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Understanding C—N bond breaking processes in the presence
of transition metals, especially ring opening of aromatic hetero-
cycles, is significant in establishing heterogeneous mechanisms and
assessing whether mild conditions are viable for hydro-denitroge-
nation processes.' In this context, the reactivity of early transition
metal—ligand bonds®* toward aromatic heterocycles falls within
one of two major categories: reactions involving metal—element o
bonds, where o-bond metathesis and migratory insertions predomi-
nate, and reactions involving metal—element st bonds, where [2 +
2] cycloadditions are the norm. Reactions that involve only o bonds
are found in ortho-metalation and functionalization of heterocycles,
while reactions involving multiple bonds lead to the ring opening
of aromatic heterocycles.

In some cases, metal complexes employing only ¢ bonds are
able to ring-open oxygen or sulfur-containing heterocycles.*
However, to date,” the most difficult case of ring opening, the
cleavage of the C—N bonds in aromatic heterocycles, has been
restricted to the involvement of metal—element multiple bonds.
Given the strength of the C—N bond in aromatic heterocycles (133
kcal/mol estimated in pyridine),® it is not surprising that only
isolated examples of homogeneous metal-mediated C—N bond
cleavage exist. These examples are limited to tantalum,”® niobium,”""
and titanium'*'* and all involve metal—element multiple bonds.
Herein we report on examples of aromatic N-heterocycle ring-
opening reactions mediated by scandium and yttrium alkyl com-
plexes. In these reactions, only o bonds are formed and broken at
the metal center.

Initial reactions between the ferrocene 1,1'-diamide scandium
benzyl complex, Sc(fc[NSi‘BuMe,],)(CH,Xy-3,5)(THF) (15¢-
THF),'* and pyridine or 2-picoline gave mixtures of compounds.
Investigation of these mixtures by 'H NMR spectroscopy indicated
the presence of olefinic peaks, which we interpreted to arise from
either dearomatization or the ring opening of the heterocycle. This
reactivity stands in contrast to that reported by Bercaw et al., who
showed that Cp,ScMe reacts with pyridine to form a scandium 7*-
N,C-pyridyl complex.'?

In a screening of several pyridines, we noticed that the reaction
of a yellow toluene solution of 15¢-THF with 2-phenylpyridine
could be driven until it showed a dark green color. We attribute
the dark green color to the presence of a conjugated structure formed
by C—N cleavage (see below) of the pyridine ring. Using "H NMR
spectroscopy, we identified that the first step was THF displacement
and coordination of 2-phenylpyridine to form 15¢-py*®, followed
by ortho-metalation of the pyridine ring to give 25¢-py*™. When
the reaction was stopped at that stage, 25-py™™ contained a
coordinated THF molecule, as opposed to coordinated 2-phenylpy-
ridine. However, heating the 25¢-py”™ THF adduct in the presence
of 1—2 equiv of 2-phenylpyridine (Scheme 1) allowed the isolation
of a brown product, 35-py*™. The X-ray crystal structure of 35¢-
py"™ (Figure 1) shows two C—C coupled'® pyridine rings, in which
one ring is dearomatized. Although heating of 35¢-py*™ led to the
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Scheme 1. Reactions of 2-Phenylpyridine and Scandium Benzyl
Complex 15¢-THF (L = fc[NSi'BuMegzls, Ar = 3,5-Dimethylphenyl)
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observation of a dark green color, we have been unable to isolate
and structurally characterize it due to decomposition before its
formation was completed.

A similar transformation was proposed by Teuben et al. to explain
the formation of 2,2'-bipy from Cp*,Y (1>-N,C-pyridyl) and excess
pyridine.'” In their case, hydrolytic workup was thought to induce
elimination of H, from a dearomatized coupling product (no
characterization reported). When we performed the analogous
experiment with 15°-THF, we observed transfer of the benzyl group
to pyridine (GC—MS and 'H NMR characterization, see Supporting
Information), with very little 2,2'-bipy formation. However, hy-
drolysis of a pyridyl coupling product (see Supporting Information
for details) showed formation of the corresponding aromatic
bipyridyl, so it is possible that 15¢-THF and Cp*,Y (17°-N,C-pyridyl)
share a mechanistic pathway in their reactions with pyridines.

In order to determine whether this transformation is general, we
turned to 1-methylimidazole; Jordan et al. reported that
[Cp>ZrMe(THF)]* did not promote C—H activation of 1-meth-
ylimidazole.'® The reaction of a yellow toluene solution of 15¢-

Figure 1. ORTEP representations of 35¢-py™ (left) and 45¢ (right) with
thermal ellipsoids at 50% probability (H atoms and solvent molecules were
omitted for clarity).
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Scheme 2. Proposed Mechanism for the Ring Opening of
1-Methylimidazole by Scandium Benzyl Complex 15¢-THF (L =
fc[NSi'BuMez],, Ar = 3,5-Dimethylphenyl)
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THEF with 3 equiv of 1-methylimidazole (Scheme 2) resulted in
the formation of a dark purple mixture after heating for 5 h at 70 °C.
After workup, a crystalline material was isolated and its X-ray
crystal was structure determined (Figure 1). That study revealed
that the product (45°) contained an imidazole—imine—amide
fragment, in which one imidazole molecule was ring-opened. The
solid-state structure is preserved in solution, as confirmed by 'H
NMR spectroscopy. An analogous product was isolated from the
reaction of the yttrium benzyl complex Y(fc[NSi'BuMe,],)-
(CH,Ph)(THF) (1¥-THF) and 1-methylimidazole, although the
formation of the ring-opened product was slower than that in the
scandium case.

Since ring opening of aromatic N-heterocycles by early transition
metal o bonds is unprecedented, we decided to investigate the
mechanism by which such a transformation took place. After mixing
of 15¢-THF and 1-methylimidazole, displacement of THF was
observed immediately. On the basis of "H NMR integrations, a
scandium benzyl complex with two coordinated imidazoles, 15¢-
(imidazole),, was formed (Scheme 2). Transformation of 15¢-
(imidazole), to the final product 45¢ was rapid and did not allow
the observation of other intermediates. However, the analogous
yttrium reaction allowed the isolation of the imidazole C—H
activation product, 2¥-imidazole. In the X-ray crystal structure of
2¥-imidazole, the #>-N,C-imidazolyl ligand was disordered, but
connectivity information could still be gathered (see Supporting
Information for details), and two additional molecules of imidazole
were found to coordinate to the yttrium center. The coordination
of two as opposed to one molecule of 1-methylimidazole is
important; heating of 15¢-(imidazole), solutions (a total of 2 equiv
of 1-methylimidazole) to give the ring-opened product was not

completed in 1 week. It is likely that the steric pressure exerted by
the third imidazole molecule accelerates the reaction. After the C—H
activation step took place, transformation to the ring-opened product
4Y was also fast for the yttrium complex and no intermediates (i.e.,
3¥.imidazole,, x = 0, 1) could be observed.

We propose that following the C—H activation step, C—C
coupling occurs between the #?-N,C-bond and one of the coordi-
nated imidazoles accompanied by the dearomatization of one of
the rings to give 3%-imidazole,. Such a transformation is analogous
to that observed in the case of pyridines (Scheme 1). This
intermediate was not observed and transformed very rapidly into
the final product, which is likely stabilized by the extended
conjugation present.

In conclusion, we have shown that ring opening of aromatic
N-heterocycles can be initiated by metal—carbon o-bonded frag-
ments. We are looking into computational studies that might explain
the driving force for the C—C coupling reaction. We are currently
investigating the reactions of modified systems containing highly
electrophilic metal centers with other N-heterocycles in order to
determine the generality of the observations presented here.
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