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This paper is dedicated to Dr. Karl Öfele in great admiration of his scientific work as a pioneer in N-heterocyclic carbene (NHC) and carbonyl
coordination chemistry and in appreciation of his role as a research mentor.
Abstract

Here, we report the synthesis of acyclic and cyclic aminocarbene substituted carbonyl complexes of group 6 metals. The reaction of
bis(diisopropyl)aminocarbene with photolytically produced (ether)M(CO)5 leads to unstable g1-carbene complexes, which convert to g2-
carbene complexes; crystallographic data are presented for the tungsten complex, where one amino group of the carbene coordinates to
the metal. The Mo and W g2-complexes can be converted to an imine-complex under elimination of propene; characterized by chemical,
spectroscopic and crystallographic data. DFT-calculations of a new bis(dialkyl)aminocarbene and the corresponding methylidene salt
were performed and compared with the corresponding crystallographic data of the latter one. In a side-reaction during the reaction
of (diethyl ether)Cr(CO)5 with a free six-membered cyclic carbene a three-nuclear dianionic metal carbonyl nido complex
(C14H10Cr3O12)2� is formed, which could be characterized by spectroscopic and crystallographic data.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

The discovery in 1968 when Öfele [1] and Wanzlick[2]
synthesized for the first time N-heterocyclic carbene
(NHC) complexes (Fig. 1), and the isolation of stable free
carbenes, almost two decades later, by Arduengo [3,4] were
landmarks for a large number of applications in synthesis
and catalysis [5–7].

The preparation of these complexes was performed the
first two decades via an in situ method, with the disadvan-
tage of a small group of metal precursors suitable for
complex synthesis [8–11]. For this synthesis only acidic di-
alkyl-azolium salts derived from imidazole, pyrazole, tri-
0022-328X/$ - see front matter � 2006 Elsevier B.V. All rights reserved.
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azole, thiazole, and tetrazole [12] could be used. With the
possibility of isolating free carbenes a new era of the Öf-
ele–Wanzlick carbene complexes was opened.

After the preparation of a free acyclic carbene 2a,
bis(diisopropylamino)carbene, by Alder et al. [13–15], the
first metal-complexes of rhodium and iridium could be syn-
thesized via the free carbene by Denk and Herrmann [16]
(Fig. 2).

Complexes with acyclic diaminocarbenes have been syn-
thesized before already by addition of amines to isonitrile
complexes [17], the deprotonation of tetrazolium ions with
carbonylferrate [9,18], and the reaction of tetramethylfor-
mamidinium dichloride with Fe2(CO)9 [19].

Carbonyl complexes of group six metals with stable
‘‘Alder’’-diaminocarbenes have been studied to investigate
the r-donor/p-acceptor ability of these carbenes via the
CO-stretching frequencies, and to compare them with
known NHC-ligands. The reaction of acyclic diaminocarb-
enes with photolytically produced (diethyl ether)Cr(CO)5
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Fig. 1. First NHC complexes synthesized by Öfele (1a) and Wanzlick (1d).
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Fig. 2. First metal complex synthesized with a free acyclic carbene.
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leads to the formation of a chelating diaminocarbene com-
plex (5a), where the diaminocarbene is g2-bonded to the
metal (Scheme 1) [20].

In this interesting complex 5a the lone pairs of the
metal-coordinating nitrogen and the carbene atom contrib-
ute to donor stabilization of the Lewis-acidic metal center;
a very short Cr–C–bond (1.920 Å) occurs because of the
triangular chelating-coordination. A similar behaviour
was observed recently in the Bertrand group, where a
(amino)(phosphino)carbene is coordinated to rhodium. In
this case the phosphorus atom and not the nitrogen is coor-
dinated to the metal [21].

DFT-calculations of complex 4a show a CO-bond
energy of only 21.2 kcal/mol [22]; it is the smallest bond
energy for such Cr(CO)5L complexes to our knowledge.
This behaviour is attributed to the high basic properties
of the carbene ligand and its ability to stabilize the
Cr(CO)4L species (5a).

1H NMR-studies show that the metal–nitrogen bond in
complex 5a can be cleaved easily, resulting in a fluctuating
system at room temperature, where all alkyl substituents
are equal. In complex 5a one CO can be inserted into the
metal–nitrogen bond to form reversibly the g1-complex
4a. At these reactions of acyclic carbenes with metal-hexa-
carbonyls some side-reactions were observed, which led to
unstable products [23,24].

In this work, we report some studies on these reactions
of the diaminocarbene complexes and the behaviour of the
resulting products.
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Scheme 1. Reaction of free bis(diisopropylamino)ca
2. Results and discussion

2.1. X-ray structural results

Metal carbonyl complexes of molybdenum and tungsten
show a more complicate behaviour at the reaction with free
diamino carbenes, than the chromium carbonyl complex
(Scheme 2). First results were presented from the Herr-
mann group recently [24,25].

In the reaction of photolytically produced THF-substi-
tuted pentacarbonyl complexes of molybdenum and tung-
sten with the free carbene 2a at low temperature
(�10 �C), the g1-substituted-carbene pentacarbonyl com-
plexes 4b, and 4c can be obtained for a short time (Scheme
2). These complexes undergo a rearrangement to the g2-
bonded complexes 5b and 5c by losing one CO as previ-
ously observed for complex 4a. Suitable crystals for an
X-ray diffraction analysis could be obtained from complex
5c (Fig. 3). Crystal data and details of the structure deter-
mination are presented in Table 5.

The bis(diisopropylamino)carbene ligand in complex 5c

is g2-coordinated to the tungsten with a short metal-carbon
bond (2.072(3) Å) and a long metal–nitrogen bond
(2.363(3) Å) (Fig. 3). As previously mentioned, the homol-
ogous chromium complex 5a shows with 1.920(1) and
2.207(1) Å the same behaviour [20]. Also the N1–C5-bond
with a bond length of 1.302(4) Å in complex 5c shows the
same p-bond characteristics as observed in the chromium
complex 5a (1.309(2) Å). The length of the N2–C5-bond
is with 1.470(4) Å in the range of a single bond, similar
to that in complex 5a (1.457(2) Å). Because of the much
longer metal–C5-, and metal–N2-bond the N2–W–C5-
angle is with 38.0(1)� considerably 2.6� smaller as in the
homologous chromium complex. In these complexes a p-
electron delocalization over the N1–C5-metal bonds was
proposed [20].

In contrast to the homologous chromium complex 5a no
dynamic fluctuation of the carbene ligand at room temper-
ature was observed in the 1H NMR-spectrum. Varying
chemical shifts are obtained for the different N-alkyl
groups in these complexes (5b, 5c). In consequence, the
metal–nitrogen bond must be stronger than in complex
5a. By insertion of a carbonyl into the metal–nitrogen bond
a rearrangement under elimination of propene occurs in
the complexes 5b and 5c to form the imine complexes 6b

and 6c (Scheme 2), which could be characterized by single
crystal X-ray analysis (Fig. 4) (6c [26]).
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Scheme 2. Reaction mechanism for the formation of pentacarbonyl complexes of group 6 metals with a bis(diisopropylamino)carbene ligand.

Fig. 3. ORTEP [34] style plot of compound 5c in the solid state. Atomic displacement ellipsoids for non-H atoms are drawn at the 50% probability level.
Selected bond lengths (Å) and bond angles (�): W–N2 2.363(3), W–C5 2.072(3), N1–C5 1.302(4), N1–C6 1.503(4), N1–C9 1.497(4), N2–C5 1.470(4), N2–
C12 1.514(4), N2–C15 1.522(4); N2–W–C5 38.0(1), W–C5–N1 153.6(2), W–C5–N2 81.8(2), N1–C5–N2 124.6(3), C6–N1–C9 115.4(2), C12–N2–C15
115.3(3), W–N2–C5 60.2(2), C3–W–C5 97.9(1).
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The complexes 5b and 5c can be obtained by removing
the solvent in vacuo to prevent an insertion of CO into
the metal–nitrogen bond.

If carbene 2a reacts with diethyl ether-tungstenpentacar-
bonyl, produced by irradiation of W(CO)6 in diethyl ether
as solvent, an anionic reduction product 7 [23], is formed in
a side reaction besides complex 6c (Scheme 2).

The postulated mechanism for the formation of com-
plexes 6b and 6c as shown in Scheme 3 starts from tetracar-
bonyl complexes 5b and 5c, where a bis(diisopropylamino)
carbene ligand is g2-coordinated (A). This species can be
converted by insertion of a carbon monoxide to the g1-
coordinated complex B resp. C. Because of the high basic
properties of the carbene ligand an H-shift occurs (D)
under release of propene, yielding the mesomeric forms E
and F. A similar reaction was obtained by Bertrand at free
aminoalkyl- and aminophosphino-carbenes (Scheme 4)
[21,27]. F converts to H by a second H-shift to the highly
nucleophilic nitrogen. By a second release of propene the
imine complex I is formed as the stable final product.
The formation of propene during these conversions was
proved by GC-analysis.



Fig. 4. ORTEP [34] style plot of compound 6b in the solid state. Atomic displacement ellipsoids for non-H atoms are drawn at the 50% probability level.
Selected bond lengths (Å) and bond angles (�): Mo–N1 2.252(2), Mo–C1 1.967(2), Mo–C3 2.037(2), Mo–C4 2.052(2), N1–C6 1.288(3), N2–C6 1.338(2),
N2–C7 1.472(3), N2–C10 1.490(3); N1–Mo–C1 178.25(8), N1–Mo–C3 90.18(8), N1–Mo–C4 92.95(8), C1–Mo–C3 89.52(9), C2–Mo–C3 91.70(9), Mo–N1–
C6 132.5(1), C7–N2–C10 118.7(2), N1–C6–N2 129.5(2).
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Scheme 3. Postulated mechanism for the formation of complexes 6b and 6c.
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Free carbenes may also react slowly with metal hexacar-
bonyls without previous photolytical activation [28,29]. In
the case of the acyclic carbene 2a (Scheme 5) only the imine
complexes 6b and 6c could be obtained in low yields, in
contrast to published experiments [23,25].

Yellow crystals of complex 6b, suitable for a solid state
X-ray diffraction study, were obtained by slow diffusion of
n-pentane into a saturated THF solution (Fig. 4, Table 5).

The bond length N1–C6 (1.288(3) Å) is too long for a
normal double bond and bond N2–C6 with 1.338(2) Å very
short for a single bond. A hint for a sp2-hybridisation at
N2 and a p-delocalization over the planar backbone atoms
C7, C10, N2, C6, N1 (max. deviation 0.03 Å) is the sum of
the three angles (�359.9�) spanned around the nitrogen
atom N2, same as in the free carbene 2a (�359.7�) [13],
instead of �320� for a nitrogen atom with optimal sp3-
hybridisation [30].

Elimination of propene from the carbene ligand should
be suppressed if the nitrogen at the carbene center is
involved in a rigid ring-system instead of bearing two inde-
pendent alkyl groups. To realize this idea and to keep the
same sterical bulkiness as in carbene 2a, an acyclic carbene
ligand with at least one 2,6-dimethylpiperidine group was
synthesized [31]. The precursor diisopropyl(cis-2,6-di-
methylpiperidin-1-ylmethylidene)ammonium dichlorophos-
phate (3b) was prepared in 36% yield analogous to the
formamidinium salt 3a [13], but without an additional
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Scheme 6. Preparation of diisopropyl-(cis-2,6-dimethylpiper
base. In contrast to the chloride salt 3a, 3b could be
obtained as the dichlorophosphate salt (Scheme 6) [31].

The corresponding free carbene 2b was prepared from
3b according to the literature [13] (Scheme 7).

This acyclic carbene is stable against dimerisation,
because of its bulky substituents at the nitrogens just as
2a [15,32,33].

Crystals of 3b suitable for X-ray diffraction were
obtained from a concentrated THF solution (Fig. 5). Crys-
tal data and details of the structure determination are pre-
sented in Table 5.

Compound 3b crystallizes as an ionic pair in the space
group P21/n. Cation and anion are bond together via a
weak hydrogen bond C1–H11� � �O1. The N1–C1–N2 bond
angle is in fact very similar to the bond angle reported for
the N,N,N 0,N 0-tetraisopropylformamidinium chloride
(133.2�) [13]. The bond lengths of N1–C1 and N2–C1 are
with 1.318(2) and 1.325(2) Å nearly equal. Both nitrogen
atoms in this salt are typically planar sp2 configured. The
torsion angles N1–C1–N2–C12 of �2.9(3)� and N2–C1–
N1–C2 of 173.2(1)� suggest a widely delocalized p-system.
2.2. DFT-calculations

DFT calculations were performed for salt 3b and the
free carbene 2b [35]. All calculations were performed using
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Fig. 5. ORTEP [34] style plot of compound 3b in the solid state. Atomic displacement ellipsoids for non-H atoms are drawn at the 50% probability level.
Shown is the major part of the disordered PO2Cl2 anion (see Section 4.11). Selected bond lengths (Å), bond angles (�) and torsion angles (�): N1–C1
1.318(2), N1–C2 1.509(2), N1–C5 1.491(2), N2–C1 1.325(2), N2–C8 1.503(2), N2–C12 1.491(2); N1–C1–N2 133.3(1), C1–N1–C2 115.4(1), C1–N1–C5
129.1(1), C1–N2–C8 114.4(1), C1–N2–C12 125.3(1); N1–C1–N2–C12 �2.9(3), N2–C1–N1–C2 173.2(1). The hydrogen bond is characterized by C1–H11
0.96(2), O1� � �H11 2.35(2), C1� � �O1 3.292(2) and C1–H11� � �O1 166(1).
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the GAUSSIAN03 program. Geometry optimizations and fre-
quency calculations were performed with the DFT method
using gradient corrected functionals according to Becke
and for correlation, according to Lee et al. (B3LYP). For
these calculations, the valence double-f basis set 6-31G(d)
was used [36]. In Figs. 6 and 7 the optimized structures
of 2b, and 3b are shown.

The calculated structure of salt 3b correlates very well
with the results of its X-ray analysis (Fig. 5) and previous
published results in the literature [14,15] (see Table 1).
The calculated structure of the free carbene 2b is in agree-
Fig. 6. DFT-optimized structure of 2b.
ment with that of 2a (Table 1). In the solid state structures
of 3a and 3b no difference in the N1–C1–N2 angle was
observed (Table 1). This agreement can be explained with
nearly the same constitution of both salts. Also the C1–N
bond distances in both salts are equal within esd’s
(1.316(3), 1.317(3) Å for 3a; 1.318(2) Å and 1.325(2) Å
for 3b). In the free carbenes 2a and 2b a 12� smaller bond
angle (N1–C1–N2) compared to the salts 3a and 3b was
obtained [14].

The enlarged N1–C1–N2-angle of acyclic carbenes (circa
122�) compared to five-membered cyclic carbenes (circa
Fig. 7. DFT-optimized structure of 3b.
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105�) has major consequences for the fundamental proper-
ties of these carbenes. The singlet–triplet (S–T) gap
decreases sharply as the N–C–N angle increases, whereas
the proton affinity (PA) increases. In consequence, the
preparation of acyclic carbenes affords much stronger
bases and the obtained carbenes are much more reactive
as the cyclic carbenes [15].

The bis(dialkylamino)carbene ligand (2a) is mentioned
in the literature with the biggest N1–C1–N2-angle (see
Table 1), and with the largest chemical shift in the 13C
NMR-spectroscopy for the carbene carbon with
255.5 ppm. The calculated N1–C1–N2-angle of carbene
2b is larger than that of 2a with the consequence of a higher
proton affinity and reactivity of 2b. In accordance with the
larger N1–C1–N2-angle of carbene 2b is its 13C-NMR shift
of 258.9 ppm, the highest ever mentioned for acyclic
diaminocarbenes.

2.3. Alternative synthesis of a complex with carbene (2b)

Pentacarbonyl NHC-complexes of Cr, Mo, and W can
be prepared in good yields avoiding the use of free carbenes
by reaction of dialkylazolium ions with anionic carbonyl-
metalates [37]. We tried to apply this method also for the
preparation of an acyclic diaminocarbene complex (9)
(Scheme 8). The limiting factor for this method is the low
acidity of the formamidinium cations, as well as the ther-
mal instability of the desired carbene complexes.

When an aqueous solution of disodiumdecacarbonyldi-
chromate (11) [Na2Cr2(CO)10] at 0 �C was treated with
the formamidinium salt 3b or 3c, a yellow precipitate of
10 was obtained. The azolium salt 3c (diisopropyl(cis-2,6-
dimethylpiperidin-1-ylmethylidene) hexafluorophosphate)
was obtained by anion exchange of salt 3b with NH4PF6.
The product 10 was dried in high vacuum and heated in
a Schlenk tube in vacuo to remove the decomposition
products and Cr(CO)6 by sublimation. However, from
the residue only the imine-complex 8a could be extracted
in low yield. An analogous compound could not be gener-
ated from the g2-chromium carbene complex 5a in contrast
to the corresponding Mo-, and W-complexes 5b and 5c,
which convert readily to the imine complexes 6b and 6c.

2.4. Spectroscopic results

In order to compare the r-donor strength of the acyclic
carbene ligand 2a with that of NHC-ligands, the m(CO)-
stretching frequencies of their pentacarbonyl complexes
(Fig. 8) have been considered (Table 2).



Table 3
m(CO)-absorption frequencies of the imine-pentacarbonyl complexes in n-
hexane

Metal Complex A
ð2Þ
1 ðcm�1Þ E (cm�1) A

ð1Þ
1 ðcm�1Þ

Cr 8a 2055.8 1933.3 1903.4
15 [40] 2070 1936 1900

Mo 6b 2067.9 1932.9 1907.7

W 6c 2064.2 1927.8 1918.0

Table 2
Comparison of the m(CO)-absorption frequencies of different carbene-
pentacarbonyl complexes in THF

Metal Complex A
ð2Þ
1 ðcm�1Þ E (cm�1) A

ð1Þ
1 ðcm�1Þ

Cr 4a 2045.9 1923.4 –
17 [23] 2050.2 1921.3 1899.9
1a [28] 2056 1925 –
12a [38] 2056 1923 –
14 [39] 2063.5 1937.1 1907.5

Mo 4b 2057.8 1923.2 –
1b [38] 2064 1930 1894
12b [38] 2066 1931 1902
13 [12] 2066 1934 –

W 4c 2056.2 1918.1 1892.3
1c [28] 2062 1924 –
12c [38] 2062 1919 –
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The Að1Þ1 -frequencies of the carbonyl in trans-position
to the carbene should show the biggest differences in
IR-spectroscopy for different carbenes. In many cases
the band of this frequency is hidden by the very strong
E-band, and is not available for discussion. The com-
plexes are ordered in Table 2 according to their diminish-
ing r-donor strength.

Table 2 indicates that the acyclic carbene 2a is a stronger
r-donor than known NHC-ligands. The Að2Þ1 -band in its
complexes is at least eight wavenumbers smaller than in
the imidazolinylidene complexes. This band is not so highly
influenced by the donor ability of the carbene ligand such
as the Að1Þ1 -band.

In comparison of the received imine-pentacarbonyls in
Table 3 with the carbene complexes shown in Table 2,
the imine ligand shows a much weaker r-donor ability than
the carbene ligands, recognizable in the higher Að1Þ1 -, and E-
band, comparable to another nitrogen ligand in N-pyri-
dinepentacarbonylchromium(0) (15) [40]. In this complex
the frequency of the Að1Þ1 -band is extremely high compared
to the discussed complexes.
Table 4
m(CO)-absorption frequencies of the g2-carbene-tetracarbonyl complexes
in diethyl ether

Complex m(CO) (cm�1)

5a [20] 2003.8, 1918.4, 1896.3, 1870.1
5b 2007.2, 1917.4, 1893.8, 1859.8
5c 2005.8, 1913.5, 1894.3, 1859.8
The IR-spectroscopic data of the g2-bonded carbene tet-
racarbonyl complexes of Mo, and W are in agreement with
the corresponding Cr-complex [20] (see Table 4).

2.5. Preparation of a nido-Cr3(CO)10(OEt)2 cluster

The free cyclic diamino carbene (16) [33], which in con-
trast to the carbenes 2a and 2b is stable against decompo-
sition, does not coordinate g2 to metal carbonyls due to its
rigid N–C–N moiety.

Its g1-complex 17 formed by reaction of photolytically
produced (THF)Cr(CO)5 with the free carbene 16 (Scheme
9) is highly unstable and decomposes to an indefinite prod-
uct mixture. However, it could be stabilized by substitution
of 2 carbonyls with isocyanide ligands [23].

If free carbene 16 reacts with photolytically generated
[(diethyl ether)Cr(CO)5] a red product insoluble in diethyl
ether precipitates (Scheme 10). It can be recrystallized from
acetone yielding dark brown crystal needles. Suitable crys-
tals for X-ray diffraction were obtained overlaying a satu-
rated acetone solution with diethyl ether at �20 �C. X-ray
diffraction of these crystals showed the molecular structure
of a completely novel chromium carbonyl complex 18,
consisting of a dianionic Cr3(CO)10(OEt)2-cluster with two
1,3-diisopropyl-3,4,5,6-tetrahydropyrimidin-1-ium cations
(Fig. 9, Table 5). This complex can be described as a nido

tetrahedron. It may be formed by reductive cleavage of a
coordinated diethyl ether by the free carbene under forma-
tion of the ethoxy-bridged structure 18.

Compound 18 crystallizes in the orthorhombic space
group Pnma. This structure consists of a scalene triangle
of chromium atoms. Two edges of the triangle are bridged
by carbon monoxide ligands. Two triply bridging ethoxy
groups lie above and below the plane defined by the three
chromium atoms. The anion and cations are well sepa-
rated, and no unusually short interatomic contacts are
observed. Through the middle of the triangle passes a mir-
ror plane. The terminal chromium atoms are coordinated
to three terminal carbon monoxides. The middle chromium
has two terminal coordinated carbon monoxides. The ter-
minal chromium atoms are bridged by l2-CO molecules
to the third chromium. In this case the chromium atoms
show a heptahedral coordination. The observed Cr–Cr dis-
tances (2.6589(9) Å) are compatible with the presence of
Cr–Cr single bonds. Bond distances corresponding to Cr–
Cr single bonds have been observed in several previously
reported chromium carbonyl derivatives, for example:
Cr
OC
OC CO

CO

THF

CO

N N

Cr
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OC CO

CO
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N N
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Scheme 9. Synthesis of the carbene substituted pentacarbonyl complex 17.



Fig. 9. ORTEP [34] style plots of the dianionic and cationic part of compound 18 Æ (C3H6O) in the solid state. Atomic displacement ellipsoids for non-H
atoms are drawn at the 50% probability level. Selected bond lengths (Å) and bond angles (�): Cr1–Cr2 2.6589(9), Cr1� � �Cr1 0 3.3574(9), Cr1–O7 2.058(2),
Cr1–O8 2.066(2), Cr1–C1 1.842(4), Cr1–C2 1.825(4), Cr1–C3 1.802(4), Cr1–C4 2.320(5), Cr2–O7 2.083(4), Cr2–O8 2.074(3), Cr2–C4 1.981(4), Cr2–C5
1.827(6), Cr2–C6 1.834(6), O7–C7 1.426(7), O8–C8 1.427(6), N1–C11 1.318(5), N1–C12 1.472(5), N1–C15 1.482(5), N2–C11 1.302(5), N2–C14 1.470(5),
N2–C18 1.494(5); Cr1–Cr2–Cr1 0 78.30(3), Cr2–Cr1–O7 50.46(10), Cr2–Cr1–O8 50.17(9), O7–Cr1–O8 67.8(1), Cr1–Cr2–O7 49.63(5), Cr1–Cr2–O8
49.91(6), Cr1–O7–Cr10 109.3(2), Cr1–O7–Cr2 79.9(1), Cr1–O8–Cr10 108.7(2), Cr1–O8–Cr2 79.9(1), Cr1–C4–Cr2 75.9(2), N1–C11–N2 125.8(3), C11–N1–
C12 119.8(3), C11–N1–C15 119.9(3), C11–N2–C14 120.5(3), C14–N2–C18 119.7(3). Symmetry operation to equivalent atom positions: x, 0.5 � y, z.
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Scheme 10. Preparation of a Cr3-carbonyl complex.
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[PPN]2[l2-CO3(CO)9Cr3(l4-S)Cr(CO)5] (2.850(9) Å) [41],
[PPN]2[(CO)12Cr3S] (�2.840 Å) [42], [g5-C5H5Cr(CO)2-
P(OCH3)3]2 (3.343(1) Å) [43], [g5-C5H5Cr(CO)3]2
(3.281(1) Å) [44], [g5-C5Me5Cr(CO)3]2 (3.311(1) Å) [45],
Cr2(CO)8(l-CO)2 (2.677 Å) [46]. Clearly, the Cr–Cr dis-
tances in 18 fall within the range observed for Cr–Cr single
bonds.

This interpretation also formally satisfies the 18-electron
requirement of each chromium atom, where the l3-OC2H5

groups are normally considered to be a five-electron donor.
Analogous complexes are the neutral manganese com-
plexes Mn3(CO)9(l-OC2H5)(l3-OC2H5)2 and Mn3(CO)8(P-
Me2Ph)(l-OC2H5)(l3-OC2H5)2 [47] and the tungsten
complex [Me4N]3[W3(CO)9(l-OC2H5)(l3-OC2H5)2] [48].
The both latter complexes have essentially the same struc-
tural features as 18. But these quite unsymmetrical mole-
cules were formulated to contain only one metal–metal
bond in contrast to the chromium complex.

The 13C NMR spectrum of complex 18 shows four CO-
signals. Two signals for the six terminal-coordinated car-
bonyl groups at Cr1, Cr1 0 (231.8 and 231.7 ppm), one signal
for both two terminal CO ligands at Cr2 (210.0 ppm), and
one signal for the two l-bridged ones (206.0 ppm). The two
tetrahydropyrimidinium cations show no unexpected sig-
nals in the 13C NMR.

3. Conclusion

We present the synthesis of metastable g2-carbene-
substituted pentacarbonylcomplexes of molybdenum and
tungsten using the acyclic carbene bis(diisopropyla-
mino)carbene. In contrast to the analogous stable g2-chro-
mium complex the new complexes convert in a CO-
atmosphere under elimination of propene to an imine spe-
cies. To avoid this conversion the acyclic carbene ligand
should have two cyclic amino groups to form a stable g2-
species. The reaction of a 6-membered cyclic diaminocar-
bene with photolytically activated group 6-metalcarbonyls
dependents on the used ether: while using THF the g1-car-
bene complex (17) is formed; in diethyl ether a proton



Table 5
Crystallographic Data for 3b, 5c, 6b, and 18 Æ (C3H6O)

3b 5c 6b 18 Æ (C3H6O)

Formula C14H29Cl2N2O2P C17H28N2O4W C12H16MoN2O5 C37H58Cr3N4O13

Fw 359.26 508.25 364.21 922.87
Color/habit Colorless/fragment Orange/fragment Yellow/fragment Dark brown/needle
Crystal dimensions (mm3) 0.36 · 0.41 · 0.61 0.46 · 0.51 · 0.51 0.13 · 0.25 · 0.33 0.08 · 0.15 · 0.76
Crystal system Monoclinic Monoclinic Monoclinic Orthorhombic
Space group P21/n (no. 14) P21/n (no. 14) P21/c (no. 14) Pnma (no. 62)
a (Å) 7.7567(1) 8.3062(1) 10.3169(1) 10.7228(1)
b (Å) 15.2084(2) 18.0840(2) 6.0477(1) 21.6801(2)
c (Å) 15.8115(2) 13.1936(1) 24.9984(2) 18.9619(2)
b (�) 93.8948(5) 95.8951(5) 89.9363(6) 90
V (Å3) 1860.93(4) 1971.32(4) 1559.74(3) 4408.10(7)
Z 4 4 4 4
T (K) 173 123 123 123
Dcalc (g cm�3) 1.282 1.713 1.551 1.391
l (mm�1) 0.440 5.881 0.859 0.790
F(000) 768 1000 736 1936
h Range (�) 1.86–25.35 1.92–25.38 2.56–25.33 1.88–22.72
Index ranges (h,k, l) ±9,±18,±19 ±10,±21,±15 ±12,±7,±30 ±11,±23,±20
Number of reflections collected 43491 20759 31016 99297
Number of independent reflections/Rint 3416/0.042 3599/0.041 2851/0.033 3057/0.073
Number of observed reflections (I > 2r(I)) 3022 3335 2607 2963
Number of data/restraints/parameters 3416/0/325 3599/0/330 2851/0/245 3057/0/296
R1/wR2 (I > 2r(I))a 0.0319/0.0771 0.0202/0.0481 0.0222/0.0481 0.0520/0.1081
R1/wR2 (all data)a 0.0380/0.0803 0.0232/0.0492 0.0256/0.0494 0.0544/0.1093
GOF (on F2)a 1.039 1.102 1.053 1.307
Largest difference peak and hole (e Å�3) +0.32/�0.23 +1.39/�1.03 +0.47/�0.44 +0.36/�0.50

a R1 =
P

(iFoj � jFci)/
P
jFoj; wR2 ¼ f

P
½wðF 2

o � F 2
cÞ

2�=
P
½wðF 2

oÞ
2�g1=2; GOF ¼ f

P
½wðF 2

o � F 2
cÞ

2�=ðn� pÞg1=2.
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transfer from the ether substituted carbonyl to the carbene
occurs and the anionic ethoxy-metalcarbonyl nido cluster
(18) is formed.

4. Experimental

4.1. General comments

The free carbenes 2a and 2b [13,31], and the free carbene
16 [33] were prepared according to the literature. All exper-
iments were carried out under dry argon using standard
Schlenk or dry box techniques. Solvents were dried by stan-
dard methods and distilled under nitrogen. 1H, 13C and 31P
NMR spectra were recorded on a JEOL-JMX-GX 270 or
400 MHz spectrometer at room temperature and refer-
enced to the residual 1H and 13C signals of the solvents
or 85% H3PO4 as an external standard (31P). NMR multi-
plicities are abbreviated as follows: s, singlet; d, doublet; t,
triplet; m, multiplet, br., broad signal. Coupling constants
J are given in Hz. Elemental analyses were carried out by
the Microanalytical Laboratory at the TU München. Mass
spectra were performed at the TU München Mass Spec-
trometry Laboratory on a Finnigan MAT 90 spectrometer
using the CI or FAB technique. IR spectra were recorded
using a Jasco FT-IR 460 spectrometer. GC–MS spectra
were measured on a Hewlett-Packard gas chromatograph
GC 5890A equipped with a mass selective detector MS
5970B. Melting points were measured with a Büchi melting
point apparatus system (Dr. Tottoli).
4.2. Diisopropyl(cis-2,6-dimethylpiperidin-1-

ylmethylidene)ammonium dichlorophosphate (3b)

A solution of 3.2 ml (34.5 mmol) POCl3 in 20 ml diethyl
ether was added to a solution of 5 ml (34.5 mmol) diisopro-
pylformamide dissolved in 50 ml diethyl ether. After stirring
the combined solutions for 1 h at room temperature, the
precipitate was collected by filtration. The residue was
washed twice with 20 ml diethyl ether and dissolved in
30 ml dichloromethane. After cooling to �30 �C cis-2,6-
dimethylpiperidine (4.6 ml, 34.2 mmol) was added and stir-
red for 45 min at 25 �C. To this solution 100 ml diethyl ether
were added to precipitate a colorless crystalline product.
The raw substance was extracted with acetone, and the
product precipitated by adding diethyl ether to the acetone
solution. The white hydroscopic product 2b was dried in
vacuo. Yield: 4.400 g (12.3 mmol, 36%). 1H NMR
(270 MHz, CDCl3): d = 8.06 (1H, s, NCHN), 4.34 (2H, s,
CH(CH3)2), 4.11 (1H, br. s, NCH(CH3)CH2), 3.86 (1H,
br. s, NCH(CH3)CH2), 1.88 (2H, m, CH(CH3)CH2CH2),
1.69 (2H, d, 3JHH = 8.7 Hz, CH2CH2CH2), 1.59 (2H, m),
1.45 (12H, d, 3JHH = 6.9 Hz, CH(CH3)2), 1.40 (6H, d,
3JHH = 6.2 Hz, NCH(CH3)). 13C{1H} NMR (67.8 MHz,
CDCl3): d = 154.4 (NCHN), 55.4 (C(CH3)2), 51.2
(NCHCH3), 30.2 (C(HCH3)CH2CH2), 22.9, 22.0, 12.5
(CH3). MS (FAB) m/z (%): 225.2 (100, [M+]), 181.2 (5),
112.1 (2, [((CH3)2CH)2NC]). Anal. Calc. for C14H29N2-
PO2Cl2 (359.26): C, 46.80; H, 8.14; N, 7.80; P, 8.62; Cl,
19.74. Found: C, 46.91; H, 8.24; N, 7.76; P, 8.11; Cl, 19.71%.
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4.3. Diisopropyl(cis-2,6-dimethylpiperidin-1-

ylmethylidene)hexafluorophosphate (3c)

A solution of 163 mg (1.0 mmol) NH4PF6 in 5 ml water
was added to a solution of 250 mg (0.7 mmol) diisopro-
pyl(cis-2,6-dimethylpiperidin-1-ylmethylidene)ammonium
dichlorophosphate (3b) in 5 ml water. A colorless product
precipitated and was washed with 5 ml water and dried in
vacuo. Yield: 252 mg (0.68 mmol, 98%). 1H NMR
(400 MHz, CDCl3): d = 7.45 (1H, s, NCHN), 4.13 (2H, t,
3JHH = 6.9 Hz, CH(CH3)2), 4.11 (2H, br. s,
NCH(CH3)CH2), 1.95 (2H, m, CH(CH3)CH2CH2), 1.84
(2H, m), 1.70 (2H, d, 3JHH = 14.8 Hz, CH2CH2CH2),
1.45 (6H, d, 3JHH = 7.2 Hz, CH(CH3)2), 1.39 (12H, d,
3JHH = 6.4 Hz, NCH(CH3)). 13C{1H} NMR (67.8 MHz,
CDCl3): d = 153.0 (NCHN), 54.5 (CH(CH3)2), 51.5
(NCHCH3), 30.0 (C(HCH3)CH2CH2), 21.9, 22.0, 12.5
(CH3). 31P{1H} NMR (161.8 MHz, CDCl3): d = �143.7
(sept., J = 713 Hz).

4.4. Diisopropylamine-cis-2,6-dimethyl-N-

piperidylmethylidene (2b)

Yield: 189 mg (0.84 mmol, 63%). m.p. 37 �C. 1H NMR
(270 MHz, C6D6): d = 4.22 (2H, sept., 3JHH = 4.7 Hz,
CH(CH3)2), 3.73 (2H, br. s, NCH(CH3)CH2), 1.68 (4H,
d, 3JHH = 5.9 Hz), 1.36 (2H, m), 1.24 (12H, s, CH(CH3)2),
1.21 (6H, s, NCH(CH3)). 13C{1H} NMR (67.8 MHz,
C6D6): d = 258.9 (NCN), 56.2 (C(CH3)2), 49.3 (NCHCH3),
31.8 (C(HCH3)CH2CH2), 24.2, 23.0, 14.6 (CH3).

4.5. General procedure for the preparation of complexes 4b
and 4c

A solution of 1.55 mmol M(CO)6, (M = Cr, Mo, W) in
150 ml THF was irradiated with a 150-W Hg high-pressure
immerging lamp while stirring for 1 h at �15 �C, then 1 h
at slowly rising temperature up to �5 �C. After switching
off the lamp 2 mmol fresh sublimated carbene, dissolved
in 30 ml THF, was transferred to the carbonyl solution
with vigorous stirring. The solution darkened rapidly to
orange. After stirring for 30 min the solvent was removed
by a stream of carbon monoxide. The residue was dried
for 1 h at 2 · 10�3 mbar. The products were extracted with
n-hexane from the residue.

4.5.1. Pentacarbonyl[bis(diisopropylamino)carbene]-

molybdenum(0) (4b)

IR (THF, cm�1): m = 2057.8 (w, CO), 1923.2 (s, CO).
The colorless compound rearranges to complex 5b within
30 min.

4.5.2. Pentacarbonyl[bis(diisopropylamino)carbene]-

tungsten(0) (4c)
1H NMR (270 MHz, C6D6): d = 2.86 (4H, m,

CH(CH3)2), 0.86 (24H, br. d, 3JHH = 5.2 Hz, CH3). IR
(THF, cm�1): m = 2056.2 (m, CO), 1918.1 (s, CO), 1892.3
(w, CO). The light yellow compound rearranges to complex
5b within 1 h.

4.6. General procedure for the preparation of complexes 5b
and 5c

The complexes 5b and 5c can be obtained from a n-hex-
ane solution of complexes 4b, respectively 4c during 30–
60 min at room temperature. The insoluble compounds
5b and 5c precipitate from the n-hexane solution.

4.6.1. Tetracarbonyl[bis(diisopropylamino)carbene]-

molybdenum(0) (5b)

Yield: 163 mg (0.388 mmol, 25%) of yellow crystals sol-
uble in diethyl ether. This yellow compound decomposes
very easily under formation of complex 6b. 1H NMR
(270 MHz, C6D6): d = 4.68 (2H, sept., 3JHH = 6.8 Hz,
CH(CH3)2), 2.86 (2H, sept., 3JHH = 7.0 Hz, CH(CH3)2),
0.98 (12H, d, 3JHH = 6.8 Hz, CH(CH3)2), 0.94 (12H, d,
3JHH = 7.2 Hz, CH(CH3)2). IR (diethyl ether, cm�1):
m = 2007.2 (w, CO), 1917.4 (s, CO), 1893.8 (m, CO),
1859.8 (m, CO).

4.6.2. Tetracarbonyl[bis(diisopropylamino)carbene]-

tungsten(0) (5c)

Yield: 265 mg (0.496 mmol, 32%) of orange crystals sol-
uble in diethyl ether. 1H NMR (400 MHz, C6D6): d = 4.73
(2H, sept., 3JHH = 7.0 Hz, CH(CH3)2), 2.82 (2H, sept.,
3JHH = 7.0 Hz, CH(CH3)2), 1.00 (12H, d, 3JHH = 7.2 Hz,
CH(CH3)2), 0.94 (12H, d, 3JHH = 7.2 Hz, CH(CH3)2).
13C{1H} NMR (67.8 MHz, C6D6): d = 220.7 (NCN),
211.5 (CO), 199.7 (CO), 58.4 (NCHN), 56.1 (br., NCHN),
23.4 (CH3), 22.4 (br., CH3). IR (diethyl ether, cm�1):
m = 2005.8 (w, CO), 1913.5 (s, CO), 1894.3 (m, CO),
1859.8 (m, CO).

4.7. Pentacarbonyl[N-(C-diisopropylamin)imin]-

molybdenum(0) (6b)

Compound 6b could be obtained by bubbling a CO-
stream through a solution of complex 4b or 5b in THF
for 50 min. After removing the solvent in vacuo the yellow
product was obtained by extraction of the residue with n-
hexane. Yield: 255 mg (0.70 mmol, 42%). 1H NMR
(400 MHz, CD2Cl2): d = 7.08 (1H, d, 3JHH = 19.6 Hz,
NCHN), 4.95 (1H, br. s, NH), 3.67 (2H, br. s, CH(CH3)2),
1.22 (12H, d, 3JHH = 6.9 Hz, CH3). 1H NMR (270 MHz,
CDCl3): d = 7.05 (1H, d, 3JHH = 19.6 Hz, NCHN), 4.89
(1H, br. d, 3JHH = 16.9 Hz, NH), 3.64 (2H, sept.,
3JHH = 6.8 Hz, CH(CH3)2), 1.22 (12H, d, 3JHH = 6.8 Hz,
CH3). 13C{1H} NMR (67.8 MHz, CDCl3): d = 213.5
(trans-CO), 204.7 (cis-CO), 157.6 (NCHN), 46.0
(NCH(CH3)2), 21.6 (CH3). 1H NMR (400 MHz, acetone-
d6): d = 7.27 (1H, d, 3JHH = 19.4 Hz, NCHN), 5.93 (1H,
br. d, 3JHH = 13.3 Hz, NH), 3.89 (2H, br. s, CH(CH3)2),
1.20 (12H, d, 3JHH = 6.7 Hz, CH3). 13C{1H}NMR (100.5
MHz, acetone-d6): d = 213.9 (trans-CO), 206.0 (cis-CO),
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158.3 (NCHN), 45.9 (NCH(CH3)2), 29.6 (CH3). 1H NMR
(400 MHz, C6D6): d = 6.88 (1H, d, 3JHH = 19.4 Hz,
NCHN), 4.95 (1H, br. d, 3JHH = 15.7 Hz, NH), 2.55 (2H,
br. s, CH(CH3)2), 0.42 (12H, d, 3JHH = 5.6 Hz, CH3).
13C{1H}NMR (100.5 MHz, C6D6): d = 213.6 (trans-CO),
205.2 (cis-CO), 157.4 (NCHN), 45.4 (NCH(CH3)2), 20.3
(CH3). MS (FAB): m/z (%): 338.1 (4, [M+ � CO]), 310.1
(4, [M+ � (2 CO)]), 280.1 (1, [M+ � (3 CO)]), 225.3 (100,
[M+ � (5 CO)]). Anal. Calc. for C12H16N2O5Mo (364.21):
C, 39.57; H, 4.43; N, 7.69. Found: C, 39.59; H, 4.77; N,
7.70%. IR (n-hexane, cm�1): m = 2067.9 (w, CO), 1932.9
(s, CO), 1908.8 (w, CO).

4.8. Pentacarbonyl[N-(C-diisopropylamine)imine]tungsten
(0) (6c)

Complex 6c was prepared analogous to complex 6b

from compound 4c or 5c in 48.1% (337 mg, 0.75 mmol)
yield as an orange product. 1H NMR (400 MHz, C6D6):
d = 8.13 (1H, d, 3JHH = 13.2 Hz, NCHN), 5.45 (1H, d,
3JHH = 13.2 Hz, NH), 3.28 (2H, br., CH(CH3)2), 0.83
(12H, d, 3JHH = 6.4 Hz, CH3). 13C{1H} NMR
(100.5 MHz, C6D6): d = 216.9 (trans-CO), 200.8 (cis-CO),
160.8 (NCHN), 43.8 (NCH(CH3)2), 22.5 (CH3). IR (n-hex-
ane, cm�1): m = 2064.2 (w, CO), 1927.8 (s, CO), 1918.0 (w,
CO).

4.9. Pentacarbonyl[N-(C-(cis-2,6-dimethyl-N-

piperidyl)imine)]chromium(0) (8a)

To a solution of 0.5 g (1.16 mmol) Na2Cr2(CO)10 in
15 ml H2O, 1.0 g (2.78 mmol) of compound 3b and
300 mg NaH2PO4 dissolved each in 10 ml H2O are added
at 0 �C. The yellow product was filtrated and dried in
vacuo and heated in vacuo at 130 �C to obtain small
amounts of a yellow product at a �80 �C cold sublimation
finger. Yield: 15 mg. IR (n-hexane, cm�1): m = 2055.8 (m,
CO), 1933.3 (s, CO), 1903.4.

4.10. Compound 18

A solution of 1.55 mmol Cr(CO)6 in 150 ml diethyl ether
was irradiated with a 150-W Hg high-pressure immerging
lamp while stirring for 1 h at �15 �C, then 1 h at slowly ris-
ing temperature up to �5 �C. After switching off the lamp
2 mmol fresh sublimated carbene 16, dissolved in 30 ml
diethyl ether, was transferred to the carbonyl solution with
vigorous stirring. The solution darkened rapidly to red. A
dark red precipitate occurs in the solution and was filtered,
washed with 20 ml diethyl ether and dried for 4 h at
2 · 10�3 mbar. The product was recrystallized from an ace-
tone/diethyl ether solution to obtain the product in 56%
yield.

1H NMR (400 MHz, C6D6): d = 8.14 (2H, d,
3JHH = 13.2 Hz, NCHN), 4.04 (4H, sept., CH(CH3)2),
3.60 (4H, br., OCH2CH3), 3.54 (8H, br. s, NCH2), 2.18
(4H, br., CH2), 1.60 (6H, t, J = 6.8 Hz, OCH2CH3), 1.37
(24H, br., CH3). 1H NMR (400 MHz, acetone-d6):
d = 8.14 (2H, br., NCHN), 4.04 (4H, sept., J = 6.8 Hz,
CH(CH3)2), 3.62 (4H, br., OCH2CH3), 3.54 (8H, t,
J = 5.6 Hz, NCH2), 2.18 (4H, quin., J = 5.2 Hz, CH2),
1.78 (6H, m, OCH2CH3), 1.35 (24H, d, J = 6.4 Hz, CH3).
13C{1H}NMR (100.5 MHz, acetone-d6): d = 231.8 (4
CO), 231.7 (2 CO), 210.0 (2 CO), 206.0 (l-CO), 151.8
(NCHN), 69.2 (OCH2), 57.8 (NCH(CH3)2), 40.1 (NCH2),
21.3, 20.4, 20.0 (CH3). IR (CH2Cl2, cm�1): m = 2979.5 (s),
2936.1, 2879.2, 2030.7 (w, CO), 1936.2 (m), 1913.0,
1885.1 (s), 1677.8 (s). IR (KBr, cm�1): m = 2975 (s), 2938,
2879, 2029 (w, CO), 1966, 1936 (m), 1910, 1877, 1704
(sh), 1678 (vs).

4.11. Single crystal X-ray structure determination of

compounds 3b, 5c, 6b, and 18 Æ (C3H6O)

4.11.1. General

Crystal data and details of the structure determination
are presented in Table 5. Suitable single-crystals for the
X-ray diffraction study were grown with standard cooling
techniques. Crystals were stored under perfluorinated
ether, transferred in a Lindemann capillary, fixed, and
sealed. Preliminary examination and data collection were
carried out on an area detecting system (NONIUS,
MACH3, j-CCD) at the window of a rotating anode
(NONIUS, FR591) and graphite-monochromated Mo
Ka radiation (k = 0.71073 Å). The unit cell parameters
were obtained by full-matrix least-squares refinements dur-
ing the scaling procedure. Data collection were performed
at low temperatures (OXFORD CRYOSYSTEMS). Each
crystal was measured with a couple of data sets in rotation
scan modus with either Du/Dx = 1.0� or 2.0�. Intensities
were integrated and the raw data were corrected for Lor-
entz, polarization, and, arising from the scaling procedure
for latent decay and absorption effects. The structures were
solved by a combination of direct methods and difference
Fourier syntheses. All non-hydrogen atoms were refined
with anisotropic displacement parameters. Full-matrix
least-squares refinements were carried out by minimizingP

wðF 2
o � F 2

cÞ
2 with the SHELXL-97 weighting scheme and

stopped at shift/err <0.002. The final residual electron den-
sity maps showed no remarkable features. Neutral atom
scattering factors for all atoms and anomalous dispersion
corrections for the non-hydrogen atoms were taken from
International Tables for Crystallography. All calculations
were performed on an Intel Pentium II PC with the
STRUX-V system, including the programs PLATON, SIR92,
SIR97, and SHELXL-97 [49]. Specials: 3b: A disorder over
two positions (0.896(3):0.104(3)) of the PO2Cl2 anion could
be resolved clearly. All hydrogen positions could be located
from difference Fourier syntheses and were allowed to
refine freely. 5c: All hydrogen positions could be located
from difference Fourier syntheses and were allowed to
refine freely. Small extinction effects were corrected with
the SHELXL-97 procedure with e = 0.0060(2). 6b: All hydro-
gen positions could be located from difference Fourier
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syntheses and were allowed to refine freely. 18 Æ (C3H6O):
All hydrogen atoms were placed in calculated positions
and refined using a riding model, with C–H distances of
(0.95, 0.98, 0.99, 1.00) Å and Uiso(H) = 1.2Ueq(C) or
1.5Ueq(C).

5. Supplementary data

Crystallographic data (excluding structure factors) for
the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as sup-
plementary Publication Nos. CCDC-296019 (3b), CCDC-
296020 (5c), CCDC-296021 (6b), and CCDC-296022
[18 Æ (C3H6O)]. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cam-
bridge CB2 1EZ, UK, fax: (+44)1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk.
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Schütz, S.J. Williams, J. Chem. Soc., Perkin Trans. 1 (2001) 1586;
(b) R.W. Alder, M.E. Blake, L. Chaker, J.N. Harvey, F. Paolini, J.
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