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ABSTRACT: The cyclization reaction of coordinated
B-functional phenyl isocyanides was used to generate
coordinated anellated N-heterocyclic carbenes. Coor-
dinated 2-trimethylsiloxyphenyl isocyanide reacts, af-
ter Si—0O bond cleavage, to yield a complex with a co-
ordinated benzoxazol-2-ylidene ligand. The cyclization
reaction of coordinated 2-aminophenyl isocyanide, ob-
tained in situ from 2-azidophenyl isocyanide, yields
the coordinated benzimidazol-2-ylidene. Both ylidenes
can be alkylated at the nitrogen atoms. Attempts to
generate four benzimidazol-2-ylidenes at Pt'! and to
bridge them by N-alkylation leading to a crown ether-
like ligand with carbene donors are presented here.
Free N-heterocyclic carbenes derived from benzimida-
zole with large N-substituents exist as monomers while
they dimerize to dibenzotetraazafulvalenes when sub-
stituted with sterically less-demanding substituents
at the ring nitrogen atoms. A chemical equilibrium
between the monomeric carbene and its dimerized
enetetraamine exists for the N,N'-isopropyl substi-
tuted derivative. © 2002 Wiley Periodicals, Inc. Het-
eroatom Chem 13:540-549, 2002; Published online in
Wiley InterScience (www.interscience.wiley.com). DOI
10.1002/hc.10099
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The nucleophilic attack at the carbon atom of a co-
ordinated isocyanide is a standard method to gen-
erate metal carbene complexes [1-3]. Protic nucle-
ophiles such as alcohols or primary or secondary
amines have been particularly useful in this reaction
(Scheme 1). This carbene synthesis was first applied,
although unintentionally, in 1915 when Tschugaj-
eff and Skanawy-Grigorjewa reacted tetrakis(methyl
isocyanide) platinum(II) with hydrazine [4]. A red
salt with the formula [Pt(N,H;)(MeNC),]Cl, 1 was
isolated, which was very likely the first carbene com-
plex to be synthesized in pure form [4]. Treatment
of 1 with hydrochloric acid yielded a yellow com-
plex 2, which could be transformed back to the red
form by addition of methyl isocyanide and base.
The red and yellow complexes were initially assigned
wrong, dimeric structures with six-coordinated Pt".
Fifty years later, these were recognized as the car-
bene complexes 1 and 2 [5].

While the addition of nucleophiles HX to coor-
dinated isocyanides usually leads to the formation
of complexes with acyclic carbene ligands, the em-
ployment of functional isocyanides, which contain
both the isocyanide group and the nucleophile in
the same molecule, gives access to complexes with
heterocyclic carbene ligands through an intramolec-
ular 1,2-addition across the CN triple bond. Various
synthetic methods have been developed to generate
such functional aliphatic isocyanides at the metal
center [6]. Alternatively, Fehlhammer et al. have in-
troduced readily available and stable 2-hydroxyalkyl
isocyanides such as CNCH,CH,0H, in which the
nucleophile and the isocyanide group are already
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SCHEME 1 Nucleophilic addition of alcohols and amines to
coordinated isocyanides and constitution of Tschugajeff’s red
(1) and yellow (2) complex.

linked before coordination to the metal center. If
suitably activated by coordination to transition met-
als in higher oxidation states these ligands sponta-
neously cyclize to form oxazolidin-2-ylidenes [7] al-
lowing even the isolation of homoleptic tetra-[8] and
hexacarbene complexes [9].

In B-functional aryl isocyanides (Scheme 2)
the electrophilic isocyanide and the nucleophilic
substituent are not only linked, but are also suitably
oriented in one plane for an intramolecular cycload-
dition reaction. This geometry together with the aro-
maticity of the resulting carbene ligand could lead
to an even greater tendency to form heterocyclic yli-
denes. Therefore, we studied the coordination chem-
istry of aromatic isocyanides with functional groups
in the ortho-position and their cyclization to NH,X-
stabilized carbene ligands [10].

We became interested in the coordination
chemistry of 2-hydroxyphenyl isocyanide 3 in order
to evaluate reactions at the hydroxy group possi-
bly leading to a template synthesis for aromatic
tripodal triisocyanides [3,11]. Contrary to aliphatic

X=0,NH

SCHEME 2 Formation of N,X-stabilized carbene complexes
from coordinated B-functional phenyl isocyanides.
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2-hydroxyethyl isocyanide [7-9], free 3 is not sta-
ble and cyclizes to benzoxazole 4 [12]. Lithiation
of 4 leads to an equilibrium between lithiated
3 and 4. Reaction of this mixture with Me;SiCl
yields regiospecifically 2-(trimethylsiloxy)phenyl
isocyanide 5, while reaction with Me;SnCl gives
C-metallated 2-(trimethylstannyl)benzoxazole 6 [13]
(Scheme 3).

The O-protected isocyanide 5 can readily be co-
ordinated to transition-metal complex fragments by
carbonyl substitution reactions, and a series of com-
plexes of the type [(5)M(CO),] 7 (x =4, M = Fe;
x =15, M = Cr, Mo, W) has been prepared [14-16].
Cleavage of the Si—O bond in complexes of type 7 is
best achieved by stirring in methanol with a catalytic
amount of KF for approximately 2 days releasing
complexes [(3)M(CO),] 8 with the 2-hydroxyphenyl
isocyanide ligand. Subsequently, complexes 9 con-
taining the benzoxazol-2-ylidene ligand can form,
if the isocyanide is sufficiently activated (or insuf-
ficiently deactivated) towards intramolecular nucle-
ophilic attack by the hydroxy group (Scheme 4).

Different observations were made during the cy-
clization reaction 8 — 9 depending on the nature of
the transition-metal complex fragment. Coordinated
to the Fe(CO), group 2-hydroxyphenyl isocyanide
completely cyclizes to give the carbene complex 9a,
which is the only product detectable by NMR spec-
troscopy [14]. On the other hand, hydrolysis of the
Si—O bond in [(5)M(CO)s;] (7b, M = Cr; 7c, M =
Mo, 7d, M = W) gives mixtures of isocyanide com-
plexes 8b-d and ylidene complexes 9b-d [16]. In
these mixtures complexes 8, can be identified by the
CN stretching frequencies (2132-2141 cm™!), while
complexes of type 9 show a strong IR absorption for
the N—H bond around 3430 cm~!. The O H resonance
for complexes 8b-d was found between 5.6 and 6.1
ppm in the '"H NMR spectrum (in CDCl;), whereas
the NH resonance for complexes of type 9 appeared
around 10.5 ppm. Comparison of the integrals for
these two resonances allows to determine the relative
abundance of the two components in a mixture of 8
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SCHEME 3 Preparation of 2-(trimethylsiloxy)phenyl iso-
cyanide (5).
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SCHEME 4 Equilibrium between isocyanide complexes 8
and carbene complexes 9.

and 9 indicating that the equilibrium resides mostly
on the side of the ylidene complexes 9 (Table 1).
The cis-configurated 2-hydroxyphenyl iso-
cyanide complex 8e was obtained after hydrolysis
of the corresponding O-silylated precursor 7e.
Here, the situation is reverse to that found for
coordination to the Fe(CO), complex and the equi-
librium resides completely on the side of the “open”
isocyanide form with no observable amounts of the
hypothetical carbene complexes 9e (Scheme 5) [16].
Comparison of the reactivity of complexes 8a-e
(Table 1) shows, that the tendency of coordi-
nated 2-hydroxyphenyl isocyanide to form the

OSiMe;

benzoxazol-2-ylidene varies with the complex frag-
ment ranging from complete carbene formation in
8a to complete isocyanide stabilization in 8e. It has
been shown that the electrophilicity of coordinated
carbonyl or isocyanide ligands can be related to the
IR absorption frequencies or to the force constants
of the CO or CN bonds, respectively [17]. The force
constant can be directly correlated with the posi-
tive charge on the carbon atom, for example, with
its susceptibility to nucleophilic attack [18]. Table 1
summarizes the IR stretching frequencies and force
constants calculated by the method of Cotton and
Kraihanzel [19] of complexes 8 together with the ob-
served isocyanide/carbene ratios.

The highest force constant (k = 1791 N/m) is cal-
culated for the iron derivative 8a indicating that
metal-to-ligand (d — w*)-backbonding is the weak-
est in the series of complexes 8a-e. Here, the lack of
sufficient stabilization causes the 2-hydroxyphenyl
isocyanide to undergo complete carbene formation
at the Fe(CO), complex fragment. A decrease in
k by 45 N/m relatively to 7a is calculated for the
tungsten complex 8d, and this already enhanced
backdonation from the metal center results in par-
tial suppression of the cycloaddition reaction. Com-
parison of the data obtained for the pentacarbonyl
complexes 8b-d and 9b-d illustrates how sensitive
the isocyanide/ylidene equilibrium is to marginal
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SCHEME 5 Preparation of the N-methylated carbene complex 10e from electronically stabilized 8e and molecular structure

of 10e.
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TABLE 1 Physical and IR Spectroscopic Data for Mixtures of Complexes 8 and 9
Ratio (%)

. . IR k(CN)
MLy Complex Isocyanide Ylidene 5. cm-? N/m
Fe(CO), 9a 0 100 21692 1791
W(CO)s 8d/od 15 85 2141 1746
Mo(CO)s 8c/9c 24 76 2137 1739
Cr(CO)s 8b/9b 29 71 2132 1731
cis-[W(CO),4PPhs] 8e 100 0 2117 1706

aWave number for complex 7a, the O-desilylated complex 8a could not be detected.

changes in the electronic properties of the complex
fragment allowing almost a “fine-tuning” of the iso-
cyanide/carbene ratio (Table 1).

Substitution of one cis-carbonyl ligand in the
tungsten complex 8d by the much weaker w-acceptor
triphenylphosphane PPh; in 8e increases the -
basicity of the metal center thus leading to enhanced
(d — w*)-backbonding to the 2-hydroxyphenyl iso-
cyanide as clearly shown by the much smaller force
constant (k=1706 N/m). This low value indicates
complete deactivation of the isocyanide carbon atom
in 8e for intramolecular nucleophilic attack and ex-
plains why no ylidene complexes 9e can be identified
spectroscopically (Scheme 5).

Even electronically stabilized isocyanide com-
plexes of the type 8e can be converted into yli-
dene derivatives by deprotonation and subsequent
N-alkylation. In deprotonated 8e the phenolate oxy-
gen atom is a stronger nucleophile causing com-
plete cyclization. N-methylation of the resulting
monoanionic benzoxazol-2-yl complexes results in
the formation of the complex with the 3-methyl-
2,3-dihydrobenzoxazol-2-ylidene ligand (Scheme 5)
[16].

Furthermore, this route also allows the in-
troduction of functionalized substituents at the
ylidene nitrogen atom and, for example, the
reaction of 9d with allyl bromide yields the
3-allyl-2,3-dihydrobenzoxazol-2-ylidene =~ complex
(10d) (Scheme 6) [20]. The carbene ligand in 10d
is a potentially tridentate ligand, as coordination of
the alkene moiety of the allyl substituent can lead
to the formation of an alkene-carbene complex.
Heating 10d in toluene under reflux for 3 days
resulted in the formation of 11d containing an
1 :m'-(3-allyl-2,3-dihydrobenzoxazol-2-ylidene)
ligand. Intramolecular chelation is easily detected
by 'H NMR spectroscopy [20].

The relation of the amount of M — L backbond-
ing and the course of the cyclization reaction can
be illustrated with additional examples. In general,
2-hydroxyphenyl isocyanide has an unusual strong
tendency to form cyclic carbene complexes even

at relatively electron-rich complex fragments. En-
hanced (d — w*)-backbonding from the metal center
can nevertheless suppress carbene formation com-
pletely. On the contrary, complete carbene forma-
tion will occur, if there is only little or no back-
donation from the metal, which holds for early
transition metals in high-oxidation states with d°-
electron configurations or for late transition metals
in medium or high oxidation states with low-energy
d-orbitals.

Triphenylboron can be regarded as a sim-
ple metal substitute with no d-electrons and has
been used as a Lewis acid in the formation of
adducts with isocyanides [21]. To study how 2-
(trimethylsiloxy)phenyl isocyanide 5 reacts after
hydrolysis if coordinated mainly as a o-donor, we
synthesized the borane adduct 12 from 5 and BPh;
at low temperature [22]. The molecular structure of
12 is shown in Scheme 7, representing so far the
only crystallographically characterized isocyanide
adduct of a triorganoborane Lewis acid.

In 12 the absorption for the CN stretching fre-
quency (2244 cm™!) is shifted to significantly higher
wave numbers compared to the free isocyanide (2120
cm™!), and the force constant for the CN bond in 12
was calculated to be 1918 N/m, which illustrates that
the coordination to BPh; actually activates the iso-
cyanide towards nucleophilic attack. Consequently,
12 reacts in methanol in the presence of a cat-
alytic amount of KF to give the ylidene complex 13
(Scheme 7) [22].

Reaction of an excess of 5 with PdI, leads to
complex trans-[Pd(5),I,] 14 [23]. In aqueous THF
complex 14 was O-desilylated under formation of the
bisylidene complex 15 (Scheme 8) [24].

The coexistence of N-protonated and N-
deprotonated benzoxazol-2-ylidene together with 2-
hydroxyphenyl isocyanide in the same coordina-
tion sphere has been demonstrated for an iron(II)
complex [25]. Desilylation of the cationic triiso-
cyanide complex [CpFe(5);]" 16 in methanol with
a catalytic amount of potassium fluoride yields
the neutral complex 17, which assembles all three
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SCHEME 6 Preparation of complex 10d with an N-functional benzoxazol-2-ylidene ligand and molecular structue of 10d.

possible intermediates for the conversion of a coor-
dinated isocyanides into ylidenes: the open chain iso-
cyanide, the cyclic carbenoid ligand, and the cyclic
carbanionic ligand (Scheme 9). This is a particularly
illustrative example of a borderline case between
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SCHEME 7 Synthesis and molecular structures of the tri-
phenylborane adducts 11 and 12.

cyclization and noncyclization or sufficient and in-
sufficient CN activation, respectively, and the forma-
tion of this unusual complex can be rationalized by
comparison of the o-donor-m-acceptor properties of
the ligands in 16 and 17.

Phenyl isocyanides are considered to be sig-
nificantly better w-acceptors than heterocyclic yli-
denes. Thus, stepwise intramolecular conversion of
the 2-hydroxyphenyl isocyanides into benzoxazol-
2-ylidene ligands in 16 does continuously increase
the electron density at the metal center. Thereby,
(d — 7*)-backbonding to the remaining isocyanides
will increase and the nucleophilic attack of the hy-
droxy oxygen atom at the isocyanide carbon becomes
increasingly hampered. Eventually, backbonding be-
comes so strong, that the reaction stops before all
isocyanides are converted into ylidenes. For the re-
maining isocyanide in 17, a force constant k(CN) =
1659 cm~! was calculated clearly indicating the com-
plete deactivation of this isocyanide for cyclization.

To allow complete ylidene formation (d — 7*)-
backbonding from the metal center in 17 must be
reduced. This is best achieved by oxidizing Fe® in 17
to Fe. As expected chemical oxidation of 17 with
I, yields the cationic tricarbene complex 18, which
shows no absorptions for isocyanides anymore in the
IR spectrum (Scheme 9).

An important feature of the chemistry of rhe-
nium is the existence of a large number of easily ac-
cessible and stable oxidation states that interconvert
under mild redox conditions [26]. Therefore,
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SCHEME 8 Preparation of the bisylidene complex 15 and molecular structures of 15 and the precursor 14.

rhenium isocyanide complexes are particularly suit-
able for studying the coordination chemistry of 2-
hydroxyphenyl isocyanide 3 depending on the ox-
idation state of the metal center, and complexes
of 3 with rhenium in the +I, +III, and +V oxida-
tion state have thus been prepared [27]. The iso-
cyanide ligands in the rhenium(V) complex 19 un-
dergo cyclization to yield the biscarbene complex
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SCHEME 9 Synthesis of the iron ylidene complexes 17 and
18 and molecular structure of 17.

20, immediately after Si—O bond cleavage. No such
cyclization was observed for the isocyanide lig-
and in the electron-rich Re™ complex 21, where
strong backbonding from the metal center causes
complete isocyanide deactivation which, after Si—O
bond cleavage, leads to complex 22, containing
a 2-hydroxyphenyl isocyanide ligand (Scheme 10)
[27].

While the reactivity of coordinated 2-hydroxy-
phenyl isocyanide is mostly determined by the elec-
tronic situation at the metal center, it should be
noted that an alternative method for shifting the
equilibrium between carbene and isocyanide exists
for mixtures composed of about equal amounts of
N,O-heterocarbene and 2-hydroxyphenyl isocyanide
complex. Addition of weak bases such as NEt; to
such mixtures stabilizes the isocyanide complex by
engaging the hydroxyl group in hydrogen bonds,
while stronger bases will deprotonate the hydroxy
function, making the oxygen atom more nucleophilic
and thereby shifting the equilibrium to the carbene
complex side [28].

So far only N,O-heterocarben ligands obtained
by cyclization of 2-hydroxyphenyl isocyanide have
been presented. However, even N,N-heterocyclic car-
benes can be prepared by the intramolecular cycliza-
tion of B-functional isocyanides.

The chemistry of N,N-heterocyclic carbenes
has experienced an “incredible renaissance” [29]
in recent years starting in 1991 with the isolation
of 2,3-dihydro-1H-imidazol-2-ylidenes of type
23 by Arduengo et al. (Scheme 11) [30]. Since
then additional types of stable N,N-heterocyclic
carbenes such as 24 and 25 and new methods
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SCHEME 10 Reactivity of rhenium isocyanide complexes and molecular structure of complex 22.

for their preparation have been reported [31]. The
employment of free, stable carbenes can be regarded
as the method of choice for the synthesis of tran-
sition metal carbene complexes, as their reactivity
can be studied in the absence of any byproducts
from carbene generation. The significance of N-
heterocyclic carbenes in catalysis has recently been
reviewed [32]. Complexes of the corresponding
anellated 2,3-dihydro-1H-benzimidazol-2-ylidenes
have also been generated in situ by deprotonation
of benzimidazolium salts followed by reaction with
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SCHEME 11 N,N-heterocyclic carbenes and reactivity of
the anellated carbene 27.

appropriate metal complexes [33]. Furthermore, the
introduction of bulky N-substituents increases the
stability of the anellated N-heterocyclic carbenes,
and the first stable anellated N-heterocyclic car-
bene 1,3-bis(2,2-dimethylpropyl)-2,3-dihydro-1H-
benzimidazol-2-ylidene 26 was isolated only re-
cently (Scheme 11) [34]. Anellated N-heterocyclic
carbenes show an interesting chemistry, which
distinguishes them from the nonanellated deriva-
tives. Among the unusual features, not seen with
carbenes of the Arduengo type, is the formation
of an equilibrium between the carbene 27 and its
dimer dibenzotetraazafulvalene 27 =27 [35], the
formation of unusual ring systems in the reaction
with phosphaalkynes [36] and the facile cleav-
age of the dimer in the presence of Lewis acids
[37].

However, the availability of free N-heterocyclic
carbenes is limited to 1,3-disubstituted derivatives,
which do not allow further reactions at the nitro-
gen atoms. One of our main aim was the devel-
opment of synthetic strategies towards the synthe-
sis of cyclic multidentate carbene ligands of type
30, which can be regarded as crown ethers with
carbon donor atoms (carbacrowns). To perform a
template synthesis for such a ligand, a method for
the preparation of 2,3-dihydro-1H-benzimidazol-2-
ylidenes bearing just protons at the nitrogen atoms
is needed (Scheme 12). Four of these ligands in
a square-planar complex of type 28 could then
be linked together by double N-alkylation to yield
complex 29, which would, after removal of the metal
atom, lead to the carbacrown 30.
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SCHEME 12 Synthetic strategy for the preparation of the carbacrown ligand 30.

Complexes with N,N-stabilized cyclic carbene
ligands can be prepared by nucleophilic addition
of amines to coordinated isocyanides [1]. Con-
sequently, the preparation of complexes with
N-unsubstituted  2,3-dihydro-1H-benzimidazol-2-
ylidenes like 28 is best achieved by cyclization of
2-aminophenyl isocyanide 31 at a suitable metal
center. Unfortunately, 2-aminophenyl isocyanide is
not stable and cyclizes, even in the absence of metal
ions, in analogy to the reaction 3 — 4 (Scheme 3) to
give benzimidazole 32 (Scheme 13).

Therefore, we chose 2-azidophenyl isocyanide
as a synthon for the in situ generation of metal-

N NH N N—
/// 2 Y H
c

H

31 32

SCHEME 13 Cyclization of 2-aminophenyl isocyanide 31 to
benzimidazole 32.

coordinated 2-aminophenyl isocyanide. In a pre-
liminary study [38] we coordinated 2-azidophenyl
isocyanide to the Cr(CO)s complex fragment to
obtain complex 33. This complex can be reacted
with PPh; in a Staudinger-type [39] reaction to
yield the iminophosphorane complex 34. Hydrolysis
with water/HBr yielded OPPh; and the unstable
2-aminophenyl isocyanide complex 35, which cy-
clizes to give complex 36 with the 2,3-dihydro-1H-
benzimidazol-2-ylidene ligand (Scheme 14). A simi-
lar reaction sequence has been used to generate sat-
urated N,N-heterocyclic carbenes at group 6 metal
centers [40].

In order to evaluate the possibility to function-
alize 36 at the nitrogen atoms, it was treated with 2
equiv. KOtBu followed by the addition of allyl bro-
mide. The doubly N,N-allylated ylidene complex 37
was thus obtained. Its molecular structure is de-
picted in Scheme 15.

With the reaction sequence 33 — 36 we have de-
veloped the tools to generate 4 NH,NH-heterocyclic
carbene ligands at a square planar metal center. The
alkylation of these carbenes has been demonstrated
with the sequence 36 — 37. We have attempted to
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NH,NH-stabilized cyclic carbene ligand and molecular structure

SCHEME 15 N,N-alkylation of carbene complex 36 and molecular structure of 37.

bind 4 equiv. 2-azidophenyl isocyanide at a Pt" ion,
liberate the amino groups, cyclize the four ligands,
and then bridge them by N-alkylation.
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