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Trisimidazole complexes of ruthenium and osmium
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Abstract

The preparation and characterisation of ruthenium(II) and osmium(iI) complexes with the trisimidazole ligands tris( ¥-methylimidazol-
2-yDmethanol (1a) ((mim);COH) and tris( N-ethoxymethylimidazol-2-yDmethanol (1b) ((emim);COH) are reported (mim = N-
methylimidazol-2-yl, emim = N-ethoxymethylimidazol-2-yl). The complex [{RuCl(PPh,),((mim),COH)}*C1~] (2) was formed by the
reaction of (mim);COH with [RuCl,(PPh,),]. The complexes [{Ru(PPh;)(CO)H((mim),COH)}*Cl~] (3a) and
[{Ru(PPh ,XCO)H((emim),COH)}*C1~] (3b) were formed by the reaction of (mim),;COH or (emim),COH (respectively) with
[Ru(PPh;);HCKCO)]. Likewise, the reaction of (mim);COH or (emim);COH (respectively) with [Os(PPh;);HCI(CO)] formed
[{Os(PPh;)(CO)H((mim);COH)} *C1 7] (4a) and [{Os(PPh,XCO)H((emim),COH)}*C1~] (4b). The ruthenium monohydride complex
[{Ru(PPh;XCO)H((mim);COH)} "C1~] (3a) adds to the terminal C-H bond of phenylacetylene to form the vinyl complex
[{Ru(PPh , XCOXCH=CHPhX(mim),COH)} * C1~] (5). The air-stable complexes were characterised by multinuclear NMR spectroscopy
and 2 and 3b were characterised by X-ray crystallography. Crystals of 2, C,,H ,,N,OP,RuCl,, M 968.87, are triclinic, space group Pl,
a=12.011(5), b =13.342(3), ¢ = 16.554(6) 1&, a=89.26(3)°, B=76.94(3)°, y=77.43(3)°, Z=2. Crystals of 3b, C;3H ,,N;O;PRuCl,
M 832.30, are triclinic, space group P1, a = 12.759(3), b= 13.017(2), c = 13.167(@) A, a =87.65(2)°, B = 64.09(2), y= 88.82(2)",

Z=2.
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1. Introduction

Imidazole-based ligands constitute a relatively small
portion of the class of nitrogen-containing heterocyclic
ligands. A number of multidentate ligands based on the
imidazole ring system have been prepared previously
and these ligands have been employed with a range of
metals, predominantly Zn [1-3], Fe [4-7], Co [1,2] and
Cu [8-12]. Polydentate imidazole-based ligands have
found their greatest application in the area of enzyme
mimicry. The impetus for the study of imidazole-based
ligands is that it is the aromatic chelating unit in
histidine and histidine serves as a natural ligand bound
to metals in many biological catalytic (enzymatic) pro-
cesses. Consequently, polyimidazole ligand systems
have been used to model compounds related to non-heme
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metalloproteins, particularly carbonic anhydrase (a zinc
containing metalloenzyme), hemerythrin and hemo-
cyanin (dioxygen transport proteins) [13]. Polyimidazole
ligands have also been used in the study of copper
complexes as synthetic analogues for cuproprotein ac-
tive sites [8,9]. Little is known of the coordination
chemistry of polyimidazole ligands to other metals, with
the exception of a small number of palladium [14],
platinum [15] and ruthenium [16] complexes.

In this paper we report the synthesis and characterisa-
tion of ruthenium and osmium complexes containing the
trisimidazole ligands, tris( N-methylimidazol-2-
yDmethanol (1a) ((mim),COH) and tris( N-etho-
xymethylimidazol-2-y)methanol (1b) ((emim),COH).
The complexes [{RuCI(PPh,),((mim),COH)}* C1~] (2),
[{Ru(PPh,)(CO)H((mim),COH)}*"Cl~] (3a),
[{Ru(PPh,)(CO)H((emim),COH)}*C1~]1 (3b),
[{Os(PPh;)(CO)H((mim),COH)}*C1~] (4a), and
[{Os(PPh,)(CO)H((emim),COH)} * C1~] (4b) have been
completely characterised by multinuclear NMR spec-
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troscopy, and 2 and 3b have been structurally charac-
terised by X-ray crystallography.
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2. Results and discussion

The ligands 1a ((mim),COH) and 1b ((emim),COH)
were synthesised using modifications of literature meth-
ods [17]. The charged species
[{RuCI{(PPh;),((mim);COH)} * C1~] (2) was formed as a
yellow crystalline solid by the reaction of
[RuCl,(PPh,),] with (mim),COH (1a). The complex is
analogous to the known tris(pyrazol-1-yDborate (TPB)
and tris(pyrazol-1-ymethane (TPM) ruthenium com-
plexes: [RuCI(PPh,;),(TPB)] [18],
[RuCI(PPh,),(TPM)]* [19], [Ru(TPM)OH, ), F* [20],
and [RuCKCODXTPM)]* [21].

T he air-stable com plex
[{Ru(PPh;CO)H((mim),COH)} " C1~ ] (3a) was formed
by the reaction of (mim),COH (la) with
[Ru(PPh,;);HCI(CO)], and
[{Ru(PPh,XCO)H((emim),COH)}*CI~] (3b) was
formed by reaction of (emim),COH (1b) with
[Ru(PPh,),;HCI(CO)]. The complex 3b is air-stable and
was characterised by single crystal X-ray diffraction.
Analogous poly(pyrazol-1-yl)borate complexes [Ru(n?-
HB(pyrazol-1-y1), XPPh ; XCO)(H)] have been described
elsewhere [22], and these were synthesised by the reac-
tion of tris(pyrazol-1-yl)borates with
[Ru(PPh,),HCI(CO)].

The air-stable osmium(II) complexes
[{Os(PPh ;) (CO)H((mim),COH)}*C1"] (4a) and

[{Os(PPh;(CO)H((emim),COH)} " C1™] (4b) were
formed by the reaction of [Os(PPh,);HCI(CO)] with 1a
((mim),COH) and 1b ((emim),COH) respectively. The
complexes 2, 3a, 3b, 4a and 4b were fully characterised
by NMR spectroscopy. For the compounds 3a, 3b, 4a
and 4b with one metal bound hydride, the stereospecific
ass1gnment of the '"H NMR spectra was achieved using

'"H NOESY NMR spectra. The two imidazolyl rings
closest to the metal bound hydride show strong NOESY
cross peaks between the resonances of the hydride and
protons of two of the imidazolyl rings (labelled A and C
in Fig. 1). The NOESY cross peaks {hydride < H4,}
and {hydride < H4_.} are approximately equal in inten-
sity, which indicates that the hydride is approximately
equally distant from the two imidazolyl rings, consistent
with the octahedral geometry of the system.

The complexes 2, 3a, 3b 4a and 4b are chiral at the
metal centre and in the 'H NMR spectra of 3b and 4b,
where the trisimidazole ligand was (emim),COH, the
methylene protons N-C H,—O are dlastereotoplc and
give rise to separate resonances in their '"H NMR
spectra.

At room temperature the 'H, 'p and C NMR
spectra of the complexes 2, 3a, 3b, 4a and 4b show that
the three phenyl rings of the metal bound mphenylphos—
phine ligands are equivalent. For complex 2, the 'p
resonance broadens and splits mto two signals at low
temperature [coalescence of ° P resonances (Av=
125Hz) was observed at 225K, 400MHz; this corre-
sponds to an appr0x1mate barrier of AGsyx =
40.2kJmol™']. Similarly, the 'H signals for the imida-
zolyl rings split to show three non-equivalent imidazolyl
rings at low temperature. The dynamic behaviour of 2 is
consistent with a slowing of the rotation of the triph-
enylphosphine groups about the metal-P bonds. Re-
stricted rotation is not unexpected with two bulky triph-
enylphosphine in cis coordination sites. The motion of
the triphenylphosphine ligands must freeze to conforma-
tions where the PPh, groups are non-equivalent, and
this probably involves interleaving or ‘cog-wheeling’ of
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Fig. 1. Structure of 3b indicating strong NOESY interactions ob-
served.
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the phenyl substituents on the phosphorus donors (see
for example Ref. [23]).
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2.1. X-ray structures of 2 and 3b

The structures of the ruthenium complexes 2 and 3b
were obtained by single crystal structure analysis. Both

[{RuCI(PPh,),((mim);COH)}*C17] (2) and
[{Ru(PPh,X(CO)H((emim),COH)} * C1~] (3b) crystallise
as air-stable yellow prisms from methanol. The crystal
data parameters for each complex are summarised in
Table 1. Views of the cations 2 and 3b are shown in
Figs. 2 and 3 respectively. The bond lengths and angles
for the inner coordination sphere are listed in Tables 2
and 3 respectively.

Complexes 2 and 3b are both essentially octahedral
about the central ruthenium atom. There is some distor-
tion from ideal octahedral geometry and this results
from the constraints imposed on the three imidazolyl
nitrogen donor atoms by the trisimidazole ligand archi-
tecture. In complex 2, the angle between two coordi-
nated nitrogen atoms and ruthenium varies between 79
and 86°, and in compound 3b the angles are between 81
and 83°. This distortion is reflected throughout the
structure, with corresponding deviations from octahe-
dral geometry in the bite angles between the phosphorus

Table 1

Crystallographic data for [{RuCI(PPh,),((mim),COH)}" C1~ ] (2) and [{Ru(PPh;XCO)H((emim);COH)}* C1~] (3b)
2 3b

Chemical formula C 4o H 4 N;OP,RuCl, Cy5H,,N,O;PRuCl

FW (gmol™ ") 968.87 832.30

Crystal system triclinic triclinic

Crystal colour yellow colourless

Crystal habit prism prism

Crystal dimensions 0.25 X 0.20 x 0.45 0.11 X 0.12 X 0.15

7¢O 20 21

Space group Pl Pl

V(A 2520 1965.33

a(A) 12.011(5) 12.759(3)

b(A) 13.342(3) 13.017(2)

c (A) 16.554(6) 13.167(4)

a () 89.26(3) 87.65(2)

B 76.94(3) 64.09(2)

y© 77.43(3) 88.82(2)

zZ 2 2

Dy (gem™) 1.677 1.406

0 range (°) 1<6<25 1<6<25

Scan type w-2/36 w—1/36

No. of reflections measured 8614 5284

No. of observed reflections 6657 3369

Criterion of observed 1>250(D) 1>250(D)

Range of &, k, [
Number of variables
Absorption coefficients (cm™')
R

RW

Shift /e.s.d.

r(A)

Radiation source
Diffractometer
Monochromator
Refinement

Data reduction
Solution

H atoms

—14—>14, -15->150-19
635

-12-12, -12-12,0—> 12
469

53 5.57

0.0478 0.044

0.0538 0.044

0.081 0.03

0.71069 0.71069

Mo Ka Mo Ka
Enraf-Nonius CAD4-F Enraf-Nonius CAD4-F
graphite graphite

SHELX-76 SHELX-76
Enraf-Nonius spp Enraf-Nonius SDP
SHELX-86 SHELX-86

calc. calc.

" R=3(IFI=IFID/2IF,|. R, = (CEw(F,|—|F.D?*/ZwF})'/?.
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and nitrogen atoms bound to ruthenium, as well as in
the angle between the chloride and carbonyl groups.

There is also some distortion in the tetrahedral geom-
etry about the apical carbon atom of the tridentate
ligand. For both molecules, the imidazolyl subunits are
compressed slightly with reduced bond angles for
Cimidazotyl~C bridghead—Cimidazolys Of 102°, 107° and 111°
for compound 2 (Fig. 2(b)) and 106°, 105° and 110° for
compound 3b (Fig. 3(b)). The corresponding external
angles, which include the oxygen atom bound to the
bridgehead carbon atom (O—Cigzenead—Cimidazoly))> aT€
all expanded with angles ranging from 110°~113° for
both 2 and 3b.

The lengths of the Ru—N bonds are comparable in
complexes 2 and 3b, with those of 3b being slightly
longer than those of complex 2 (Table 2). The length of

Fig. 2. orTEP of [{RuCl(PPh;),((mim);COH)}* C1~ ] (2); 30% ther-
mal ellipsoids are shown for the non-hydrogen atoms; hydrogen
atoms have an arbitrary radius of 0.1 A. (a) Numbering scheme, (b)
view of 2 down the axis through the central carbon of the (mim),COH
ligand and the ruthenium atom.

Fig. 3. orTEP of [{Ru((emim),COHXPPh;XCO)H}* C1~ ] (3b); 20%
thermal ellipsoids are shown for the non-hydrogen atoms; hydrogen
atoms have an arbitrary radius of 0.1 A. (a) Numbering scheme; (b)
view of 3b down the axis through the central carbon of the
(emim),COH ligand and the ruthenium atom.

the Ru-N bond, where N is trans to Cl in 2, is slightly
shorter (2.062(3)A) than the other two Ru-N bonds
(2.123(3) and 2.137(4)A). In complex 3b the three
Ru-N bonds are all o{ comparable length, at 2.151(6),
2.152(5) and 2.169(5) A. The Ru—P bond in complex 3b
is slightly shorter at 2.295(2) A than the two Ru—P bond

Table 2 .
Core bond lengths (A) in 2 and 3b *

Atom pairs Bond lengths Atom pairs Bond lengths
@ in2 (3b) in 3b

Ru-Cl1 2.420(1)

Ru-P1 2.344(1) Ru-CO 1.814(8)
Ru-P2 2.371(1) Ru-P1 2.295(2)
Ru-N1 2.123(3) Ru-N1 2.151(6)
Ru-N5 2.137(4) Ru-N3 2.152(5)
Ru-N3 2.062(3) Ru-N5 2.169(5)

* Atom numbering as in Figs. 2 and 3.
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Table 3
Core bond angles (°) in 2 and 3b *
Atoms (2) Bond angles Atoms (3b) Bond angles
in2 in 3b
P1-Ru-P2 102.4(0) P1-Ru-CO 92.1(2)
Cl-Ru-Pl1 91.6(0)
Cl-Ru-P2 95.9(0)
N1-Ru-N3 86.0(1) N1-Ru-N5 82.8(2)
N1-Ru-N5 79.4(1) N1-Ru-N3 81.9(2)
N5-Ru-N3 85.7(1) N5-Ru-N3 81.8(2)
N1-Ru-P1 90.0(1) N1-Ru-CO 91.1(3)
N1-Ru-P2 167.2(1) N1-Ru-PI 175.9(2)
N1-Ru-Cl 86.9(1)
N3-Ru-PI 94.3(1) N5~Ru-CO 100.8(3)
N3-Ru-P2 89.8(1) N5-~Ru-P1 99.1(3)
N3-Ru-Cl 170.7(1)
N5-Ru-P1] 169.3(1) N3-Ru-CO  172.2(3)
N5-Ru-P2 88.2(1) N3-Ru-P1 94.8(1)
N5-Ru-Cl 169.3(1)
C5-C4-C3 111.4(4) C8-C4-C3 105.6(5)
C10-C4-C3 101.8(3) C5-C4-C3 105.4(5)
C10-C4-C5 106.9(3) C8-C4-CS5 110.1(5)
0-C4-C3 113.1(4) 0-C4-C3 111.4(5)
0-C4-C10 110.2(4) 0-C4-C5 112.0(5)
0-C4-C5 112.7(3) 0-C4-C8 112.0(5)

* Atom numbering as in Figs. 2 and 3.

lengths in complex 2 (2.344(1) and 2.371(1) A). The
imidazolyl rings are slightly twisted (canted) relative to
the octahedral axes in both complexes 2 and 3b (Fig.
2(b) and Fig. 3(b)). In complex 3b, the imidazolyl rings
A and B are twisted from the line joining the central
metal atom and the apical carbon by as much as 10°
(see Table 4).

The complex [{RuCl(PPh,),((mim),COH)}*C1~] (2)
is analogous to the tris(pyrazol-1-yl)borate (TPB) ruthe-
nium [RuCIl(PPh,),(TPB)] [18] and tris(pyrazol-1-yl)al-
kane (TPM) ruthenium [{RuCI(PPh,),(TPM)}* C1~][19]
complexes described elsewhere. The slight distortion
from octahedral geometry observed for 2 is also ob-
served in the structure of [{RuCI(PPh,),(TPM)}*Cl1™]
[19] where the imidazolyl rings are apparently com-
pressed slightly giving N—-Ru-N bond angles of
78.4(2)°, 86.4(2)° and 87.2(2)°. The Ru-N bond lengths
found in [{RuCI(PPh,),(TPM)}*C1™] (2.083(6),
2.117(6) and 2.126(6) A) are similar to those of 2 (Table
1) with the Ru-N bond trans to the metal bound

Table 4

Torsion angles in 2 and 3b

Atoms (2) Bond angles  Atoms (3b) Bond angles
in2 in 3b

Ru-N3-C5-C4 59(4)  Ru-N5-C8-C4  10.4(8)

Ru-N1-C3-C4 —3.0(4) Ru-N1-C3-C4 1.8(9)

Ru-N5-C10-C4  —3.8(4) Ru-N3-C5-C4  —4.4(8)

N2-C3-C4-01 21.5(6) N2-C3-C4-02 -1

N6-C10-C4-01  —7.7(6) N4-C5-C4-02 9.1(9)

N4-C5-C4-01  —10.9(6) N6-C8-C4-02 —10.209)

*or *or
C CH;] ,CHa C CHs ,CHs
*{ Pr-c=c-i *{
N // N // N
H""A - Hs l
| o " PPh, ¢ Co PPha
% Ph” TH 5
Scheme 1.

chloride being the shortest in both complexes. The
Ru-P bond lengths are also comparable for
[{RuCI1(PPh,),((mim);COH)}*C1™] (2),
[{RuCI(PPh;),(TPM)} " C17] and [RuCI(PPh,),(TPB)]
all fall within the range 2.33 to 2. 37A. In 2, however,
the Ru—Cl bond (2.420(1) A) is slightly longer than the
corresponding Ru-Cl bonds in
[{RuCI1(PPh,),(TPM)} " C17] (2.402(2) A) and
[RuCI(PPh,), (TPB)] (2.409(3) A).

2.2. Reaction of [{Ru(Ph;)(CO)H((mim);COH)}* Cl~]
(3a) with phenylacetylene

The ruthenium monohydride complex
[{Ru(PPh; X(CO)H((mim),COH)} *C1~] (3a) adds to the
terminal C—H bond of phenylacetylene to form the
ruthenium alkenyl com plex
[{Ru(PPh ,XCO)XCH=CHPh)((mim),COH)} *C1"] (5)
(Scheme 1).

The product alkenyl ruthenium species is stable to
air, and was fully characterised by multinuclear NMR.
The reaction is analogous to the formation of
[Ru(PPh;)(CO)CR=CHR)XTPB)] from
[Ru(PPh,X(CO)H(TPB)], described by Hill and cowork-
ers [24]. The coordinated alkenyl groups in related
complexes, derived from the reaction between
[Ru(PPh,),HCI(CO)] and acetylenes, are known to cou-
ple with CS,, pyrazoles, CO and carboxylates [25].
Metal-bound vinyl groups are also known to couple to
acetylenes to form butadienyl complexes [26].

The metal vinyl complex 5 was also synthesised
using an alternative approach, by displacing triph-
enylphosphine and <chloride from
[RuC1(PPh,),(CO)(trans-CH=CHPh)] with
(mim);COH to form [{Ru(PPh,)}CO)(trans-
CH=CHPh)X(mim),COH)} *C1~].

3. Conclusions

Ruthenium(Il) and osmium(II) complexes containing
tridentate ligands tris( N-methylimidazol-2-yl)methanol
and tris( N-ethoxymethylimidazol-2-yl)methanol were
synthesised and characterised. Structures of
[{RuCIl(PPh;),((mim),COH)}*Cl"] (2) and
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[{Ru(PPh,X(CO)H((emim),COH)} *Cl ] (3b) were de-
termined by X-ray crystallography and showed that the
structures of the complexes were similar to those of
related Ru complexes containing tris(pyrazol-1-yl)borate
ligands and tris(pyrazol-1-yl)methane ligands. The com-
plex [{RuCIl(PPh,),((mim),COH)} " CI~} (2), with two
triphenylphosphine groups in cis coordination sites, ex-
hibits dynamic NMR behaviour consistent with interac-
tion between the triphenylphosphine groups which gives
rise to restricted rotation about the Ru—P bonds.

The ruthenium monohydride complex
[{Ru(PPh, X CO)H((mim),COH)} * C1~ } (3a) adds to the
terminal C—H of acetylenes to reduce the acetylene and
form a ruthenium alkenyl complex.

4. Experimental
4.1. Materials and measurements

All synthetic manipulations involving air sensitive
materials were carried out under an inert atmosphere of
argon in an argon filled dry-box or under a nitrogen
atmosphere using standard Schlenk techniques. THF
and hexane were dried over sodium before distillation
from sodium and benzophenone under nitrogen. Ethanol
and methanol were distilled from magnesium under
nitrogen. N-methylimidazole (Aldrich) was used with-
out further purification, n-butyllithium was titrated im-
mediately prior to use against 2,5-dimethoxybenzyl al-
cohol [27].

lH, B¢ and *' P were recorded on a Bruker AMX400
or AMX600 slpectrometer at 300 and 303K respec-
tively. 'H and "C chemical shifts were internally refer-
enced to residual solvent resonances. ' P spectra were
referenced to external neat trimethyl phosphite at
140.85 ppm. Infrared spectra were recorded on a
Perkin—Elmer 1600 series FTIR; all frequencies are
quoted in cm~'. Melting points were recorded on a
Reichert heating stage and are uncorrected. Mass spec-
tra of organic compounds were recorded on a KRATOS
MS9/MS50 double focusing mass spectrometer. Mass
spectra of organometallic complexes were recorded on a
Finnigan MAT TSQ-46 mass spectrometer (San Jose,
CA). Data is quoted in the form x(y) where x is the
mass /charge ratio and y is the percentage abundance
relative to the base peak. In the case of organometallic
complexes in which the overall mass spectrum is pre-
dominantly that of the ligands, mass spectra were
recorded scanning mass ranges greater than that of the
free ligand, typically m /z > 250.

Tetrakis(triphenylphosphine)dichlororuthenium(II)
[28], hydridocarbonylchlorotris(triphenylphosphine)-
ruthenium(Il) [29] and [RuCI(PPh,),(COXtrans-
HC=CHPh)] [30] were synthesised by literature meth-
ods. Hydridocarbonylchlorotris(triphenylphosphine)-

osmium(II) was synthesised from ammonium hex-
achloroosmate in 84% yield [31].

4.1.1. Crystal structure determination

The crystallographic data for 2 and 3b are sum-
marised in Table 1. Cell constants were determined by a
least-squares fit to the setting parameters of 25 indepen-
dent reflections, measured and refined on an Enraf-
Nonius CAD4-F diffractometer fitted with a graphite
monochromator. Lorentz, polarisation and numerical ab-
sorption corrections were applied using the SDP system
[32]. The structures were solved by direct methods
using SHELXS-86 [33]. Refinement was performed by
full-matrix least-squares methods using SHELX-76 [34].
The non-hydrogen atoms were refined anisotropically
and hydrogen atoms were either included at calculated
sites (C-H, N-H 0.97 A) or located and refined with
bond distance constraints (O—H 0.87 A). Graphics were
produced using ORTEP [35].

4.2. Synthesis of ligands

4.2.1. Tris(N-methylimidazol-2-yl)methanol (1)
((mim); COH)

Tris( N-methylimidazol-2-yl)methanol (1)
((mim),COH) was synthesised using a modification of
the method reported by Tang et al. [17].

n-Butyllithium (44 mmol) was added to N-methyl-
imidazole (6.6ml, 83mmol) in THF (100ml) under
nitrogen at — 78 °C. The mixture was stirred at —78°C
for 1h before addition of diethyl carbonate (3ml,
25mmol). The mixture was allowed to warm to room
temperature over several hours. Water (50 ml) was added
and the product was obtained by continuous liquid-
liquid extraction with ethyl acetate (250 ml) overnight.
The solvent was removed under vacuum and the residue
was washed with acetone (30 ml) to give tris( N-methyl-
imidazol-2-y)methanol ((mim),COH) (1a) as a white
crystalline solid (3.5g, 87%); m.p. 190-191.5°C (lit.
177.5-179.5°C) [17]. 'H NMR (CDCl,): 8 6.89 (s, 6H,
Ar-H), 3.42 (s, 9H, CH,). "C{'H} NMR (CDCl,): &
146.8 (C2), 127.0 (C5). 124.3 (C4), 72.2 (C-0OH), 34.7
(CH,).

4.2.2. Tris(N-ethoxymethylimidazol-2-yl)methanol (1b)
((emim),COH)

Tris( N-ethoxymethylimidazol-2-yl)methanol (1b)
((emim),COH) was synthesised using a modification of
the method reported by Tang et al. [17].

n-Butyllithium (30 mmol) was added to N-ethoxy-
methylimidazole (6.5 g, 52mmol) in THF (100 ml) un-
der nitrogen at —78°C. The mixture was stirred at
—78°C for 1h before addition of diethyl carbonate
(2 ml, 16.5 mmol). The mixture was allowed to warm to
room temperature over several hours. Water (50 ml) was
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added and the product was obtained by continuous
liquid-liquid extraction with ethyl acetate. The solvent
was removed under vacuum and the residue was recrys-
tallised from acetone to give tris( N-ethoxymethyli-
midazol-2-yl)methanol (1b) ((emim),COH) as a white
crystalline solid (1.9 g, 47%); m.p. 108-110°C (lit.
101-103°C) [17]. NMR (CDCLy): & 7.17 (,
*Jus_us = 1.4Hz, 1H, H4) 6.96 (d, JH5 4— 1.4Hz,
1H, HS5), 5.24 (s, 2H, N— CH§) 326 (q, ey _omy =
7.0Hz, 2H, CH,), 1.04 (t, Jeys_cme = 7-0Hz, 3H,
CH,). C{'H} NMR (CDCL,): & 1468 (C2), 127.4
(C4) 121.8 (C5), 78.0 (N-CH,), 72.7 (C-OH), 64.9
(CH,), 16.1 (CH,).

4.3. Synthesis of ruthenium complexes

4.3.1. [{RuCI(PPh,),((mim),COH)} " Cl ] (2)

A mixture of Tetrakis(triphenylphosphine)dichloro-
ruthenium(I) (0.60g, 0.49 mmol) and (mim),COH
(0.20 g, 0.74 mmol) in THF (40 ml) was stirred at room
temperature for 2h. The olive green solution was fil-
tered and evaporated to dryness. The residue was ex-
tracted into ethanol (60ml) and the volume reduced to
5-10 ml. [{RuCIl(PPh,),((mim),COH)}*C1™] (2)
formed as a yellow microcrystalline precipitate (0.14 g,
29%) which was filtered and washed with hexane; m.p.
>200°C (decomposes without melting). 'H NMR
(400 MHz, methanol-d,): 8 7.49-7.26 (m, 30H, PPh,),
6.70 (s 2H, H4, 4,4 ) 643 (s, 2H, HS5, a,,dc) 6.32 (d
1H, “Jyup_pss = 1.5Hz, H4y), 479 (d, 1H, *Jysp _ pen
= 1.5Hz, HS5,), 4.27 (s, 3H N-CH,,), 422 (s, 6H,
N-CH,, a,,dc) P C{"H} NMR (100 MHz, methanol-d, ):
8 1442 (C2, ... o) 1439 (C2p), 136.7 (d, 'J._p =
38.0Hz, ipso—PPh3), 136.7 (CSB), 136.0 (PPh,), 135.8
(C4,), 133.1 (C4, ., ¢)- 130.8 (PPh,), 129.0 (PPh,),
124.1 (C5, .4 c), 79.5 (C-OH), 38.1 (N CH;p), 374
(N-CH., ,,uc)- ' P{'H} NMR (162 MHz, methanol-d,, ):
8 41.3 (s). FABMS m /z (%): 934 (4, M +2)%), 933
(9, M+ 1)%), 932 (4, M™), 899 (26), 898 (20), 897
(32), 896 (17), 895 (22), 737 (20), 673 (19), 672 (12),
671 (28), 670 (19), 669 (13), 645 (37), 637 (17), 636
(19), 635 (24), 634 (20), 632 (12), 602 (14), 587 (12),
585 (17), 583 (13), 557 (14), 556 (28), 555 (43), 554
(19), 553 (100), 552 (22), 551 (37), 550 (13), 549 (13),
547 (15), 535 (12), 521 (15), 520 (20).

Crystal data. Crystals of 2 are yellow, triclinic prisms.
The crystal data for 2 are summarised in Table 1. The
atom numbering scheme is given in Fig. 2. Anal. Found:
C, 59.6; H, 52; N, 85. C,,H,N,OP,RuCl, - H,0
Calc.: C, 59.64; H, 4.90; N, 8.52%.

4.3.2. [{Ru(PPh;)(Co)H((mim);COH)} " CI~ ] (3a)

A mixture of [Ru(PPh,),(CO)HCI] (0.50 g,
0.53 mmol) and (mim),COH (1a) (0.25 g, 0.92 mmol) in
toluene (25 ml) was refluxed under nitrogen for 30 min.
The reaction mixture was allowed to cool and the

yellow precipitate which formed was isolated and
washed with hexane (20 ml). The residue was recrystal-
lized from methanol to yield
[{Ru(PPh, XCO)H((mim),COH)} *C17] (3a) as a white
solid (0.24 g, 65%); m.p. > 200°C (decomposed with-
out melting). 'H NMR (600MHz, methanol-d,): &
7.40-7.25 (m, 15H, PPh,), 7.12 (s, 1H, H5,), 6.94 (s,
1H, H4,), 6.86 (s, 1H, H5p), 6.56 (s, 1H, H5.), 6.03
(s, 1H, H4,),5.78 (s, 1H, H4.), 4.03 (s, 3H, N-CH,,,),
3.99 (s, 3H N-CH,,), 3.94 (s, 3H, N-C H,), — 12.06
(d, 1H, *J_gu_p=25.2Hz, Ru-H). 13C{1H} NMR
(100MHz, methanol-d,): & 2078 (d, *Jo gu_p=
18.1Hz, Ru- CO), 144.9, 1447, 1445 (C2, 8 and o
136.6 (d, 'J._, = 45.1Hz, ipso-PPh;), 135.4 (d, *J._p
= 10.5Hz, PPh,), 133.5 (C4,), 131.5 (C4,), 129.5 (d,
*Jo_p=9.5Hz, PPh) 129.5 (C4,), 126.0 (CS,), 125.3
(c5 ) 125.0 (C5.), 37.6 (N—CH3B wna ) 371 (N-
CH3A) *'P{'"H} NMR (162 MHz, methanol-d,): 8 67.8
(s).

IR (Nujol, cm™!'): 1974.6 (w, Ru-H), 1922.1 (m,
Ru-C=0). FAB MS m /z (%): 669 (11, (M +4)"),
667 (71, M +3)*), 665 (100, (M +2)*), 664 (34,
(M + 1)7), 663 (54, M™), 662 (65), 660 (10), 659 (18),
584 (20), 583 (50), 582 (48), 581 (77), 580 (75), 579
(48), 578 (38), 577 (14), 575 (13), 556 (16), 555 (24),
554 (33), 553 (45), 552 (36), 551 (29), 550 (20), 405

(21). Anal. Found: C, 546; H, 4.7; N, 12.0.
C,,H;,NyPO,RuCl Calc.: C, 54.90; H, 4.61; N,
12.00%.

4.3.3. [{Ru(PPh,)(CO)H((emim);COH)} " Cl~ ] (3b)

A mixture of [Ru(PPh,),(CO)HC]] (0.50 g,
0.56 mmol) and (emim),COH (1b) (0.26 g, 0.64 mmol)
in toluene (25 ml) was refluxed under nitrogen for 1h.
The reaction mixture was allowed to cool and the
precipitate which formed was isolated and washed with
hexane to yield the product
[{Ru(PPh, X CO)H((emim),COH)} * C1" ] (3b) as a white
solid (0.29 g, 66%) m.p. > 200°C (decomposes with-
out melting). H NMR (600MHz, methanol-d,): &
7.65-7.49 (m, 16H, PPh; and H4,),7.46 (s, 1H, H5)
7.33 (d, 1H, *Jysp_pap = 1.6Hz, HSp), 7.03 (d, 1H,
"Jysc_nac = 1.6Hz, H5.), 639 (d. 1H, T an nsp =
1.6Hz, H4p), 6.13 (s, 1H, uucnsc = 1.6Hz, H4,.),
6.08 (d, 1H, *J,_c_y = 10.1Hz, CH,,), 5.98 (d, 1H,
*Jy_c.u=104Hz, CH,.), 593 (dd, 2JH =
104Hz, 2H, N-CH,,), 585 (d, 1H, Jyeon=
10.1Hz, N-CH,,), 5.76 (d, JH c_n=104Hz, 1H,
N-CH,.), 3.84-3.81 (m, 2H, JCH2 i3 = 7.3Hz, N-
CH,p), 3.77-371 (m, 4H, Jesncms = 73Hz, N-
CH,, sug ¢)» 138 (t, 3H, *Joys_cuy = 7.2Hz, CHyp),
1.35 (t, 3H, “Jeys_cmo = 72Hz, CHye), 129 (1, 3H,
3JCH3_CH2—73HZ CH,,), —11.75 (d, 1H, *Jy_gpu_p
= 250 Hz, Ru-H). “C{'H} NMR (100 MHz,
methanol-d,): & 207.5 (d, *J. g,_p=18.1Hz, Ru-
CO), 1448 (C2,), 1443 (C2, ., 9. 1362 (d, 'Jp_p =
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45.1Hz, ipso-PPh;), 135.3 (d, 2JC_P = 10.5Hz, PPh,),
133.2 (C5A3), 132.3 (C4.), 131.7 (PPh;), 131.4 (C4,),
129.7 (d, °J,_. =9.8Hz, PPh;), 124.9 (C5,), 124.7
(C4,), 1238 (C5¢), 793 (N-CH,, L0 3q), 79.2 (N-
CH.g), 66.9 (CHp), 66.8 (CH;, ,0a ).~ P{'H} NMR
(162 MHz, methanol-d,): & 66.6 (s).

IR (Nujol, cm™'): 1989.0 (w, Ru-H), 1920.8 (m,
Ru-C=0). FAB MS m /z (%): 800 (46, M +4)*),
799 (55, M +3)*), 798 (78, (M +2)*), 797 (100,
M+ 1)*), 796 (69, M*), 794 (93), 791 (18), 672 (11),
671 (28), 670 (28), 669 (30), 668 (19), 666 (20), 644
(14), 643 (20), 642 (10), 641 (36), 640 (15), 567 (13),
537 (14), 536 (11), 535 (24), 534 (18), 533 (13), 531
(14). Anal. Found: C, 53.5; H, 5.5; N, 909.
C4H, N.O;PRuCl- H,O Calc.: C, 53.68; H, 5.45; N,
9.88%.

Crystal data. Crystals of 3b are colourless, triclinic
prisms. The crystal data for 3b are summarised in Table
1. The atom numbering scheme is given in Fig. 3.

4.3.4. [{Os(PPh; (CO)H((mim);COH)} * Cl™ ] (4a)

A mixwre of [Os(PPh;);(CO)HCI] (0.25 g,
0.24 mmol) and (mim),COH (1a) (0.08 g, 0.30 mmol) in
toluene (40ml) was refluxed under nitrogen for 1h.
After 10—15min, the colour of the solution changed to
deep red. The solvent was removed and the residue was
extracted with methanol. The methanol solution was
filtered and evaporated to dryness. The residue was
washed with hexane and dried to yield
[{Os(PPh,)X(CO)H((mim),COH)} " C1~] (4a) as a cream
solid (0. 14 g, 74%) m.p. > 200°C (decomposed with-
out melting). NMR (600MHz, methanol-d,): &
7.58-7.47 (m, 16H PPh; and H4,),7.18 (s, 1H, H5)
709 (d, 1H, *Jysp_yss = 1.4Hz, HS5p), 675 (d, 1H,
*Jusc _mac = 1.5Hz, H5,), 635 (d, 1H, *Jypnss =
1.4Hz, H4,), 6.09 (d, 1H, *Jyuc_nsc = 1.5Hz, H4,),
4.29 (s, 3H, N-CH,;), 4.25 (s, 3H, N CH;,), 4.19 (s
3H, N- CH3C) ~12.90 (d, 1H, *J,_y_p= 18.0Hz,
Os-H). "C{'H} NMR (100MHz, methanol-d,): 8
188.4 (d, *Jo_q,_p = 11.0Hz, Os CO), 143.7, 1428
1426 (C2, 4 and, C) 137.0 (d, 'J._p = 51.1 Hz, ipso-
PPh;), 135.1 (d, *Jo_p = 10.2Hz, PPh;), 134.1 (C4,),
1328 (C4,), 1317 (C4B), 131.2 (PPh;), 129.1 (4,

p = 9.3Hz, PPh;), 126.2 (C5,), 125.7 (C5,), 125.1
(c5) 37.5 (N- CH3B) 37.3 (N CH,,), 369 (N-
CH3C) *'P{'H} NMR (162 MHz, methanol-d,): & 26.1
(s).

IR (Nujol, cm™'): 2063.8 (w, Os—H), 1880.5 (m,
Os—C=0). FAB MS m /z (%): 756 (21, M +2)*),
755 (91, M + D), 753 (100, M), 751 (52), 749 (15),
673 (16), 672 (26), 671 (77), 669 (41), 668 (22), 667
(24), 657 (17), 655 (13), 654 (12), 653 (12), 642 (10).

4.3.5. [{Os(PPh;)(CO)H((emim); COH)} * Cl™ ] (4b)
A mixture of [Os(PPh;),(CO)HCI] (0.25 g,
0.24 mmol) and (ernim)3COH (1b) (0.11 g, 0.27 mmol)

in toluene (40ml) was refluxed under nitrogen for 3h.
After 10-15min the colour of the solution changed to
deep red /brown. After 3h, the solvent was removed
and the product extracted with methanol. The methanol
solvent was removed leaving a red viscous solid which
was dissolved in isopropanol. On slow addition of
hexane a cream solid precipitated, which was collected,
washed with hexane and dried.
[{Os(PPh, XCO)H((emim),COH)} * C1~] (4b) was ob-
tained as a cream solid (0.13 g, 59%) m.p. > 200°C
(decomposed without melting). '"H NMR (600 MHz,
methanol-d,): & 764 7.52 (m, 17H, PPh,, H4, and
H5) 7.41 (d 1H, *Jysp_pes = 1.3Hz, H5) 7.05 (d,
1H, JHSC aac = 1.7Hz, HS%) 6.45 (d, 1H, *Juup_use
= 1.3Hz, H4, ) 6.19 (d, 1H, "Jy4e_ysc = 1.7Hz, H4.),
6.12 (d 1H, *Jy_c_y=10.6Hz, N-CH,;), 6.02 (d
1H, *Jy_c_y=102Hz, N-CH,.), 5.96 (ABq, 2H,
2y o u=102Hz, N-CH,,). 5.87(d, 1H, Jyon=
10.6 Hz, N-CH,;), 5.75 (d, 1H, JH c.n = 10.2Hz,
N-CH,.), 3.88-3.83 (m, 2H, "Joy,_cus =72 Hz,
CH,;), 3.78-3.73 (m 4H, JCH2 ez = 1.2Hz, CH,
and 40> 1.39 (t, 3H, Jers—cmn = 1-2 Hz, CH35) 1.36 (t,
3H, “Jeys_cmo = 7-2Hz, CH,.), 129 (t, 3H, JCH3 CH2
=7.2Hz, CH,,), —12.73 (d, 1H, *Jy-o._p = 18.0Hz,
Os—H). 13C{1H} NMR (100 MHz,  methanol- d): 8
188.0 (d, JC »=11.8Hz, Os CO) 143.6, 142 4, 1422
(C2, 4 and o). 1366 (d, 'J. , =51.1Hz, ipso-PPh;),
135.1 (d, *J._p = 10.5Hz, PPh,), 134.2 (C4, and C5)
132.8 (C4.), 131.9 (C4p), 131.4 (s, PPh ) 129.4 (d
*Jo_c=10.0Hz, PPhj), 125.02 (C5p), 1239 (C5.),
79.1 (N-CH,3), 79.0 (N-CH,, ,.4 ¢)» 66.9 (CH,p),
66.8 (CHZC) 66.7 (CH,,), 15.4 (CH,p), 15.3 (CH;,
wa o)- 'P{'TH} NMR (162 MHz, methanol-d,): & 25.6
(s).

IR (Nujol, cm™'): 2062.5 (w, Os-H), 1895.8 (m,
0s—C=0). FAB MS m /z (%): 889 (17, M +4)*),
888 (27, (M +3)"), 887 (100, (M +2)%), 886 (22,
(M + 1)%), 885 (64, M™), 884 (67), 883 (58), 881 (19),
837 (19), 835 (22), 833 (20), 761 (28), 760 (31), 759
(76), 757 (46), 756 (23), 755 (22), 746 (24), 745 (49),
744 (32), 743 (44), 742 (42), 741 (27), 740 (19), 733
(19), 731 (20), 715 (19), 701 (23), 571 (23), 555 (22),
553 (29), 541 (24), 525 (28), 511 (23), 509 (23).

4.3.6. [{Ru(PPh;)(CO)(trans-
HC = CHPh)(mim),COH)} " CI "] (5)

4.3.6.1. Reaction of phenylacetylene with
[{Ru(PPh,)(CO)H((mim),COH)}~ CI~] (3a). Phenyl-
acetylene (0.1 ml) was added to a solution of
[{Ru(PPh,XCO)H((mim),COH)} *C1"] (3a) (25 mg,
0.33 mmol) in methanol-d, (0.5ml) in an NMR tube.
The tube was heated m an oil bath at 40°C and the
reaction monitored by *'P NMR After 2 days no start-
ing complex remained by 'P NMR. The volatiles were
removed under vacuum and the residue was recrys-
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tallised from acetone. The major product obtained was
that in which the phenylacetylene was converted to the
alkenyl complex 5. The compound was identical to an
authentic sample prepared by the reaction of
[RuCI(PPh,),(CO)(trans-HC=CHPh)] with
(mlm) COH.

"H NMR (600MHz, CDCI,): & 9.61 (s, 1H, COH),
799 (dd, 1H, “Jy_ c-c_y=170Hz, “Jyc py_p =
2.0Hz, RuHC=C), 7.30 (m, 3H, pPPh) 7.22-7.15
(m, 12H, 0-PPh,, m-PPh,), 7.11 (t, 2H, *J,,_,, = 7.6 Hz,
m-CH Ph), 702 (m, 2H, mCHPh) 7.02 (s, 1H, H4,),
6.91 (t, 1H, *J,_ n="70Hz, p-CHPh), 648 (s, 1H
H5) 6.40 (d, 1H, *Jyup_psp = 1.3 Hz, H4§) 6.38 (d,
1H, *Jyua _usa = 1.3Hz, H4,), 624(d H, °Jy cocon
=17.0Hz, HC= c) 5.99 (d 1H, *Jysa_nen = 1.3Hz,
H5,), 5.95 (d, 1H, *Jyss s = 1.3Hz, H5,), 428 (s,
3H, N- CHI,f) 4.23 (s, 3H, N-CH,,), 3.97 (s, 3H,
N- CH3C) C{'H} NMR (100MHz, CDCl,): 8 206.8
(d, *Jo_gu_p = 16.3Hz, Ru-CO), 161.4 (d Jep=
12.8Hz, CH=CHPh), 144.3, 143.7, 143.6, 142.1 (C2,
g ana ¢ and 'CH Ph), 137.6 (CH CHPh), 134.8 (d
Je_p=9.8Hz, PPh;), 133.0 (d, 'J._, = 43.2Hz, ipso-
PPh;), 130.7 (PPh3), 130.6 (C4.), 130.5 (C5;), 128.8
(d, J._p=9.4Hz, PPh,), 1288 (m-CH= Ph), 128.5
(C5.), 1249 (o-CH= Ph, p-CH= Ph), 124.8 (C5;),
124.5 (C4,), 123.1 (C5.), 784 (C-OH), 39.4 (N—
CH,,), 39.0 (N-CH,p), 37.1 (N-CH,.). *'P{'H}
NMR (162 MHz, CDCl,): & 50.09 (s).

IR (Nujol, cm™"): 1926.7 (m, Ru-C=0). FAB MS
m/z (%): 770 (18, M +4)*), 769 (64, (M +3)7),
768 (23, M +2)"), 767 (100, M + 1)*), 766 (41,
M), 765 (48), 764 (31), 761 (22), 667 (17), 666 (20),
665 (73), 662 (37), 661 (33), 660 (32), 657 (23), 635
(32), 633 (20), 585 (18), 584 (24), 583 (52), 582 (37),
581 (73), 580 (42), 579 (36), 578 (34), 575 (19), 567
(19), 556 (25), 555 (33), 551 (36), 550 (25), 547 (17),
507 (20), 506 (20).

4.3.6.2. Preparation of an authentic sample of
[{Ru(PPh,)(CO)(trans-HC = CHPh)({mim),-

COH)}*Cl™] (5). Tris(N-methylimidazol-2-
yDmethanol ((mim),COH) (1a) (50 mg, 0.18 mmol) was
added to a stirred solution of [RuCl(PPh,),(COXtrans-
HC=CHPh)] (100mg, 0.13mmol) in toluene (30ml)
under nitrogen. The colour of the solution disappeared
within 5 min. The solution was stirred overnight and the
precipitate which formed was isolated by filtration and
washed with light petroleum .
[{Ru(PPh,CO)HC=CHPh)(mim);COH)}*C1~] (5)
was obtained as a cream solid (90 mg, 89%).

5. Supplementary material available

Listings of atom coordinates, anisotropic thermal pa-
rameters, torsion angles, details of least-squares planes

calculations (61 pages) for 2 and 3b. Ordering informa-
tion is given on any current masthead page.
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