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Abstract

Compound MoO2Cl2(THF)2 reacts with two equivalents of 1,3-dialkyl substituted 4,5-dimethylimidazol-2-ylidenes to give the
dioxomolybdenum(VI) complexes MoO2Cl2(LR)2 [R = Me (1), i-Pr (2)]. Treatment of MoO2Cl2(THF)2 with one equivalent of
the N-heterocyclic carbenes LMe, Li-Pr and C1Ln-Bu (LMe = 1,3,4,5-tetramethylimidazol-2-ylidene, Li-Pr = 1,3-diisopropyl-4,5-
dimethylimidazol-2-ylidene, and C1Ln-Bu = 1,3-dibutyl-4,5-dichloroimidazol-2-ylidene) affords the monocarbene adducts MoO2Cl2(LR)
[R = Me (3), i-Pr (4)] and MoO2Cl2(C1Ln-Bu) (5), respectively. Decomposition of complexes 1–5 affords a molybdenum oxychloride
anion [Mo2O5Cl4]2� as an imidazolium salt.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Since the successful isolation of N-heterocyclic carb-
enes (NHCs) by Arduengo and co-workers [1], NHCs
derived from imidazolium salts have been established as
universal ligands in the preparation of a large variety of
organometallic species with many metals, affording new
routes to enhanced catalytic species [2]. Although most
of the NHC–metal complexes reported to date refer to
late transition metals in low oxidation states, a few exam-
ples concerning the coordination of these ligands to high
oxidation state species have been reported [3–5]. Regard-
ing the studies of N-heterocyclic carbene complexes of
molybdenum, these are scarce, and most of them concern
carbonyl molybdenum (0) complexes [6]. The only exam-
ple of a NHC–Mo(VI) complex was described by Herr-
mann and co-workers ten years ago [7]. The reaction of
three equivalents of 1,3-dimethylimidazol-2-ylidene with
MoO2Cl2(THF)2 afforded the tris-NHC cationic complex
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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[MoO2Cl(L)3]Cl shown in Scheme 1 (L = 1,3-dimethy-
limidazol-2-ylidene) [7]. In the same work, the formation
of a bis-NHC of the type MoO2Cl2(NHC)2 was proposed
as a possible intermediate in the decomposition pathway
of the cationic triscarbene complex, although it was not
detected [7]. With all this in mind, we decided to study
the coordination of the N-heterocyclic-carbenes LMe,
Li-Pr and C1Ln-Bu (LMe = 1,3,4,5-tetramethylimidazol-2-yli-
dene, Li-Pr = 1,3-diisopropyl-4,5-dimethylimidazol-2-ylidene,
and C1Ln-Bu = 1,3-dibutyl-4,5-dichloroimidazol-2-ylidene,
see Chart 1) to MoO2Cl2(THF)2, with the initial aim to
study what is the influence of the modification of the ste-
ric and electronic properties of the NHC ligands in the
stability and reactivity of the complexes obtained. Herein
we describe a synthetic route leading to the preparation
of lower NHC-containing Mo(VI) complexes, namely
MoO2Cl2(NHC)2 and MoO2Cl2(NHC), whose reactivity
is described.

2. Experimental

All manipulations were carried out under nitrogen stan-
dard Schlenk techniques. Solvents were purified by stan-
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dard procedures and distilled under nitrogen prior to use.
NMR spectra were recorded with a Bruker AMX 300 spec-
trometer. Infrared spectra were recorded with a Unicam
Mattson Model 7000 FTIR spectrophotometer using KBr
pellets. Elemental analyses were performed in our laborato-
ries (ITQB). Standard literature methods were utilized for
the preparation of [MoO2Cl2] [8], the 1,3-dialkyl-4,5-dim-
ethylimidazol-2-ylidenes were readily available by the
reduction of the corresponding imidazol-2(3H)-thiones
with potassium in boiling THF [9], while the 1,3-dibutyl-
4,5-dichloroimidazol-2-ylidene was obtained by deprotona-
tion of the corresponding imidazolium salts by tBuOK [10].

2.1. Dichlorobis(1,3,4,5-tetramethylimidazol-2-ylidene)-

dioxomolybdenum(VI)MoO2Cl2(LMe)2 (1)

A solution of 1,3,4,5-tetramethylimidazol-2-ylidene
(0.74 g, 6.00 mmol) in THF (20 cm3) cooled to �20 �C,
was added to a suspension of MoO2Cl2 (0.60 g, 3.00 mmol)
in THF (30 cm3) at �20 �C and the reaction mixture was
stirred for 1 h at low temperature. The product,
MoO2Cl2(LMe)2 (1), immediately precipitated as a purple
powder directly from the reaction mixture, and was iso-
lated by filtration and washed twice with cold THF to yield
pure solid of 1 (1.14 g, 85%). Anal. Calc. for C14H24Cl2-
N4O2Mo (447.22): C, 37.60; H, 5.41; N, 12.53. Found: C,
37.52; H, 5.70; N, 12.10%. Selected IR data (KBr):
m(MoO) 942, 916 vs cm�1.

2.2. Dichlorobis(1,3-diisopropyl-4,5-dimethylimidazol-2-

ylidene)dioxomolybdenum(VI)MoO2Cl2(Li-Pr)2 (2)

A solution of 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene (0.54 g, 3.01 mmol) in THF (10 cm3) cooled to
�20 �C, was added to a suspension of MoO2Cl2 (0.30 g,
1.50 mmol) in THF (20 cm3) at �20 �C and the reaction
mixture was stirred for 2 h at low temperature. The prod-
uct, MoO2Cl2(Li-Pr)2 (2), immediately precipitated as a yel-
low powder and was isolated by filtration and washed twice
with cold THF to yield pure solid of 2 (0.63 g, 75%). Anal.
Calc. for C22H40Cl2N4O2Mo (559.43): C, 47.23; H, 7.21; N,
10.01. Found: C, 47.51; H, 7.29; N, 10.30%. Selected IR
data (KBr): m(MoO) 920, 880 vs cm�1. 1H NMR
(300 MHz, CD2Cl2): d 6.38 (m, 2H, NCH(CH3)2), 2.27 (s,
6H, C@CCH3), 1.48 (d, JH,H = 6 Hz, 12H, NCH(CH3)2).
13C NMR (75 MHz, CD2Cl2): d 179.8 (MoCcarbene), 129.7
C@CCH3, 56.4 (NCH(CH3)2), 24.2 (NCH(CH3)2), 13.6
C@CCH3.

2.3. Dichloro(1,3,4,5-tetramethylimidazol-2-

ylidene)dioxomolybdenum(VI)MoO2Cl2(LMe) (3)

A solution of 1,3,4,5-tetramethylimidazol-2-ylidene
(0.82 g, 6.60 mmol) in THF (20 cm3) cooled to �20 �C,
was added to a suspension of MoO2Cl2 (1.31 g, 6.60 mmol)
in THF (30 cm3) at �20 �C. When the addition was com-
pleted a green yellowish solution was rapidly formed. The
reaction mixture was stirred for 1 h at low temperature
and a small amount of a purple solid containing 1 was fil-
tered off. The filtrate was concentrated in vacuo to dryness
to afford a green yellowish solid of the title compound 3
(1.73 g, 81%), which was washed with n-hexane. Anal.
Calc. for C7H12Cl2N2O2Mo (323.03): C, 26.03; H, 3.74;
N, 8.67. Found: C, 26.24; H, 3.87; N, 8.85%. Selected IR
data (KBr): m(MoO) 955, 914 vs cm�1. 1H NMR
(300 MHz, CD2Cl2): d 3.90 (s, 6H, NCH3), 2.14 (s, 6H,
C@CCH3).

2.4. Dichloro(1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene)dioxomolybdenum(VI)MoO2Cl2(Li-Pr) (4)

A solution of 1,3-diisopropyl-4,5-dimethylimidazol-2-
ylidene (0.86 g, 4.77 mmol) in THF (20 cm3) cooled to
�20 �C, was added to a suspension of MoO2Cl2 (0.95 g,
4.77 mmol) in THF (30 cm3) at �20 �C. When the addition
was completed an orange solution was rapidly formed. The
reaction mixture was stirred for 1 h at low temperature and
a small amount of a yellow solid containing 2 was filtered
off. The filtrate was concentrated in vacuo to dryness to
afford an orange solid of the title compound 4 (1.43 g,
80%), which was washed with n-hexane. Anal. Calc. for
C11H20Cl2N2O2Mo (379.14): C, 34.85; H, 5.32; N, 7.39.
Found: C, 34.98; H, 5.27; N, 7.07%. Selected IR data
(KBr): m(MoO) 954, 913 vs cm�1. 1H NMR (300 MHz,
C6D6): d 5.06 (m, 2H, NCH(CH3)2), 1.41 (s, 6H, C@CCH3),
0.96 (d, JH,H = 6.6 Hz, 12H, NCH(CH3)2). 13C NMR
(75 MHz, C6D6): d 175.2 (MoCcarbene), 126.4 (C@CCH3),
54.8 (NCH(CH3)2), 21.5 (NCH(CH3)2), 10.7 (C@CCH3).

2.5. Dichloro(1,3-dibutyl-4,5-dichloroimidazol-2-ylidene)-

dioxomolybdenum(VI)MoO2Cl2(C1Ln-Bu) (5)

A solution of 4,5-dichloro-1,3-dibutylimidazol-2-ylidene
(0.20 g, 0.80 mmol), previously dissolved in THF (20 cm3)
cooled to �20 �C, was added to a suspension of MoO2Cl2
(0.16 g, 0.80 mmol) in THF (10 cm3) at �20 �C. When the
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addition was completed an orange solution was rapidly
formed. The reaction mixture was stirred for 2 h at low
temperature and was filtered. The filtrate was concentrated
in vacuo to dryness to afford an orange solid of the title
compound 5 (0.28 g, 80%), which was washed with n-hex-
ane. Anal. Calc. for C11H18Cl4N2O2Mo (448.03): C,
29.49, H, 4.05, N, 6.25. Found: C, 29.34; H, 4.45; N,
5.79%. Selected IR data (KBr) m(MoO): 949, 913 vs cm�1.

2.6. 1,3-Diisopropyl-4,5-dimethylimidazolium

pentaoxytetrachloridedimolybdate(VI), [Mo2(l-O)

(l-Cl)2Cl2O4] [HLi-Pr]2(6)

A slow diffusion of diethyl ether (10 cm3) in a solution of
4 (0.04 g, 0.11 mmol) in CH2Cl2 (1 cm3), under inert atmo-
sphere and low temperature (�10 �C), afforded in three
days compound 6 (0.02 g, 40%), as colourless crystalline
solid. Anal. Calc. for C22H42Cl4N4O5Mo2 (776.28): C,
34.04, H, 5.45, N, 7.22. Found: C, 34.12; H, 5.39; N,
7.20%. Selected IR data (KBr) m(MoO): 942, 912 vs cm�1.
1H NMR (300 MHz, CD3CN): d 8.41 (s, NCHN), 4.48
(m, 2H, NCH(CH3)2), 2.23 (s, 6H, C@CCH3), 1.47 (d,
JH,H = 6.6 Hz, 12H, NCH(CH3)2).

2.7. X-ray diffraction studies of compound 6

A single crystal of compound 6 was mounted on a glass
fiber in a random orientation. Data collection was per-
formed at room temperature on a Siemens Smart CCD dif-
fractometer using graphite monochromated Mo Ka
radiation (k = 0.71073 Å). The diffraction frames were inte-
grated using the SAINT package.

Space group assignment was based on systematic
absences, E statistics and successful refinement of the struc-
tures. The structure was solved by direct methods with the
aid of successive differences Fourier maps and were refined
using the SHELXTL 5.1 software package. All non-hydrogen
atoms were refined anisotropically and hydrogen atoms
were assigned to ideal positions and refined using a riding
model.

3. Results and discussion

Treatment of a suspension of MoO2Cl2(THF)2 in THF
with two equivalents of 1,3-dialkyl substituted 4,5-dim-
ethylimidazol-2-ylidenes at �20 �C afforded the dioxomo-
lybdenum(VI) complexes MoO2Cl2(LR)2 [R = Me (1),
i-Pr (2)] as purple and yellow powders, respectively
(Scheme 2). Compound MoO2Cl2(LMe)2, 1, is insoluble in
most of common organic solvents, e.g., THF, diethyl ether,
dichloromethane, toluene and n-hexane, but it dissolves in
acetonitrile providing a purple solution that rapidly
decomposes leading to the formation of a white solid.
MoO2Cl2(Li-Pr)2, 2, is insoluble in THF, diethyl ether,
and n-hexane and soluble in chloroform, dichloromethane
and toluene. Both complexes 1 and 2 are extremely air and
moisture sensitive. Thermal decomposition has also been
observed when the solids are kept under inert atmosphere
at room temperature for several hours, although they can
be stored during days at low temperature (�10 �C). The
infrared spectra show the characteristic asymmetric and
symmetric Mo@O stretches at 916 (1), 880 (2) and 942
(1), 920 (2) cm�1, respectively, in the region were other
cis-MoO2Cl2L2 complexes appear [11]. Lower IR frequen-
cies were observed for the previously reported tris-NHC
complex [MoO2Cl(1,3-dimethylimidazol-2-ylidene)3]Cl
(916, 912 cm�1) [7], probably due to the presence of three
highly electron-donating NHC–ligands. The differences in
the M–O stretching frequencies between 1 and 2 may be
attributed to the higher basicity of the N-isopropyl substi-
tuted imidazolylidene ligand, compared to N-methyl
substituted one, in accordance with the recently published
works by Yates [12] and Abram [13]. Both 1H NMR and
13C NMR spectra could not be recorded for complex 1

due to its rapid decomposition in solution. The 1H NMR
spectrum of 2 displays a multiplet at d 6.38 for the CH pro-
ton of the isopropyl group, a singlet at d 2.27 for the meth-
yls bonded to the olefinic carbons of the carbene ligand and
a doublet at d 1.48 for the methyl protons of the isopropyl
group. Its 1H NMR spectrum also shows an additional
group of signals at d 10.82, 4.49, 2.24 and 1.67 ppm, due
to the imidazolium cation [HLi-Pr]+ formed by decomposi-
tion of 2 in solution. If the NMR sample is recorded after
being kept for 10 h at room temperature, its spectrum
showed only the signals due to [HLi-Pr]+. The 13C NMR
spectrum of 2 displayed an only signal for the carbene–car-
bon at 179.8 ppm, a value that is similar to that shown for
the previously reported compound [MoO2Cl(1,3-dim-
ethylimidazol-2-ylidene)3]Cl (177 ppm) [7].

Reaction of MoO2Cl2(THF)2 with one equivalent of 1,3-
dialkyl substituted 4,5-dimethylimidazol-2-ylidenes in THF
at �20 �C affords MoO2Cl2(LR) [R = Me (3), i-Pr (4)]
(Scheme 2). Compounds 3 and 4 are isolated as green yel-
lowish and orange solids, respectively, and were character-
ized by elemental analysis, 1H NMR, 13C NMR, and
infrared spectroscopy. Complex 3 is soluble in THF, chlo-
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roform and dichloromethane and insoluble in toluene and
n-hexane, whereas 4 dissolves readily in toluene and ben-
zene. The pentacoordinated monocarbene complexes 3

and 4 are sensitive to moisture, traces of water lead to
decomposition. The infrared spectra of 3, 4 and 5 show
the characteristic asymmetric and symmetric Mo@O
stretches at values ranging from 949–955 and 913–
914 cm�1. These frequencies are higher than those shown
for related bis-(this paper) and tris-NHC complexes [7].
As mentioned above, the reduction of the number of the
strong electron-donating NHC–ligands is consistent with
an increase of the Mo@O stretching frequencies.

The introduction of chloro-substituents in the 4 and 5
positions of the azole ring is known to significantly reduces
the electron-donating character of the imidazolylidene
ligand, as has been shown from both experimental [14]
and theoretical [12] points of view. The reaction of
MoO2Cl2(THF)2 with one equivalent of 1,3-dibutyl-4,5-
dichloroimidazol-2-ylidene (C1Ln-Bu) at �20 �C yielded
MoO2Cl2(C1Ln-Bu) (5) as an orange solid. Products with
more than one 1,3-dibutyl-4,5-dichloroimidazol-2-ylidene
could not be obtained when the reaction is carried out with
two or three equivalents of the carbene C1Ln-Bu. This is in
agreement with the results recently published by Abram
and co-workers, who observed that the number of NHCs
introduced in a series of oxorhenium complexes depends
on the electron-donating nature of the carbene, the more
electron-donating the carbene, the higher the number of
ligands [13]. In this sense, 4,5-dimethyl substituted NHCs
always provide complexes with general formula [ReOCl-
(NHC)4]2+ [4,15] (complexes with less than four carbenes
could not be obtained), while non-substituted and triazoly-
lidene NHCs provide ReOCl3(NHC)2 [5] and [ReO(OMe)-
Cl2(NHC)(PPh3)], respectively.

The 1H NMR spectra of 3 and 4 indicate the equivalence
of the 1,3-dialkyl substituted-4,5-dimethyl-2-ylidene. For
complex 3 it was not possible to record the 13C NMR spec-
trum due to its rapid decomposition in solution; its 1H
NMR spectrum displays two resonances at d 3.90 and
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2.14 ppm for the methyls bonded to the N atoms and the
olefinic carbons of the carbene ligand, respectively. The
1H NMR spectrum also shows additional resonances at d
3.84 and 2.20 ppm due to the imidazolium cation [HLMe]+

formed by decomposition of 3 in solution. Long standing
solutions of 3 in the NMR tube afford the NMR signals
due to the decomposition products. For complex 4, the
1H NMR spectrum shows a singlet at d 1.41 ppm for the
methyls bonded to the olefinic carbons, a multiplet at d
5.06 ppm and a doublet at d 0.96 ppm for the isopropyls
bonded to the nitrogen atom of the carbene ligand. The
13C NMR spectrum of 4 displays the characteristic car-
bene–carbon resonance appeared at 175.2 ppm. It seems
likely that the carbene ligand in 3–5 is disposed in the equa-
torial plane of a trigonal bipyramidal arrangement, as
observed for other five-coordinate dioxo molybdenum(VI)
complexes, such as [MoO2(OSiPh3)2(PPh3)] [16].

We tried to obtain single crystals of 1–5 by slow diffus-
sion of diethyl ether in CH2Cl2 concentrated solutions of
the compounds, under inert atmosphere and low tempera-
ture (�10�C). In particular, a solution of 4 in CH2Cl2/Et2O
afforded colorless crystals suitable for X-Ray diffraction.
The structure of the crystallized product consisted of the
dimeric complex [Mo2(l-O)(l-Cl)2Cl2O4][HLi-Pr]2, 6 (the
molecular structure is available in the supporting informa-
tion) (Scheme 3). A similar complex with [NBu4]+ as coun-
ter-cation has already been reported [17]. Obviously, the
structure does not correspond to any of the expected spe-
cies, but it gave us some clues about the decomposition
mechanism of the Mo(VI)–NHC compounds. Herrmann
proposed a decomposition mechanism for [MoO2Cl-
(NHC)3](Cl) involving, first the elimination of one of
the NHC ligands to provide MoO2Cl2(NHC)2 and then
acid hydrolysis to yield the hydroxo-NHC complex
[MoO(OH)Cl2(NHC)2](Cl) [7]. According to the decompo-
sition product that we obtained, we believe that the process
rather occurs by a hydrolytic mechanism such as that
shown in Scheme 3. Traces of water should be added to
the electron deficient complex 4 in the form of an OH
O
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ligand and a proton which attacks the nucleophilic oxo
ligand. Protonation of the NHC would leave the imidazo-
lium cation and an electron-deficient compound of the type
[MoO2(OH)Cl2]�, which may dimerize to yield ½MoO2-
ðOHÞðl-ClÞCl�2�2 . Dehydratation of this latter complex
would lead to the observed product [Mo2(l-O)(l-Cl)2-
Cl2O4]2�. On the basis of this result, we examined the
decomposition products of complexes 3 and 5, and
observed that their elemental analyses corresponded to
complexes with the same composition as 6, with the only
difference of the nature of the counter-cations. This mech-
anism would also be operative for decomposition of the
biscarbene-complexes 1 and 2, through a mono-NHC com-
plex (similar to 3–5) formed by the decoordination of one
NHC ligand. This decoordination of the NHC ligand was
previously described by Herrmann and co-workers [7].
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Appendix A. Supplementary data

Molecular diagram, crystal data, structure refinement,
bond lengths [Å] and angles [�] for compound 6 can be
found as supplementary information. Copies of this infor-
mation can be obtained free of charge from The Director,
CCDC, 12, Union Road, Cambridge CB2 1EZ, UK (fax:
+44 1223 336033; e-mail: deposit@ccdc.cam.ac.uk or
http://www.ccdc.cam.ac.uk) by quoting the deposition
number CCDC 292384. NMR spectra. Supplementary
data associated with this article can be found, in the online
version, at doi:10.1016/j.jorganchem.2006.02.004.
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