hydride, can in suitable situations be followed by
deprotonation of the metal hydride and overall reduction of
the metal center by two units. Alternatively, protonation of

HO™ © 0 -H" 6 0
LM-CO=== | m-¢ —= LM-C
H o H (O]
-H; H
Cco ” -0Cco
-H* [®) -H* 0o
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‘ H,0 + CO == OCO + H, |

Scheme 2. Metal-mediated water—gas shift reaction (WGSR).

the hydrido complex can lead (via
a dihydride) to evolution of dihy-
drogen. Discovered first for iron,
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j o cl al C|7(\ 2 ©O this .reactlon is becomllng in-
Clay, | /CI I ~CO oc@le,a "\ creasingly conspicuous in the
{RuClz(CO)zln— oc” | ~c” Rlu\c, = N chemistry ruthenium (Scheme 3).
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0 The hydroxycarbonyl inter-
Scheme 1. mediate K[5] slowly decarboxy-
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Scheme 3. Hieber base reactions with ruthenium and osmium complexes.

lates when heated to provide a putative hydrido salt K[6]
which has so far defied isolation, due perhaps in part to its
strong Brgnsted acidity.”! Attempts to trap this 16-electron
(or possibly solvated or dimeric) complex by carbonylation
and formation of K[RuHCI,(CO);] perhaps not surprisingly
appears to increase the acidity and facile reductive elimina-
tion occurs to provide [Ru;(CO);,] in excellent yield. Con-
densing all the steps from “RuCl;-xH,0” in a one-pot low-
pressure procedure provides [Ru;(CO);,] directly in 86 %
yield! The improved access to this already intensely studied
compound is highly significant, obvi-

ating the use of high-pressure equip- ' €O, iProH
ment. The assertion that a hydrido RR \ \ H _Pr
complex is indeed involved is how- o/oL 00  RCO.H Hx0 \?/ OH,
ever provided by trapping experi- ——oc-}?{:—}?’u—coco’ M0 [Ru3(CO)q2] IﬂH—> OC~pyz02CR M0, %?:=R“:c? zc?ls
ments with a range of unsaturated d % cl\c Hopr  OC (I: OLR  Eno <|: 2
organic compounds: Heating K[5] in 0 6606 10a RCOZH 122 ¢ — 1o
the presence of ethene or tolane CO“H:O CsO,CR e H,0|NaBPh, éRsoi‘H
provide, respectively, the dinuclear ECC?ZH RCO,H 4 ¢
ethyl and stilbenyl complexes [Ru,(u- A RR 'i' @'i' H,0 oc@RISD,OHz
Cl)Ry(CO),- (R=CH,CH,H 7a, Y50 S B OSnucH 0c=""Zon,
CPh=CHPh 7b) (Scheme 1) which Hzo—‘R’u—\R’u —OH, c|>2CR L 13 OH;
serve as synthetic equivalents in situ C/ \C (!\c 1 Hy0
for “RuCl(CO),R” in reactions with O 0 0010b itd
added ligands, for example, PPh,.[" 0,CR H H ot

In further studies on the formation OC~RIU’02CR Hz0 OC=R|U:02CR L oc\er\,lu,ozcra L OC=RIU,OH2
of 5, Lavigne et al. have very recently OC™'| TOLR RT 0c™| TOH, OC= [ SOLR ~  OCT | TOH;
found a remarkable dependence on 11 8 OHz OHy 14a OH;
conditions and hydroxide source: In
concentrated methanol [Et,N][OH] | H,C=CHy + CO +Hy0 || HCH,CH,COOH | ::’::so .
reacts with 2 to provide the polymeric CHs o C/C2|'I5 A \ 3
species  {[Et,N][Ru,(u-Cl),(u-CO)- P o
(CO).J(u-Cl)},. ([Et,N][8]) The re- e A AN N CoHe. ;0 g . om
peat unit of this polymer might be R\S/O n o o oc @l _on co oc@Rlu,QLRlu,csz
described as a Ru'-Ru' core given & Y (OC);Ru I{u(CO)z -~ OC=RIU:OH: ~— CHsT| \'C_IJ/ |@ co
that the unique chloro ligand lies !:_ e l OH, OH, ? &
equidistant between adjacent diruthe- 18 ey O Ccms  -Hossk 15
nium cores. However, an alternative  Scheme 4.
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mixed-valence [Ru-Ru"] description also has instructional
merit, that is, one can view the polymer as arising from
combination of 3 and “Ru(CO),”. Indeed, if the reaction is
carried out under an atmosphere of CO, no 8 is observed;
rather a mixture of [Ru;(CO);,] and Et,N[3] is obtained. The
polymer degrades in acetonitrile to give what is presumed to
be a solvated form of the “Ru,(u-Cl),(CO)s(NCMe),” anion,
for which a rich chemistry may be anticipated.®!

A second minor side product is also obtained from
[Et,N]OH, 2 (and adventitious Na™), the yield of which may
be increased by the addition of NaHCO;. The molecular
architecture of the resulting tetraanionic cage 9 can only be
described as beautiful, comprising four “Ru,(CO),” units
bridged by chloride and carbonate buttresses. The latter arises
from CO, liberated from the hydroxycarbonyl precursor and
if this is purged from the reaction mixture, the formation of 9
is suppressed in favor of the u-oxo species 4 previously
obtained from 3 and moist Et;N.[*!

Throughout this chemistry, the role of the chloride col-
igands has been far from innocent, readily forming bridges in
di-, oligo-, and polymeric assemblies (thereby weakly masking
potential coordination sites) and as a m-donor presumably
moderating the reactivity of the carbonyl ligands. A related
“halide-free” chemistry has however emerged from the group
of Fachinetti and Funaioli (Scheme 4, R = CF;)["*2% and the
recurrent parallels between the two systems are noteworthy.
This chemistry originates from a detailed study of the WGSR
mediated by [Rus(CO);,] in acidic media (CF;CO,H, H,O,
diglyme). The species [Ru,(u-O,CCF;),(CO),] (10a) and fac-
[Ru(O,CCF;);(CO);]~ (11) underpin the WGSR catalytic
manifold; however, it is their synthetic utility which perhaps
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holds the most promise. In the presence of excess trifluoro-
acetate the former readily disproportionates into the latter
and [Ru;(CO)y,] (recall the implicit carbonylation of 8 to
provide 3 and [Ru;(CO);,]). Under acidic conditions, the
latter reacts with water to provide [Ru,(u-O,CCF;),-
(CO)4(OH,),] (10b), hydrogen, and CO,. This complex is
related to the recently characterized complex [Ru,(u-
0,CCF;),(CO),(NCMe),] (10c¢), obtained in high yield by
Bruce et al. from [Ru;(CO);,] and CF;CO,H in acetonitrile.!]
In acid-free THF, the reaction with water appears to
give equilibrating hydrido complexes of the form
[RuH(CO),(0O,CCF;),L,_,]'™" (L=THF, H,0). For n=1,
thermolysis provides 10b and hydrogen. A useful substrate
to emerge from this work is the complex [Ru(O,CCF;),-
(CO);(iPrOH)] (12a). Although the thf ligand in
[Ru(O,CCF3),(CO),(thf)] (12b) (obtained by carbonylation
of [Ru,(u-O,CCF;),(thf),]) is less labile than that of 2,? the
iPrOH ligand in 12a is readily replaced by water to provide
the complex [Ru(O,CCF;),(CO);(OH,)] (12¢) simply on
recrystallization from moist diethyl ether. This species pro-
vides the entry point for a wealth of chemistry of water-
soluble organoruthenium compounds, for example, dissolu-
tion in acidified (HOTf) water provides the dicationic
complex [Ru(CO);(OH,);]** (13). At higher pH however
the carbonyl ligands of this complex are readily attacked by
water to provide the hydrido salt fac-[RuH(CO),(OH,);]OTf
([14a]OTY). As with 4, 14a hydrometalates ethene to provide
an ethyl derivative; however, in this case water rather than
chloride bridges support the adopted dinuclear structure 15.
Carbonylation of 15 results in migratory insertion and
formation of the propionoyl-bridged complex 16 with coor-
dinated triflate ligands. The tetranuclear assembly is held
together by us;-hydroxide bridges, which are intramolecularly
hydrogen-bonded to triflate ligands. At high temperatures,
however, the propionoyl complex generates propionic acid in
a catalytic cycle from ethene, CO, water, and hydrogen, which
is also mediated by 14a. The involvement of such thermally
robust and acid-stable hydrido, alkyl, and acyl complexes in
this system is most impressive.

Further work: From the above it is clear that much has been
learnt and remains to be learnt from the study of the “simple”
carbonyls of divalent ruthenium, however further directions
also present themselves. Kinetic studies on the reactions of
KOH with the zerovalent pentacarbonyl complexes [M(CO);]
show rates increasing in the order M =Fe < Ru < Os.'Yl This
trend might reasonably be expected to carry through to the
chemistry of the divalent state and therefore make the
chemistry of osmium carbonyl chlorides particular attractive,
especially in catalytic applications. Unfortunately at present
the synthetic routes to species such as [Os,(u-Cl),CL(CO)]
remain far less convenient®! than those developed in the
ruthenium system. The report of a multi-gram high-yield
(83%) synthesis from silica-supported osmium chloride is
however encouraging.*! Other anionic coligands are also of
interest. Parallels have emerged between the chemistries of
Lavigne’s chloride and Fachinetti’s trifluoroacetate systems,
although at first sight these ligands would appear to have little

in common. The former is soft and m-basic, the latter hard, and
yet similar key transformations have been effected. It would
therefore seem that there is much scope for coligand
variation. Perhaps most timely in this respect is the prepara-
tion of carbonyl fluorides, for example, [Ru,(u-F),F,(CO)]
reported by Holloway and Hope.! The potential &t and/or
Brgnsted basicity of coordinated fluoride in such systems
offers considerable intrigue (in appropriate solvent systems),
perhaps offering a compromise between the properties of
chloride and trifluoroacetate ligands. These comments on
diversification however in no way distract from the rich
organometallic chemistry, which will continue to emerge from
the (not so) simple chloro-and trifluoroacetato carbonylru-
thenium(i) complexes.
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