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(Abstract: Reactions of group 4 metallocene sources with 2-
substituted pyridines were investigated to evaluate their co-
ordination type between innocent and reductive dearoma-
tisation as well as to probe the possibility for couplings. A
dependence on the cyclopentadienyl ligands (Cp, Cp*), the
metals (Ti, Zr), and the substrates (2-phenyl-, 2-acetyl-, and
2-iminopyridine) was observed. While 2-phenylpyridine is
barely reactive, 2-acetylpyridine reacts vigorously with the
Cp-substituted complexes and selectively with their Cp* ana-

N

logues. With 2-iminopyridine, in all cases selective reactions
were observed. In the isolated [Cp,Til, [Cp,Zr], and [Cp*,Zr]
compounds the substrate coordinates by its pyridyl ring and
the unsaturated side-chain. Subsequently, the pyridine was
dearomatised, which is most pronounced in the [Cp*,Zr]
compounds. Using [Cp*,Til leads to the unexpected para-
magnetic complexes [Cp*,Ti"(N,0-acpy)] and [Cp*,Ti"(N,N'-
impy)]. This highlights the non-innocent character of the
ridyl substrates.
pyridy )

Introduction

Group 4 metallocene compounds rose in interest because they
are useful reagents or catalysts in synthetic chemistry."! Small
metallacycles are often discussed as key intermediates in these
reactions, and they can be obtained from 2-substituted pyri-
dines competitively by either C—C coupling of two pyridine de-
rivatives (Scheme 1, left) or coordination of one substrate via
its pyridyl ring and the unsaturated side-chain (Scheme 1,
right). As an early example for the latter reaction, in 1967,
[Cp,Ti(N,N"-bipy)] (A) (Cp=n’-cyclopentadienyl) was synthe-
sised by using bipyridine (bipy, Scheme 1) and [Cp,Ti(CO),] as
metallocene source. Since then, A was examined in-depth by
CV,® EPR™ X-ray crystallography,” and quantum mechanical
calculations™ to solve the problem of defining the titanium
oxidation state and the classification of bipy as non-innocent
ligand.* While bipy is a very well established pyridyl-contain-
ing bidentate ligand in group 4 metallocene chemistry, only
few other compounds with 2-(2-pyridyl)-imidazoline, 2-(2-pyrid-
yl)-imidazole, or 2-(2-pyridyl)-benzimidazole” were described,
however without structural information.

Instead of the coordination of the substrate, we examined
C—C couplings in the reaction of 2-(trimethylsilylethynyl)pyri-
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Scheme 1. Coupling or dearomatisation arising from bidentate coordination:
Conceivable reactions with 2-substituted pyridines.

dine (tmsepy) with [Cp,Ti(*-Me;SiC,SiMe,)] (Scheme 1, left), re-
sulting in two regioisomeric titanacyclopentadienes.”’ A similar
C—C coupling was observed upon addition of 2-cyanopyridine
(cypy) to [Cp*,M(*-Me,SiC,SiMe;)] (M=Ti, Zr; Cp*=n’-penta-
methylcyclopentadienyl).”

Furthermore, we investigated reactions of zirconocene-(i*
Me,SiC,SiMe;) complexes with 2-vinylpyridine (vipy) and ob-
tained the neutral complexes [Cp,Zr(vipy)] (B), [(ebthi)Zr(vipy)]
(©," and [(thi),Zr(vipy)] (D)"Y (ebthi=1,2-ethylene-1,1"bis(;>-
tetrahydroindenyl); thi=»-tetrahydroindenyl). It is interesting
to note that all these compounds have dearomatised pyridine
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rings, and therefore they can be best described as 1-zircona-2-
azacyclopent-3-enes with a formally reduced vipy. Additionally,
similar compounds were afforded by an insertion of 2-butyne
into the Zr—C bond of cationic [Cp,Zr(THF)(;*-N,C-pyridyl]
[BPh4] .[12]

Noteworthy are some other details regarding such type of
ligands. Compounds are often described as 2-phenylpyridine
complexes, although they contain 2-(pyridin-2-yl)benzen-1-
idene as ligand (the ortho-metallated anionic 2-phenylpyridine;
Scheme 2, right) and not its neutral form (Scheme 2, left)."* A
clear separation of both complexation types is necessary.

1-4 ortho-metallated

dearomatised

phpy

Scheme 2. Attempted alkyne replacement at 1-4 with 2-phenylpyridine.

Along with the above mentioned bipy, tmsepy, cypy, and
vipy, we investigated the reactions of 2-phenylpyridine (phpy),
2-acetylpyridine (acpy), and 2-(N-n-butyl-methylimino)pyridine
(impy) with  [Cp,Ti(y*-Me;SiC;SiMe;)] (1), [CpZr(py)(n*-
Me,SiC,SiMe;)] (2), and [Cp*,M(;7*-Me,SiC,SiMe;)] (M=Ti (3), Zr
(4); Scheme 1). We wanted to know whether a coupling or
a coordination accompanied by dearomatisation is preferred
for these substrates. For similar unsaturated bonds, couplings
were already described, but such a reaction might be impeded
by the pyridyl ring. Furthermore, acpy and impy should be
suitable to study the influence of the heteroatoms located in
B-position of the pyridine substituents.

Results and Discussion
Reactions of 2-phenylpyridine (phpy)

Motivated by the recent work of Beckhaus et al.,"* who isolat-
ed an unusual azatitanacyclopent-4-ene complex with a de-
aromatised phenyl ring, we treated phpy with the metallocene
generators 1-4. Beckhaus et al. used 1 and N-(di-p-tolylmethy-
lene)aniline (p-tolyl),C=N-Ph, which also bears a phenyl group
in conjugation to a C=N bond as in phpy. The reactions of
phpy with 1-4 were carried out in nonpolar solvents such as
benzene and n-hexane with a stepwise increased amount of
phpy (up to 20 equiv). However, no reactions were observed,
not even at elevated temperatures (up to 100°C) and long re-
action times (up to two weeks; Scheme 2).

To estimate the thermodynamic probability, we calculated
the formation free energy of the desired [Cp,M"(N,C-phpy)]
complexes (Scheme 2, left). The reaction of 1 with phpy is
slightly endergonic by 2.8kcalmol™, while that of
[Cp,Zr(py)(n*-Me;SiC,SiMe,)] is exergonic by 4.1 kcalmol ™.
Such low free energies reveal the very low thermodynamic
probability at high temperature. For comparison, the formation
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free energy for the reaction of 1 and (p-tolyl),C=N—Ph is exer-
gonic by 4.1 kcalmol™, and the reaction is thermodynamically
accessible.

To check the influence of coordinated pyridine, we comput-
ed the free energy change starting from [Cp,Zr(n*
Me,SiC,SiMe;)] and pyridine to [Cp,Zr(py)(n>-Me;SiC,SiMe;)]. It
was found that the pyridine coordination has a free energy
change of 0.2 kcalmol™', revealing the low coordination ability
of the pyridine ligand. This calculation underpins the pyridine
exchange examined in solution.™ Therefore, the energetic in-
fluence of the additional pyridine coordination is negligible.

Furthermore, we computed the reactions of [Cp*,M(p*
Me,SiC,SiMe;)] with phpy. For 3 no stable complex could be
located, while with 4 the reaction is endergonic by 4.8 kcal
mol™" and not accessible thermodynamically.

To gain access to the desired products, we investigated two
other reaction paths. First, phpy was used as reactant and solv-
ent in the reaction with 1-4. Second, a reduction of the cor-
responding metallocene dichlorides (with Mg, nBuLi, or Li as
reducing agent) in the presence of phpy was tried. Unfortu-
nately, both attempts did not result in the isolation of phpy
complexes. In the second case, however, NMR experiments
gave hints on a dearomatised phpy species (see the Support-
ing Information for further details). It is interesting to note that
no ortho-metallation took place (Scheme 2), despite the fact
that it is a frequent side reaction in transition-metal chemistry.
This type of coordination is well examined in the synthesis of
the salt [(ebiZr{s’-(C,N)-2-(pyridin-2-yl)benzen-1-ide}][B(C4Fs).]
by the reaction of [(ebi)Zr{*(C,N)-(6-phenyl-2-pyridyl)}]
[B(C4F5)4] (ebi=1,2-ethylene-bis-indenyl) with molecular hydro-
gen."™ However, no dearomatisation of the substrate is ob-
served, since the ortho-metallation affords a o-M—C bond.

Reactions of 2-acetylpyridine (acpy)

In contrast to the barely reactive phpy, we expected a much
higher reactivity of acpy in the reactions with metallocene
generators 1-4, owing to the bidentate character of this sub-
strate and the great oxophilicity of titanium and zirconium.
The calculated formation free energy of the expected
[Cp’,MY(N,0-acpy)] in singlet state for 1-4 is exergonic by 35.5,
43.0, 40.8, and 42.6 kcalmol™', respectively, indicating the
thermodynamic accessibility of these exchange reactions."”

Indeed, while dropping pure acpy to n-hexane solutions of
the Cp substituted complexes 1 and 2 at ambient temperature
(or even at —78°C) the spontaneous precipitation of a brown-
ish solid was observed. This residue is a mixture of several
compounds, insoluble in nonpolar solvents and sparsely sol-
uble in THF. Unfortunately, all attempts to isolate a defined
product failed.

In contrast to this behaviour, the reactions of the Cp* com-
plexes are more selective. Upon warming a mixture of 3 and
acpy, a colour change from pale yellow to dark green was ob-
served. Subsequently, the green solid was identified as the Ti"
complex 5 (Scheme 3), which was isolated in moderate yield
(47%). In the case of the zirconium complex [Cp*,Zr(y*
Me,SiC,SiMe;)], the reaction with acpy already occurred at
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Scheme 3. Synthesis of 5 and 6 by alkyne replacement with 2-acetylpyri-
dine.

20°C, indicated by the colour change from cyan to dark violet
(Scheme 3). This afforded the Zr¥ compound 6, a 1-zircona-2-
aza-5-oxa-cyclopent-3-ene, again in moderate yield (43 %).

For a better understanding of the nature of complex 5, we
carried out EPR measurements at 27°C in toluene solution,
which clearly confirm the formation of a single d' titanium(lll)
complex with a g value of 1.9817 (Figure 1)." In contrast to

EPR Intensity / arb.u.

T
1.98 1.97 1.96

g factor

Figure 1. a),c) EPR spectra: a) 5 and c) 9 at 27°C in toluene and b), d) simu-
lated spectra: b) 5 (g=1.9816; A;=8.5 G, Ay=1.54 G, AB=1.8G) and d) 9
(9g=1.9824; A;=87 G, A;,=18G, Ay,=24 G, AB=1.8 G).

this, the experimental data of 6 reveal unambiguously the for-
mation of the 1-zircona(lV)-2-aza-5-oxa-cyclopent-3-ene, with
no hints for an analogous paramagnetic zirconium(lll) species.
The complex formally consists of d° zirconocene(IV) and the di-
anionic [acpy]®” ligand (see the Structure Discussion below).

For compound 5, our computations show a higher stability
of the triplet state (by AG(S-T)= 1.9 kcalmol™"), which indicates
an equilibrium between singlet and triplet states (4 %: 96 %). In
case of compound 6, the singlet state is more stable by
6.0 kcalmol™" and therefore the sole isomer.

The compounds 5 and 6 have a remarkable thermal stability
and decompose at temperatures above 200°C. They can be
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stored at ambient temperature under argon atmosphere for
a period of a month. Noteworthy is that both compounds de-
compose rapidly in the presence of oxygen, whereas it takes
longer in the presence of water (about three days).

Reactions of 2-(N-n-butyl-methylimino)pyridine (impy)

In regard of the results with acpy, we expected a high reactiv-
ity of impy. The calculated formation free energy of
[Cp’,MY(N,N'-impy)] in singlet states from 1-4 are exergonic by
31.5, 38.0, 24.3, and 28.7 kcal mol™', respectively, indicating the
thermodynamic accessibility of these exchange reactions.

The reactions of impy with the metallocene generators 1-4
were performed in n-hexane or toluene. Depending on the Cp’
ligand and the metals, we observed different reactivities. Inter-
estingly, the Cp derivatives 1 and 2 formed the metallocene(IV)
complexes [Cp,M"Y(N,N-impy)] (7: M=Ti; 8: M=Zr; Scheme 4)

N, 50 °C
Si— N | n-hexane
AN v_
CpMJ # EE—— szM\
(py) si— N by
- Me3SiC,SiMe;
AN
. 7: M=Ti
1and 2 impy 8 M=2zr

Scheme 4. Alkyne replacement with 2-(N-n-butyl-methylimino)pyridine.

in a clean ligand exchange reaction without any hints of
a metallocene(lll) species.

For both compounds computations showed, that the singlet
state is more stable by 1.1 kcalmol™ (Ti) and 8.5 kcalmol™ (Zr).
In case of the titanium complex this reveals an equilibrium be-
tween the singlet and the triplet state (87 %:13%).

Both complexes can be synthesised in good yields (7: 72 %;
8: 71%) and show long-term stability under an argon atmos-
phere at ambient temperature. With decomposition tempera-
tures of 106°C (7) and 125°C (8), they are less thermally stable
than the above mentioned acpy complexes 5 and 6. Further-
more, they are extremely sensitive to air and moisture. Note-
worthy are some details of the NMR spectra of 7 and 8. Owing
to the intramolecular motion in 7, low-temperature (—75°C)
measurements in [Dg]THF were required for the clear detection
of all signals in the 'H and the *C NMR spectra (Figure 2).

It is interesting to note that the resonances of the (-CH,
substituent as well as of the nitrogen-bonded N-CH, group are
more prone to this movement than the Cp substituents and
the terminal fragments of the n-butyl group. Opposing to this,
the 'H and *C NMR spectra of 8 at 25°C display two different
resonances for the Cp substituents. This observation supports
the concept of an oscillating impy ligand between the two Cp
substituents in 7, which is already known for 1,4-diazabuta-
diene complexes of titanium.'” In contrast, the larger zirco-
nium atom in 8 allows a fixation of the impy by a stronger
metal-ligand interaction. For both compounds, this results in
a bent structure in the solid state (see below).
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B-CHs _75°C

-40°C
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Figure 2. Temperature-dependent 'H NMR spectra of 7 between 25°C and
—75°C. Asterisks indicate the solvent [Dg]THF.

Furthermore, we were interested in the influence of the Cp*
ligand on the reactions with impy. In case of the titanocene
compound 3, this again resulted in a paramagnetic Ti" com-
plex 9 in moderate yields (49%, Scheme 5). The triplet state is
thermodynamically more dominant by 2.3 kcalmol ™, and the
ratio between the singlet and triplet state is 2% to 98 %.

50 °C
n-hexane u .
— Cp*Ti,

- Me;SiC,SiMe;

3 impy

Scheme 5. Alkyne replacement with 2-(N-n-butyl-methylimino)pyridine.

However, the EPR spectrum of 9 at 27°C (g=1.9824) in tolu-
ene solution revealed unambiguously a single titanium(lll)
centre coordinated by both nitrogen atoms of impy (Fig-
ure 1).9 The strong resonances in the spectra of 5 and 9 show
a series of weak satellite resonances, which result from the
hyperfine interactions with the “’Ti (/I=5/2) and *Ti (I=7/2)
nuclei (Figure 1; A;=85G in 5; A;=8.7 G in 9). Furthermore,
these signals feature a super hyperfine splitting (shfs) by the
coordinated "N nuclei. However, the different M—N bonds in 9
resulted in two shfs values (Ay=15G in 5; A;;=1.8G, A, =
2.4 G in 9). The EPR spectra at —173°C in toluene glass show
for both compounds a rhombic titanium(lll) centre, which is
typical for Cp* substituted titanium (see the Supporting Infor-
mation).

The observed EPR spectra of 5 and 9 at 27°C are in good
agreement with the determined data for the bis(cyclopentadi-
enyl)titanium(ll)-N,N"-bipyridyl hexafluorophosphate
[Cp,Ti(N,N'"-bipy)][PF,] reported by McPherson, Stucky, et al.”® It
is necessary to note that no hints for a triplet excited state
were found in our EPR measurements, as might be expected
for neutral titanocene(lll) complexes with a formal radical
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anionic 2-substituted pyridine as ligand. This observation is in
strong contrast to the previous work on the [Cp’,Ti(N,N'-bipy)]
complexes and leads to the question of the formation and the
nature of the observed neutral titanocene(lll) complexes 5 and
g 46l

Therefore, we carried out in situ NMR experiments and ob-
served the direct formation of the complexes 5 and 9 indicat-
ed by a broad signal, the decrease of the starting materials
and a rising sharp signal for Me,SiC,SiMe; (see the Supporting
Information). In both reactions, the 2-substituted pyridine was
not quantitatively converted, giving an explanation for the
yields of 5 and 9 (< 50%). But, the NMR and MS spectra of the
reaction solutions show no hints for other quantitatively
formed side products as they can be imagined by Michael- or
McMurry-like reductive coupling reactions® or a compropor-
tionation reaction towards 5 or 9. An analogous mechanism
was recently discussed in the formation of a pyridonate-sup-
ported titanium(lll) complex by Schafer et al.”” Furthermore,
the in situ EPR experiments gave no hints for a second single
electron containing species, which might be hidden in the
NMR experiments. Unfortunately, these results yield no satisfac-
torily explanation for the formation of compounds 5 and 9
and their unusual spectroscopic data.

In contrast to [Cp,Zr(py)(17°-Me;SiC,SiMes)], the Cp*-substi-
tuted zirconium complex 4 did not react with impy, not even
at elevated temperatures of 100°C and several weeks of reac-
tion time. However, the formation of the Cp*-analogous com-
pound of 8 is exergonic (AG,qs=—28.7 kcalmol™), indicating
the thermodynamic accessibility of this complex. Thus, we in-
vestigated the reduction of [Cp*,ZrCl,] with Li directly in the
presence of impy. We observed a colour change in toluene
from pale yellow to dark violet at ambient temperature within
12 h reaction time. The following separation of lithium chloride
and workup gave the desired [Cp*,ZrV(N,N'-impy)] (10)
(Scheme 6) in good yield (74 %). For compound 10, the singlet
state is more stable than the triplet state by 4.2 kcalmol™'.

Owing to the steric demand of the Cp* ligand, 9 and 10 are
more stable to air and moisture than 7 and 8, but decompose
in the same temperature range (9: 139°C; 10: 119°C). They
can be stored under argon atmosphere for several months.

=
| 25°C
al N toluene v
Cp*,Zr< ol + 2L + _— Cp*QZr\
N7 -2Licl
impy 10

Scheme 6. Reductive synthesis of 10.

Structure discussion

Especially of interest are the structural and electronic changes
in the 2-substituted pyridines, caused by their coordination to
group 4 metallocenes. The substrates that we used in this
work are well-examined as bidentate ligands in classical coord-
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ination chemistry, for example [Ml(phpy),*® [Ml(acpy),”® and C6, X, and M show an envelope

[MI(impy).”?¥ In most of these complexes only the coordination  structure, which is reflected by N
sphere of the central metal atom was considered, while the [ angles between 130.78(9)° in 8 \ ( \)
bonding situation of the 2-substituted pyridine was neglected.  and 156.63(9)° in 9 combined with \ A \\5

However, DFT studies clarified the redox non-innocent charac-
ter of bipy and especially the specific role of the three differ-
ent oxidation levels of bipy ligands (neutral bipy°, m-radical
anion [bipy]~, diamagnetic dianion [bipy]*"; Scheme 7).

= AN o 2-
: NeC | i TN c | i : @
. N,/é' | -e . N;CI' | e |, Nf&'
N N g
bipy® [bipy T [bipy*

Scheme 7. Oxidation levels of bipy.

A useful tool to distinguish the oxidation states of coordinat-
ed bipy is the bond distance of the ipso-carbon atoms linking
the pyridines (C—C’). For example, in [Cp,Zr(N,N'-bipy)]® (E)
and [Cp*,Hf(4,4'-di-tert-butylbipyridyl)],”® both of which are
formal [bipy]>~ complexes, these bonds are significantly short-
ened as a consequence of strong m-donation of the metal d?
electrons into the m* orbitals of bipy. This m-back-donation
capability is known to be increased with a rising methylation
degree at cyclopentadienyl rings owing to the increasing elec-
tron density at the metal centre.””

With these results in mind, we examined the structural data
of the herein described compounds by X-ray crystallography.
The molecular structures of compounds 6, 7, 8, and 9 are de-
picted in Figure4 and 5. In all four complexes, the metal
centre is surrounded by two Cp’ ligands and the 2-substituted
pyridine. The latter is coordinated by the pyridine nitrogen
atom and the heteroatom (X=N or O) in the p-position
(Figure 3). The five-membered metallacycles formed by N1, C5,

small torsion angles N1-C5-C6-X I‘VI/\ cé
between —2.0(2)° in 7 and 3.4(2)° R Pata
in 9 (Table 1). The larger 3 angle in \

9 (156.53(9)°) compared to \
141.25(6)° in 7 shows a flattening
of this envelope owing to the in-
fluence of the permethylated cy-

Figure 3. General assignment
of the discussed complexes.

Figure 4. Molecular structure of 6 in the solid state. Hydrogen atoms are
omitted for clarity; ellipsoids are set at 30% probability. Selected bond
lengths [A] and angles [°] are summarised in Table 1.

clopentadienyl ligands. This is in good agreement with the
data for the analogous bipy complexes [Cp,Ti(N,N-bipy)] (3=
157°) and [Cp*,Ti(N,N'-bipy)] (B=180°)."" Furthermore, the
larger B angle in 7 (141.25(6)°) compared to 130.78(9)° in 8
gives a hint for a larger ligand flipping energy barrier in 8. This
supports the oscillating impy ligand observed in solution in 7,
and the two NMR independent Cp substituents in 8. The same
bending behaviour was described for the complexes
[Cp,Ti(N,N-bipy)] (A) with a large P angle and [Cp,Zr(N,N'-
bipy)] (E) with a smaller angle (Table 1).

To estimate the influence of the coordination on the struc-
ture of 2-substituted pyridines, we compared the bond lengths
of free acpy to those in 6 (see Table 1 and the Supporting In-

Table 1. Selected bond lengths [A] and angles [°], with BP86/TZVP computed values given in square brackets.
Compound M—N1 M-—X N1-C5 C5-C6 [§ N1-C5-C6-X
A [Cp,Ti(N,N"-bipy)]® 2.146 2117 1374 1.422 156.7 —27
B [Cp,Zr(N,N"-vipy)]® 2.272(4) 2.272(5) 1.406(6) 1.386(7) 1215 —10.5
E [Cp,Zr(N,N'-bipy)]9 2.164 2.160 1.395 1397 137.1 2.1
acpy - - 1.3402(13) 1.4986(15) - -
6 [Cp*,Zr(N,0-acpy)] 2.169(2) 2.039(2) 1.421(3) 1.363(4) 152.7(1) 1.8(3)
[2.239] [2.100] [1.428] [1.397] [152.1] [-1.5]
7 [Cp,Ti(N,N'-impy)] 2.0869(10) 2.0384(10) 1.3918(14) 1.406(2) 141.25(6) —2.0(2)
[2.093] [2.043] [1.402] [1.421] [143.8] [2.7]
8 [Cp,Zr(N,N'-impy)] 2.144(2) 2.086(2) 1.411(2) 1.394(3) 130.78(9) 0.2(3)
[2.207] [2.141] [1.411] [1.419] [136.0] [2.4]
9 [Cp*,Ti(N,N"-impy)] 2.1333(12) 2.1287(12) 1.397(2) 1.409(2) 156.63(9) 3.4(2)
[2.174] [2.190] [1.400] [1.424] [174.4] [4.9]
[a] Data taken from Ref. [5]. [b] Data taken from Ref. [10]. [c] Data taken from Ref. [25].
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Figure 5. Molecular structure of 7 (left), 8 (middle), and 9 (right) in the solid state. Hydrogen atoms are omitted for clarity; ellipsoids are set to 30% probabil-

ity. Selected bond lengths [A] and angles [°] are summarised in Table 1.

formation). The C5—C6 distance in 6 (1.363(4) A) is impressively
shortened by about 0.136 A. The N1—C5 bond and the C6—01
bond are elongated by 0.08 A and 0.146 A, respectively. Fur-
thermore, in compound 6 C1-C2 (1.359(3) A) and C3-C4
(1.341(5) A) are localised double bonds, while in acpy the C—C
distances of the pyridyl unit are well balanced and range be-
tween 1.373(2) A (C2-C3) and 1.3881(14) A (C4-C5). On the
basis of these results, we suggest a dearomatised pyridyl unit
[acpy]*” and a [Cp*,Zr"] fragment in 6. To the best of our
knowledge, 6 exhibits the shortest known C5—C6 distance for
acpy complexes.

The comparison of the molecular structures of [Cp,Ti"(N,N-
impy)] (7), [Cp,ZrV(N,N-impy)] (8), and [Cp*,Ti"(N,N'-impy)] (9)
reveal only small differences concerning the impy ligand. The
C5-C6 bonds range between 1.409(2) A in 9 and 1.394(3) A in
8, thus they can be described as elongated C,.—C,,. double
bonds (cf. 1.34 A). Furthermore, in all three compounds the
C1—C2 and C3—C4 bonds are significantly shorter than the C2—
C3 and C4-C5 bonds, indicating the same localised double
bonds as observed in 6 (see the Supporting Information).
Merely the N2—C6 bond is larger in the zirconium complex 8
than in the titanium compounds (cf. N2—C6: 1.378(3) in 8,
1.3514(2) in 7, 1.353(2) in 9). In agreement with the collected
data, 7, 8, and 9 can be described as diazametallacyclopent-3-
enes'"? formed by the dearomatisation of impy.

Discussion of 'H and '*C NMR data

Along with the discussed structural changes, we had a closer
look on the 'H and ">C NMR shifts of the 2-subsituted pyridines
caused by the coordination. As a consequence of the strong -
donation of metallocene d* electrons into the m* orbitals of
the pyridine substrates, a strong upfield shift of their reson-
ances is observed. This illustrates their electron acceptance.”
A good indicator for the dearomatisation of the pyridyl units
are the shifts of the C2 and the H(C2) signal.

These resonances were unambiguously determined for all
described diamagnetic complexes by 'H,")C HSQC and 'H,'H
NOESY NMR experiments (Table 2). In the *C NMR spectrum of
6, the resonance of C2 is shifted by —27.0 ppm compared to
free acpy and for H(C2) by —1.63 ppm. This is in good agree-
ment with the C2 high-field shifts of about —18 ppm observed
for [Cp,Zr(vipy)] (B) and [(ebthi)Zr(vipy)] (C)."” In contrast to
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Table 2. Selected NMR resonances [ppm] and shift differences [ppm] in
[Dglbenzene at 25°C.

Compound BC(2) 'H(C2) Ad (0 A6 ('H)
acpy 126.7 6.73 - -

impy 123.9 6.69 - -

6 [Cp*,Zr(N,0-acpy)] 99.8 5.10 —-27.0 -1.63
[Cp*Ir(CI)(N,0-acpy)][PF¢l™ 133.7 8.05 +7.0 +1.32
7 [Cp,Ti(N,N'-impy)]®’ 103.9 5.25 —20.0 —1.44
8 [Cp,Zr(N,N'-impy)] 101.5 5.44 —223 -1.27
10 [Cp*,Zr(N,N'-impy)] 101.3 5.47 —226 —1.22

[a] Data taken from the previously reported measurement in CD,Cl,.*?"
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[b] Data taken from low temperature measurement in [Dg]THF at —75°C.

these upfield shifts, the resonances of the cationic [Cp*Ir(Cl)-
(N,0-acpy)l[PFs]***' complex were shifted downfield (Table 2).
In agreement with these observations and the shortened C5—
C6 bond in 6, these data support the concept of a [Cp*,Zr"]
unit with a formal [acpy]*~ ligand. Furthermore the 'H and
BCNMR spectra of 7, 8, and 10 show an analogous upfield
shift compared to free impy. The lower upfield shifts compared
to 6 indicate a weaker but still significant dearomatisation in
these compounds.

These observations, in combination with the isolation of the
paramagnetic titanocene(lll) species 5 and 9, show that the 2-
substituted pyridines acpy and impy are non-innocent ligands
in group 4 metallocene complexes.

Conclusions

The reactions of the metallocene generators 1-4 with 2-substi-
tuted pyridines depend on the Cp’ ligands (Cp, Cp¥), the metal
centres (Ti, Zr), and also the substrates (phpy, acpy, impy).
During our investigations, all efforts to activate phpy using
group 4 metallocenes were unsuccessful whereas acpy reacts
vigorously with the Cp substituted complexes to a mixture of
non-defined products. The reaction of the Cp* metallocene
compound [Cp*,Ti(*>-Me,SiC,SiMe;)] (3) with acpy results in
the unexpected paramagnetic titanium(lll)  complex
[Cp*,Ti"(N,0-acpy)] (5). With [Cp*,Zr(n*-Me;SiC,SiMe,)] (4) the
zirconium(lV) compound [Cp*,ZrV(N,0-acpy)] (6) was isolated.
The latter shows a remarkably disturbed aromaticity and
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a formal [acpy]®>~ unit. This highlights the strong electron dona-
tion capability of Cp* zirconocene compared to the Cp deriva-
tive and the titanocenes. The reactions of impy and [Cp,Ti(i*
Me,SiC,SiMe;)] (1) as well as [Cp,Zr(py)(7*-Me;SiC,SiMe;)] (2)
lead to the metallocene complexes [Cp,M"(N,N'-impy)] (M=Ti
in 7, M=Zr in 8). As in case of acpy, the reaction of impy and
[Cp*,Ti(n*-Me;SiC,SiMe,)] (3) leads to the paramagnetic Ti"
complex [Cp*,Ti"(N,N-impy)] (9). While impy is able to react
with 2 to [Cp,Zr(N,N-impy)] (8), an analogous formation of
[Cp*,ZrY(N,N'-impy)] (10) using 4 was not observed. However,
10 is accessible by reduction of [Cp*,ZrCl,] with lithium in the
presence of impy.

The higher stability of the singlet states of the zirconocene
complexes explains why they are the only detectable isomers
(compare AG(S-T)=6.0 (6), 8.5 (8), and 8.5 kcalmol™" (10)). For
the titanium compounds equilibria between the triplet and
singlet states (compare AG(S-T)=-1.9 (5), 1.1 (7), and
—2.3 kcalmol™" (9)) were calculated, which makes the detec-
tion and analysis of the products difficult. Nevertheless, this
work shows the non-innocent character of the 2-substituted
pyridines and reveals the rising reactivity phpy <impy < acpy
influenced by the heteroatoms located in (-position of the
pyridine.

Experimental Section

All operations were carried out under argon with standard Schlenk
techniques or in a glovebox. The solvents were purified with the
Grubbs-type column system “Pure Solv MD-5" and dispensed into
thick-walled glass Schlenk bombs equipped with Young-type
Teflon valve stopcocks. n-Butylamine (99.5 %, Aldrich), 2-phenylpyri-
dine (99%, Aldrich), and 2-acetylpyridine (99 %, Aldrich) were fresh-
ly distilled prior to use. 2-(N-n-butyl-methylimino)pyridine,®”
[Cp,Ti(7°-Me;SiC,SiMe;)] (Cp =n*-cyclopentadienyl),®” [Cp,Zr(py)(17*-
Me,SiC,SiMe;)],*? [Cp*,Zr(n*Me,SiC,SiMes)] (Cp* =7°-pentamethyl-
cyclopentadienyl),®¥ and [Cp*,Ti(n>-Me,SiC,SiMe,)1®Y were pre-
pared according to previously reported procedures. The following
instruments were used: NMR: Bruker AV300 and AV400. 'H and "*C
chemical shifts were referenced to the solvent signal: [Dg]benzene
(04 =7.16, Oc=128.0)>" [DgTHF (0,,=3.58, 5.=67.57)% For as-
signment of the NMR resonances we used a combination of two-
dimensional measurements. For 'H-"*C HSQC, 'H-"C HMBC, and
'H-'H NOESY assignment, see the Supporting Information, Fig-
ure S1. IR: Bruker Alpha FT-IR-MS: Finnigan MAT 95-XP (Thermo-
Electron). Elemental analysis: Leco Tru Spec elemental analyzer.
Melting points: Mettler-Toledo MP 70. Melting points are uncorrect-
ed and were measured in sealed capillaries. In our calculations, we
have used the real-size molecules 1-10 as well as the 2-substituted
pyridines at the BP86 level with the TZVP basis set for non-metal
elements and the effective core potential LANL2DZ basis set for Zr
and Ti.?”

Crystals suitable for X-ray crystal structure analysis were obtained
by cooling saturated warm n-hexane solutions (60°C) of 6, 7, and
8 to ambient temperature; in the case of 9, n-heptane was used.
Crystals of acpy suitable for X-ray analysis were achieved by slow
cooling neat drops of acpy under nitrogen atmosphere to —20°C.
Diffraction data for acpy, 6, 7, and 8 were collected on a Bruker
Kappa APEX-Il CCD diffractometer using Mo Ka radiation. Diffrac-
tion data of 9 were collected on the same diffractometer using
Cu Ko radiation. The structures were solved by direct methods®
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and refined by full-matrix least-squares procedures on F? with the
SHELXTL software package.?” Diamond was used for graphical rep-

resentations.””!

Crystal data for 6: C,,H;,NOZr, M=482.79 gmol ', triclinic, space
group PI, a=8.6274(2), b=9.2945(3), c=15.9863(5)A, a=
92.0441(6), B=97.9042(6), y=109.7994(6)°, V=1190.00(6) A3, T=
150(2) K, Z=2, 46596 reflections measured, 5756 independent re-
flections (R;,,=0.0185), final R values (/>20a(l)): R,=0.0361, wR,=
0.0901, final R values (all data): R,=0.0373, wR,=0.0912, 238 par-
ameters.

Crystal data for 7: C,;HN,Ti, M=2354.34 gmol~', monoclinic, space
group P2,/c, a=16.5370(9), b=8.4538(5), c=13.4579(7) R, p=
99.4517(16)°, V=1855.88(18) A>, T=150(2) K, Z=4, 35101 reflec-
tions measured, 4467 independent reflections (R;,,=0.0225), final R
values (/>2a(/)): R,=0.0289, wR,=0.0777, final R values (all data):
R,=0.0324, wR,=0.0810, 219 parameters.

Crystal data for 8: C,;H,N,Zr, M=397.66 gmol~', monoclinic,
space group P2,/c, a=16.4175(11), b=8.6081(6), c=13.4787(9) A,
£ =100.0961(17)°, V=1875.4(2) R, T=150(2) K, Z=4, 21661 reflec-
tions measured, 4304 independent reflections (R;,,=0.0281), final R
values (/>20(l)): R,=0.0265, wR,=0.0695, final R values (all data):
R,=0.0330, wR,=0.0824, 219 parameters.

Crystal data for 9: C3;H,N,Ti, M=494.60 gmol ', monoclinic, space
group P2,/n, a=9.1871(2), b=18.3010(4), c=16.2386(3)A, B=
104.2994(8)°, V=2645.66(10) A>, T=150(2) K, Z=4, 20455 reflec-
tions measured, 4671 independent reflections (R;,,=0.0330), final R
values (/>20(/)): R,=0.0349, wR,=0.0969, final R values (all data):
R,=0.0366, wR,=0.0988, 319 parameters.

Crystal data for acpy: C,H,NO, M=121.14 gmol™"', orthorhombic,
space group Pbca, a=12.1009(6), b=7.7202(4), c=13.7085(7) A,
V=1280.67(11) A’, T=150(2) K, Z=8, 11204 reflections measured,
1540 independent reflections (R;,,=0.0215), final R values (/> 20()):
R, =0.0375, wR,=0.0966, final R values (all data): R, =0.0448, wR,=
0.1041, 83 parameters.

CCDC 1433272 (6), 1433273 (7), 1433274 (8), 1433275 (9), and
1433276 (acpy) contain the supplementary crystallographic data
for this paper. These data are provided free of charge by The Cam-
bridge Crystallographic Data Centre.

Preparation of 5: 2-Acetylpyridine (acpy) (0.121 g, 1.0 mmol) was
added dropwise to a stirred solution of [Cp*,Ti(37°-Me,SiC,SiMes)]
(3) (0.379 g, 0.8 mmol) in n-hexane (10 mL) at 0°C. The resulting
mixture was slowly warmed to ambient temperature and heated
to 55°C for 2 d. The dark-green solution was concentrated to an
approximate volume of 2 mL and filtered. The solution was stored
at —78°C over a period of 12 h resulting in the deposition of
a dark-green solid. Removal of supernatant by syringe and drying
in vacuo at ambient temperature for 3 h yielded 5 (0.165 g, 47 %)
as a green solid. It should be mentioned that 5 may be contam-
inated with 3, which can be removed by recrystallization.

M.p.: 212°C (dec. under Ar). 'HNMR (25°C, [D¢benzene,
300.20 MHz): 6 =5-9 ppm (broad). EPR (27 °C, toluene): g=1.9816,
A;=85G, Ay=154G, AB=1.8G; (—173°C, toluene glass) g,=
2.0018, g,=1.9814, ¢g,=1.9645 AB,=18G, AB,=43G, AB,=
4.6 G. IR (Nujol, 32 scans): 7=1628 (w), 1600 (m), 1579 (s), 1558
(m), 1493 (m), 1322 (s), 1303 (m), 1279 (m), 1245 (m), 1158 (m),
1147 (m), 1021 (m), 996 (s), 802 (M), 756 (s), 743 (s), 649 cm™' (m).
MS-CI* (isobutane): [M*]1 439 (100), [Cp*,Ti"] 318 (20), [Cp**] 137
(97), [acpy+H™]1 122 (100). M(C,,H;,NOTi) = 438,46 gmol~". Elemen-
tal analysis (%) calcd: C73.96, H8.28 N3.19; found: C73.81,
H 8.32, N 3.26.

Preparation of 6: 2-Acetylpyridine (acpy) (0.060 g, 0.5 mmol) was
added dropwise to a stirred solution of [Cp*,Zr(17°-Me,SiC,SiMes)]
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(4) (0.258 g, 0.5 mmol) in n-hexane (10 mL) at —78°C. The mixture
was slowly warmed to ambient temperature and stirred for 18 h.
Subsequently, the dark-violet solution was concentrated to an ap-
proximate volume of 2 mL and filtered. The solution was stored at
—78°C over a period of 12 h resulting in the deposition of a dark-
violet solid. Removal of supernatant by syringe and drying in
vacuo at ambient temperature for 1 h yielded 6 (0.103 g, 43%) as
a violet solid.

Mp.: 219°C (dec. under Ar. 'HNMR (25°C, [D¢lbenzene,
400.13 MHz): 6=6.52 (m, 1H, CH), 6.14 (m, 1H, CH), 6.00 (m, 1H,
CH), 5.10 (m, TH, CH), 2.10 (s, 3H, CH;), 1.81 ppm (s, 30H, Cp*).
BCNMR (25°C, [Dglbenzene, 100.62 MHz): 6=144.1 (CH), 133.1
(Cquare)r 132.2 (Cypar), 124.3 (CH), 119.5 (CH), 119.0 (Cp*yyan), 99.8
(CH), 19.7 (CH;), 11.2 ppm (Cp*-CH5). IR ATR (32 scans): 7=2965
(m), 2900 (m), 2853 (M), 1596 (s), 1532 (w), 1494 (w), 1436 (s), 1377
(s), 1334 (m), 1277 (s), 920 (m), 707 (s), 650 cm™" (m). MS-CI* (iso-
butane): [M*1 481 (1), [Cp**] 137 (100), [acpy+H'] 122 (47).

M(C,,H;;,NOZr) =481.19 gmol~'. Elemental analysis(%) calcd:
C67.17,H7.72, N 2.91; found: C 66.95, H 7.75, N 2.99.
Preparation of 7: 2-(N-n-Butyl-methylimino)pyridine (impy)

(0.176 g, 1.0 mmol) was added dropwise to a stirred solution of
[Cp,Ti(17*-Me,SiC,SiMe,)] (1) (0.278 g, 0.8 mmol) in n-hexane (10 mL)
at ambient temperature. The reaction mixture gradually changed
its colour from pale brownish to dark-red within 24 h. The resulting
solution was concentrated to an approximate volume of 4 mL, fil-
tered, and slowly cooled to —78°C. Removal of supernatant by syr-
inge, washing with cooled n-hexane (—78°C, 3x3 mL) and drying
in vacuo at ambient temperature for 3 h yielded 7 (0.205 g, 72%)
as dark-red solid.

M.p.: 106°C (dec. under Ar)."H NMR (—75°C, [Dltetrahydrofurane,
400.13 MHz): 6=7.57 (m, 1H, CH), 6.95 (m, 1H, CH), 643 (m, 1H,
CH), 5.38 (s, 10H, Cp), 5.25 (t, TH, CH), 3.41 (m, 2H, CH,), 2.34 (s,
3H, CH,), 1.32 (m, 4H, 2x CH,), 0.94 ppm (t, 3H, CH;). ®CNMR
(—75°C, [Dgltetrahydrofurane, 100.62 MHz): 6=150.5 (CH), 140.4
(Cauar)r 131.8 (Cquan)r 1282 (CH), 120.2 (CH), 105.5 (Cp), 103.9 (CH),
55.4 (CH,), 37.8 (CH,), 21.8 (CH,), 14.9 (CH,), 13.2 ppm (CHJ). IR
(Nujol, 32 scans): 7=3096 (w), 3080 (w), 3038 (w), 1913 (w), 1716
(w), 1584 (s), 1547 (w), 1497 (m), 1337 (m), 1307 (w), 1287 (s), 1250
(s), 1221 (w), 1163 (w), 1153 (m), 1132 (m), 1109 (m), 1065 (M), 1020
(m), 1008 (m), 984 (m), 904 (m), 842 (m), 833 (m), 814 (s), 801 (s),
791 (s), 734 (s), 660 (w), 610 (w), 564 (m), 514 (w), 481 (w),
465 cm ' (w). MS-CI* (isobutane): [M*] 354 (100), [impy+H*] 177
(67). M(CyH,N,T)=354.16 gmol~". This complex is extremely air-
sensitive and could not be analysed satisfactorily by CHN analysis.
Preparation of 8: To a stirred solution of [Cp,Zr(py)(*-
Me;SiC,SiMe;)] (2) (0.235 g, 0.5 mmol) in n-hexane (10 mL), 2-(N-n-
butyl-methylimino)pyridine (impy) (0.088 g, 0.5 mmol) was added
dropwise at ambient temperature. The reaction mixture was stirred
at 60 °C for 24 h. The resulting solution was concentrated to an ap-
proximate volume of 4 mL, filtered and slowly cooled to —78°C.
Removal of supernatant by syringe, washing with cooled n-hexane
(—78°C, 3x3 mL) and drying in vacuo at ambient temperature for
3 h yielded 8 (0.132 g, 67 %) as brownish solid.

M.p.: 125°C (dec. under Ar). 'HNMR (25°C, [Dglbenzene,
300.13 MHz): 6=7.48 (m, 1H, CH), 6.53 (m, 1H, CH), 6.42 (m, 1H,
CH), 5.74 (s, 5H, Cp), 5.44 (m, 1H, CH), 5.25 (s, 5H, Cp), 3.44 (m, 2H,
CH,), 1.79 (s, 3H, CH,), 133 (m, 2H, CH,), 1.18 (m, 2H, CH,),
0.86 ppm (t, 3H, CH,). ®*C NMR (25°C, [Dg]lbenzene, 75.48 MHz): 0 =
147.8 (CH), 127.2 (CH), 117.4 (CH), 109.3 (Cyyar), 107.6 (Cp), 103.5
(Cp), 101.5 (CH), 54.8 (CH,), 38.0 (CH,), 21.0 (CH,), 14.4 (CH,),
12.3 ppm (CH5). IR (Nujol, 32 scans): 7=3113 (w), 3096 (w), 3077
(w), 3039 (w), 1911 (w), 1716 (w), 1598 (s), 1320 (s), 1288 (s), 1234
(m), 1218 (m), 1169 (m), 1151 (m), 1135 (m), 1075 (w), 1062 (w),
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1016 (m), 1007 (m), 978 (m), 900 (w), 824 (m), 798 (s), 787 (s), 732
(s), 557 (m), 426 (m), 400 cm™' (m). MS-CI" (isobutane): [M*] 396
(100), [impy+H "1 177 (41). M(C,,H,N,Zr)=396.11 gmol . Elemen-
tal analysis (%) calcd: C63.43, H6.59, N7.04; found: C63.58,
H6.49, N 7.01.

Preparation of 9: 2-(N-n-Butyl-methylimino)pyridine (impy)
(0.100 g, 0.57 mmol) was added dropwise to a stirred solution of
Cp*,Ti(p>-Me;SiC,SiMe;)  (3) (0.236g, 0.50 mmol) in n-hexane
(10 mL) at 0°C. The mixture was slowly warmed to ambient tem-
perature and heated to 55 °C for 3 d. Then the dark-brown solution
was concentrated to an approximate volume of 2 mL and filtered.
The filtrate was freed of all volatiles in vacuo resulting in 9
(0.121 g, 49%) as a brown solid.

M.p.: 139°C (dec. under Ar. 'HNMR (25°C, [D¢lbenzene,
300.13 MHz): 6 =1.5-2.1 (broad), 4-6 ppm (broad). EPR (27 °C, tolu-
ene): g=1.9824, A;=87G, A,=18G, A,=24G, AB=15G;
(—173°C, toluene glass) g,=2.0019, g,=1.9821, g;=1.9675, AB,=
6.9 G, AB,=6.5G, AB;=7.6 G. IR ATR (32 scans): 7=3071 (w), 2949
(m), 2895 (m), 2851 (s), 1879 (w), 1604 (w), 1573 (m), 1555 (m),
1477 (m), 1434 (m), 1374 (s), 1345 (m), 1320 (s), 1278 (s), 1246 (s),
1161 (w), 1142 (w), 1128 (m), 1105 (m), 1042 (m), 1018 (s), 988 (m),
948 (m), 901 (w), 794 (m), 724 (s), 708 cm™" (s). MS-CI* (isobutane):
[M*]1 493 (68), [Cp*,Ti"1318 (11), [impy+H "1 177 (5) [Cp**1 137 (3).
M(C;,H,sN,Ti) = 493,58 gmol . Elemental analysis (%) calcd: C 75.44,
H9.19, N 5.68; found: C 75.13, H 9.43, N 5.80.

Preparation of 10: 2-(N-n-Butyl-methylimino)pyridine (impy)
(0.088 g, 0.5 mmol) was added dropwise to a stirred suspension of
[Cp*,ZrCl,] (0.216g, 0.5mmol) and lithium sand (0.007 g,
1.0 mmol) in toluene (10 mL) at ambient temperature. The pale
yellow reaction mixture was stirred over 2 d. Within 2 h, the colour
switches to red-brownish and finally to dark-violet at the end of
the reaction time. This solution was freed of all volatiles in vacuo,
the residue dissolved in n-hexane (10 mL) and filtered. The dark-
violet solution was concentrated to an approximate volume of
1 mL and stored at 6°C for 2 d resulting in the deposition of 10
(0.201 g, 74 %) as a violet solid.

Mp.: 119°C (dec. under Ar. 'HNMR (25°C, [D¢benzene,
400.13 MHz): 6=7.14 (m, 1H, CH), 6.51 (m, TH, CH), 6.30 (m, 1H,
CH), 5.47 (m, 1H, CH), 3.51 (m, 2H, CH,), 2.04 (s, 3H, CH;), 1.80 (s,
30H, Cp¥), 1.57 (m, 2H, CH,), 1.33 (m, 2H, CH,), 0.97 ppm (m, 3H,
CH;). CNMR (25°C, [Dgbenzene, 75.48 MHz): 0=147.08 (CH),
131.97 (Cquan)r 123.86 (CH), 120.19 (CH), 11632 (Cqan), 115.66
(Cauarcp) 101.26 (CH), 5333 (CH,), 37.76 (CH,), 21.64 (CH,), 16.13
(CH5), 14.62 (CH5), 11.82 ppm (Cp*-CH,). IR ATR (32 scans): 7=2954
(m), 2899 (m), 2855 (m), 2721 (w), 1638 (w), 1589 (m), 1565 (m),
1497 (m), 180 (m), 1450 (s), 1431 (s), 1375 (s), 1299 (m), 1289 (s),
1227 (m), 1165 (m), 1143 (m), 1128 (m), 1106 (m), 1070 (m), 1051
(m), 978 (m), 781 (m), 726 (s), 700 cm™"' (m). MS-CI™ (isobutane):
[M*] 536 (100), [Cp*,Zr'] 360 (2), [impy+H*1 177 (1)
M(C3;,HuN,Zr) =537.95 gmol~".  Elemental  analysis(%) calcd:
C69.22, H8.62, N 5.21; found: C 69.11, N 8.61, H 5.10.

Acknowledgements

We are grateful for the GC measurement and hydrogen detec-
tion by L. Dura. Furthermore, we thank our technical and ana-
lytical staff for assistance. Financial support by the DFG (RO
1269/9-1) is gratefully acknowledged.

Keywords: dearomatisation - metallocenes -

pyridines - reduction

metallacycles -

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

[1

e

[71
[8]

[9]

[10]

[11]

[12]

[13]
[14]

[15]

[16]
[17]

[18]

[19]

[20]

[21]

[22]

[23]

Chem. Eur. J. 2016, 22, 3361 - 3369

a) R. Beckhaus, in Metallocenes: Synthesis Reactivity Applications (Eds.: A.
Togni, R. L. Halterman), Wiley-VCH, Weinheim, 2008, pp. 153-239; b) E.-
i. Negishi, J.-L. Montchamp, in Metallocenes: Synthesis Reactivity Applica-
tions (Eds.: A. Togni, R.L. Halterman), Wiley-VCH, Weinheim, 2008,
pp. 241-319.

a) E. O. Fischer, R. Amtmann, J. Organomet. Chem. 1967, 9, P15-P17;
b) J. J.S. F. Calderazzo, P. Moslmann, Inorg. Chim. Acta 1967, 1, 65-67.
J. E. Anderson, T. P. Gregory, C. M. McAndrews, L. B. Kool, Organometal-
lics 1990, 9, 1702-1703.

a) A. M. McPherson, B.F. Fieselmann, D. L. Lichtenberger, G. L. McPher-
son, G. D. Stucky, J. Am. Chem. Soc. 1979, 101, 3425-3430; b) P. T. Witte,
R. Klein, H. Kooijman, A. L. Spek, M. Polasek, V. Varga, K. Mach, J. Orga-
nomet. Chem. 1996, 519, 195-204.

R. Gyepes, P.T. Witte, M. Horacek, I. Cisafova, K. Mach, J. Organomet.
Chem. 1998, 551, 207 -213.

a) P. Milko, M. A. Iron, J. Chem. Theory Comput. 2014, 10, 220-235;
b) C. C. Scarborough, K. Wieghardt, Inorg. Chem. 2011, 50, 9773-9793.
M. J. Calhorda, A.R. Dias, J. Chem. Soc. Dalton Trans. 1980, 1443 -1447.
U. Rosenthal, C. Lefeber, P. Arndt, A. Tillack, W. Baumann, R. Kempe, V. V.
Burlakov, J. Organomet. Chem. 1995, 503, 221-223.

G. Tomaschun, K. Altenburger, F. Reif3, L. Becker, A. Spannenberg, P.
Arndt, H. Jiao, U. Rosenthal Eur. J. Inorg. Chem. 2016, 272 -280.

D. Thomas, W. Baumann, A. Spannenberg, R. Kempe, U. Rosenthal, Or-
ganometallics 1998, 17, 2096 -2102.

A. Spannenberg, P. Arndt, W. Baumann, V. V. Burlakov, U. Rosenthal, S.
Becke, T. Weiss, Organometallics 2004, 23, 3819-3825.

R. F. Jordan, D. F. Taylor, N. C. Baenziger, Organometallics 1990, 9, 1546 —
1557.

A. Salzer, Pure Appl. Chem. 1999, 71, 1557 -1585.

F. Loose, I. Plettenberg, D. Haase, W. Saak, M. Schmidtmann, A. Schéfer,
T. Mdiller, R. Beckhaus, Organometallics 2014, 33, 6785-6795.

U. Rosenthal, A. Ohff, W. Baumann, A. Tillack, H. Goérls, V. V. Burlakov,
V. B. Shur, Z. Anorg. Allg. Chem. 1995, 621, 77 -83.

F. Wu, R. F. Jordan, Organometallics 2005, 24, 2688 - 2697.

For the expected product of 1 and acpy, our computations show that
the singlet state is more stable than the triplet state by only 0.8 kcal
mol ', indicating equilibrium between the singlet and triplet states (80/
20). For the expected product of 2 and acpy, the singlet state is more
stable than the triplet state by 7.1 kcalmol~". Therefore, only the singlet
state should be observable.

a) C. Godemann, L. Dura, D. Hollmann, K. Grabow, U. Bentrup, H. Jiao, A.
Schulz, A. Briickner, T. Beweries, Chem. Commun. 2015, 51, 3065 -3068;
b) M. Klahn, D. Hollmann, A. Spannenberg, A. Briickner, T. Beweries,
Dalton Trans. 2015, 44, 12103-12111; ¢) M. Kessler, S. Hansen, D. Holl-
mann, M. Klahn, T. Beweries, A. Spannenberg, A. Briickner, U. Rosenthal,
Eur. J. Inorg. Chem. 2011, 627 -631.

F. Amor, P. Gdmez-Sal, P. Royo, J. Okuda, Organometallics 2000, 19,
5168-5173.

F. Loose, M. Schmidtmann, W. Saak, R. Beckhaus, Eur. J. Inorg. Chem.
2015, 5171-5187.

E. Chong, W. Xue, T. Storr, P. Kennepohl, L. L. Schafer, Organometallics
2015, 34, 4941 -4945.

a)S.M.W. Rahaman, S. Dinda, T. Ghatak, J.K. Bera, Organometallics
2012, 31, 5533-5540; b) Z. M. Hudson, B. A. Blight, S. Wang, Org. Lett.
2012, 74, 1700-1703; c) E. Baranoff, B. F. E. Curchod, J. Frey, R. Scopelli-
ti, F. Kessler, I. Tavernelli, U. Rothlisberger, M. Gratzel, M. K. Nazeeruddin,
Inorg. Chem. 2012, 51, 215-224; d) G. St-Pierre, S. Ladouceur, D. Fortin,
E. Zysman-Colman, Dalton Trans. 2011, 40, 11726-11731.

a) D. Hanh Nguyen, N. Lassauque, L. Vendier, S. Mallet-Ladeira, C. Le B-
erre, P. Serp, P. Kalck, Eur. J. Inorg. Chem. 2014, 326-336; b) Y. Boutadla,
O. Al-Duaij, D. L. Davies, G. A. Griffith, K. Singh, Organometallics 2009,
28, 433-440; ¢) Z-G. Gu, X.-H. Zhou, Y.-B. Jin, R.-G. Xiong, J.-L. Zuo, X.-Z.
You, Inorg. Chem. 2007, 46, 5462 -5464; d) A. Schneider, H. Vahrenkamp,
Z. Anorg. Allg. Chem. 2003, 629, 2122-2126; e) W. Wang, B. Spingler, R.
Alberto, Inorg. Chim. Acta 2003, 355, 386-393; f) S. Alshehri, J. Burgess,
J. Fawcett, D. Russell, A. Shaker, Transition Met. Chem. 2000, 25, 691 -
694; g) G. M. Sheldrick, D. A. Stotter, J. Chem. Soc. Dalton Trans. 1975,
666 —-668.

[24]

[25]

[26]

[27]

[28]

[29]
[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]
[39]
[40]

CHEMISTRY

A European Journal

Full Paper

a) B. M. Lindley, P.T. Wolczanski, T. R. Cundari, E. B. Lobkovsky, Organo-
metallics 2015, 34, 4656-4668; b) V. A. Williams, E. B. Hulley, P. T. Wolc-
zanski, K. M. Lancaster, E. B. Lobkovsky, Chem. Sci. 2013, 4, 3636-3648;
c) E. C. Volpe, P. T. Wolczanski, J. M. Darmon, E. B. Lobkovsky, Polyhedron
2013, 52, 406-415; d)B. A. Frazier, P.T. Wolczanski, I. Keresztes, S.
DeBeer, E. B. Lobkovsky, A. W. Pierpont, T. R. Cundari, Inorg. Chem. 2012,
51, 8177-8186; e) A. Bheemaraju, R. L. Lord, P. Miller, S. Groysman, Or-
ganometallics 2012, 31, 2120-2123; f)M. van Gastel, C.C. Lu, K.
Wieghardt, W. Lubitz, Inorg. Chem. 2009, 48, 2626-2632; g)C.C. Lu, T.
Weyhermiiller, E. Bill, K. Wieghardt, Inorg. Chem. 2009, 48, 6055 -6064;
h) C. C. Lu, E. Bill, . Weyhermidiller, E. Bothe, K. Wieghardt, J. Am. Chem.
Soc. 2008, 130, 3181-3197; i) S. C. Bart, K. Chtopek, E. Bill, M. W. Bouw-
kamp, E. Lobkovsky, F. Neese, K. Wieghardt, P. J. Chirik, J. Am. Chem. Soc.
2006, 7128, 13901-13912.

J. R. Nitschke, T.D. Tilley, Angew. Chem. Int. Ed. 2001, 40, 2142-2145;
Angew. Chem. 2001, 113, 2200-2203.

T. Beweries, A. Spannenberg, U. Rosenthal, Z. Kristallogr. New Cryst.
Struct. 2010, 225, 188-190.

V. Varga, K. Mach, M. Polasek, P. Sedmera, J. Hiller, U. Thewalt, S. . Troya-
nov, J. Organomet. Chem. 1996, 506, 241 -251.

a) R. Fernandez-Galéan, A. Antifolo, F. Carrillo-Hermosilla, I. Lopez-Solera,
A. Otero, A. Serrano-Laguna, E. Villasefior, Organometallics 2012, 31,
8360-8369; b) A. C. Benjamin, A.S.P. Frey, M. G. Gardiner, C. L. Raston,
B. W. Skelton, A.H. White, J. Organomet. Chem. 2008, 693, 776-780;
¢)R.K. Thomson, L.L. Schafer, Organometallics 2010, 29, 3546-3555;
d) J. Scholz, H. Gérls, J. Organomet. Chem. 2002, 648, 87-92; e) C. Stan-
ciu, M. E. Jones, P. E. Fanwick, M. M. Abu-Omar, J. Am. Chem. Soc. 2007,
129, 12400-12401.

J. Scholz, M. Nolte, C. Kriiger, Chem. Ber. 1993, 126, 803 -809.

M. Winn, D. A. Dunnigan, H.E. Zaugg, J. Org. Chem. 1968, 33, 2388-
2392.

U. Rosenthal, V. V. Burlakov, P. Arndt, W. Baumann, A. Spannenberg, Or-
ganometallics 2003, 22, 884 -900.

J.R. Nitschke, S. Zircher, T.D. Tilley, J. Am. Chem. Soc. 2000, 122,
10345-10352.

J. Hiller, U. Thewalt, M. Poldsek, L. Petrusova, V. Varga, P. Sedmera, K.
Mach, Organometallics 1996, 15, 3752-3759.

V. V. Burlakov, A.V. Polyakov, A.l. Yanovsky, Y.T. Struchkov, V.B. Shur,
M. E. Vol'pin, U. Rosenthal, H. Gorls, J. Organomet. Chem. 1994, 476,
197 -206.

H. E. Gottlieb, V. Kotlyar, A. Nudelman, J. Org. Chem. 1997, 62, 7512—
7515.

S. Budavari, M. J. O'Neil, A. Smith, P. E. Heckelman, The Merck Index, an
Encyclopedia of Chemicals, Drugs, and Biologicals, 11th ed., Merck Co.,
Inc. Rahway, NJ, 1989.

Gaussian 03, Revision E.01, M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E.
Scuseria, M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S.S. lyengar, J. Tomasi, V. Barone,
B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Petersson, H. Nakatsu-
ji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida, T. Na-
kajima, Y. Honda, O. Kitao, H. Nakai, M. Klene, X. Li, J. E. Knox, H.P.
Hratchian, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts,
R. E. Stratmann, O. Yazyev, A.J. Austin, R. Cammi, C. Pomelli, J. W. Och-
terski, P. Y. Ayala, K. Morokuma, G. A. Voth, P. Salvador, J. J. Dannenberg,
V. G. Zakrzewski, S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K.
Malick, A.D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham,
C.Y. Peng, A. Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W.
Chen, M. W. Wong, C. Gonzalez, J. A. Pople, Gaussian, Inc., Wallingford
CT, 2004.

G. M. Sheldrick, Acta Crystallogr. Sect. A 2008, 64, 112-122.
SHELXL-2014: G. M. Sheldrick, Acta Crystallogr. Sect. C 2015, 71, 3.

K. Brandenburg, DIAMOND. Crystal Impact Gbr, 2007, Bonn, Germany.

Received: November 3, 2015
Published online on January 25, 2016

www.chemeurj.org

3369

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1016/S0022-328X(00)91003-9
http://dx.doi.org/10.1016/S0022-328X(00)91003-9
http://dx.doi.org/10.1016/S0022-328X(00)91003-9
http://dx.doi.org/10.1016/S0020-1693(00)93140-2
http://dx.doi.org/10.1016/S0020-1693(00)93140-2
http://dx.doi.org/10.1016/S0020-1693(00)93140-2
http://dx.doi.org/10.1021/om00119a054
http://dx.doi.org/10.1021/om00119a054
http://dx.doi.org/10.1021/om00119a054
http://dx.doi.org/10.1021/om00119a054
http://dx.doi.org/10.1021/ja00507a001
http://dx.doi.org/10.1021/ja00507a001
http://dx.doi.org/10.1021/ja00507a001
http://dx.doi.org/10.1016/S0022-328X(96)06209-2
http://dx.doi.org/10.1016/S0022-328X(96)06209-2
http://dx.doi.org/10.1016/S0022-328X(96)06209-2
http://dx.doi.org/10.1016/S0022-328X(96)06209-2
http://dx.doi.org/10.1016/S0022-328X(97)00430-0
http://dx.doi.org/10.1016/S0022-328X(97)00430-0
http://dx.doi.org/10.1016/S0022-328X(97)00430-0
http://dx.doi.org/10.1016/S0022-328X(97)00430-0
http://dx.doi.org/10.1021/ct400913z
http://dx.doi.org/10.1021/ct400913z
http://dx.doi.org/10.1021/ct400913z
http://dx.doi.org/10.1021/ic2005419
http://dx.doi.org/10.1021/ic2005419
http://dx.doi.org/10.1021/ic2005419
http://dx.doi.org/10.1039/dt9800001443
http://dx.doi.org/10.1039/dt9800001443
http://dx.doi.org/10.1039/dt9800001443
http://dx.doi.org/10.1016/0022-328X(95)05582-A
http://dx.doi.org/10.1016/0022-328X(95)05582-A
http://dx.doi.org/10.1016/0022-328X(95)05582-A
http://dx.doi.org/10.1021/om970976t
http://dx.doi.org/10.1021/om970976t
http://dx.doi.org/10.1021/om970976t
http://dx.doi.org/10.1021/om970976t
http://dx.doi.org/10.1021/om049745u
http://dx.doi.org/10.1021/om049745u
http://dx.doi.org/10.1021/om049745u
http://dx.doi.org/10.1021/om00119a029
http://dx.doi.org/10.1021/om00119a029
http://dx.doi.org/10.1021/om00119a029
http://dx.doi.org/10.1021/om500750y
http://dx.doi.org/10.1021/om500750y
http://dx.doi.org/10.1021/om500750y
http://dx.doi.org/10.1002/zaac.19956210114
http://dx.doi.org/10.1002/zaac.19956210114
http://dx.doi.org/10.1002/zaac.19956210114
http://dx.doi.org/10.1021/om049099z
http://dx.doi.org/10.1021/om049099z
http://dx.doi.org/10.1021/om049099z
http://dx.doi.org/10.1039/C4CC09733E
http://dx.doi.org/10.1039/C4CC09733E
http://dx.doi.org/10.1039/C4CC09733E
http://dx.doi.org/10.1039/C5DT00275C
http://dx.doi.org/10.1039/C5DT00275C
http://dx.doi.org/10.1039/C5DT00275C
http://dx.doi.org/10.1002/ejic.201001225
http://dx.doi.org/10.1002/ejic.201001225
http://dx.doi.org/10.1002/ejic.201001225
http://dx.doi.org/10.1021/om000657t
http://dx.doi.org/10.1021/om000657t
http://dx.doi.org/10.1021/om000657t
http://dx.doi.org/10.1021/om000657t
http://dx.doi.org/10.1002/ejic.201500805
http://dx.doi.org/10.1002/ejic.201500805
http://dx.doi.org/10.1002/ejic.201500805
http://dx.doi.org/10.1002/ejic.201500805
http://dx.doi.org/10.1021/acs.organomet.5b00469
http://dx.doi.org/10.1021/acs.organomet.5b00469
http://dx.doi.org/10.1021/acs.organomet.5b00469
http://dx.doi.org/10.1021/acs.organomet.5b00469
http://dx.doi.org/10.1021/om300506v
http://dx.doi.org/10.1021/om300506v
http://dx.doi.org/10.1021/om300506v
http://dx.doi.org/10.1021/om300506v
http://dx.doi.org/10.1021/ol300242f
http://dx.doi.org/10.1021/ol300242f
http://dx.doi.org/10.1021/ol300242f
http://dx.doi.org/10.1021/ol300242f
http://dx.doi.org/10.1021/ic202162q
http://dx.doi.org/10.1021/ic202162q
http://dx.doi.org/10.1021/ic202162q
http://dx.doi.org/10.1039/c1dt11236h
http://dx.doi.org/10.1039/c1dt11236h
http://dx.doi.org/10.1039/c1dt11236h
http://dx.doi.org/10.1002/ejic.201300933
http://dx.doi.org/10.1002/ejic.201300933
http://dx.doi.org/10.1002/ejic.201300933
http://dx.doi.org/10.1021/om800909w
http://dx.doi.org/10.1021/om800909w
http://dx.doi.org/10.1021/om800909w
http://dx.doi.org/10.1021/om800909w
http://dx.doi.org/10.1021/ic070112s
http://dx.doi.org/10.1021/ic070112s
http://dx.doi.org/10.1021/ic070112s
http://dx.doi.org/10.1002/zaac.200300188
http://dx.doi.org/10.1002/zaac.200300188
http://dx.doi.org/10.1002/zaac.200300188
http://dx.doi.org/10.1016/j.ica.2003.08.001
http://dx.doi.org/10.1016/j.ica.2003.08.001
http://dx.doi.org/10.1016/j.ica.2003.08.001
http://dx.doi.org/10.1023/A:1007025706498
http://dx.doi.org/10.1023/A:1007025706498
http://dx.doi.org/10.1023/A:1007025706498
http://dx.doi.org/10.1039/dt9750000666
http://dx.doi.org/10.1039/dt9750000666
http://dx.doi.org/10.1039/dt9750000666
http://dx.doi.org/10.1039/dt9750000666
http://dx.doi.org/10.1021/acs.organomet.5b00385
http://dx.doi.org/10.1021/acs.organomet.5b00385
http://dx.doi.org/10.1021/acs.organomet.5b00385
http://dx.doi.org/10.1021/acs.organomet.5b00385
http://dx.doi.org/10.1039/c3sc50743b
http://dx.doi.org/10.1039/c3sc50743b
http://dx.doi.org/10.1039/c3sc50743b
http://dx.doi.org/10.1016/j.poly.2012.08.060
http://dx.doi.org/10.1016/j.poly.2012.08.060
http://dx.doi.org/10.1016/j.poly.2012.08.060
http://dx.doi.org/10.1016/j.poly.2012.08.060
http://dx.doi.org/10.1021/ic300590t
http://dx.doi.org/10.1021/ic300590t
http://dx.doi.org/10.1021/ic300590t
http://dx.doi.org/10.1021/ic300590t
http://dx.doi.org/10.1021/om300067z
http://dx.doi.org/10.1021/om300067z
http://dx.doi.org/10.1021/om300067z
http://dx.doi.org/10.1021/om300067z
http://dx.doi.org/10.1021/ic802131w
http://dx.doi.org/10.1021/ic802131w
http://dx.doi.org/10.1021/ic802131w
http://dx.doi.org/10.1021/ic9004328
http://dx.doi.org/10.1021/ic9004328
http://dx.doi.org/10.1021/ic9004328
http://dx.doi.org/10.1021/ja710663n
http://dx.doi.org/10.1021/ja710663n
http://dx.doi.org/10.1021/ja710663n
http://dx.doi.org/10.1021/ja710663n
http://dx.doi.org/10.1021/ja064557b
http://dx.doi.org/10.1021/ja064557b
http://dx.doi.org/10.1021/ja064557b
http://dx.doi.org/10.1021/ja064557b
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2142::AID-ANIE2142%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2142::AID-ANIE2142%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2142::AID-ANIE2142%3E3.0.CO;2-3
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2200::AID-ANGE2200%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2200::AID-ANGE2200%3E3.0.CO;2-T
http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2200::AID-ANGE2200%3E3.0.CO;2-T
http://dx.doi.org/10.1016/0022-328X(95)05758-H
http://dx.doi.org/10.1016/0022-328X(95)05758-H
http://dx.doi.org/10.1016/0022-328X(95)05758-H
http://dx.doi.org/10.1021/om300942p
http://dx.doi.org/10.1021/om300942p
http://dx.doi.org/10.1021/om300942p
http://dx.doi.org/10.1021/om300942p
http://dx.doi.org/10.1016/j.jorganchem.2007.11.061
http://dx.doi.org/10.1016/j.jorganchem.2007.11.061
http://dx.doi.org/10.1016/j.jorganchem.2007.11.061
http://dx.doi.org/10.1021/om100424j
http://dx.doi.org/10.1021/om100424j
http://dx.doi.org/10.1021/om100424j
http://dx.doi.org/10.1016/S0022-328X(01)01455-3
http://dx.doi.org/10.1016/S0022-328X(01)01455-3
http://dx.doi.org/10.1016/S0022-328X(01)01455-3
http://dx.doi.org/10.1021/ja075396u
http://dx.doi.org/10.1021/ja075396u
http://dx.doi.org/10.1021/ja075396u
http://dx.doi.org/10.1021/ja075396u
http://dx.doi.org/10.1002/cber.19931260335
http://dx.doi.org/10.1002/cber.19931260335
http://dx.doi.org/10.1002/cber.19931260335
http://dx.doi.org/10.1021/jo01270a047
http://dx.doi.org/10.1021/jo01270a047
http://dx.doi.org/10.1021/jo01270a047
http://dx.doi.org/10.1021/om0208570
http://dx.doi.org/10.1021/om0208570
http://dx.doi.org/10.1021/om0208570
http://dx.doi.org/10.1021/om0208570
http://dx.doi.org/10.1021/ja0020310
http://dx.doi.org/10.1021/ja0020310
http://dx.doi.org/10.1021/ja0020310
http://dx.doi.org/10.1021/ja0020310
http://dx.doi.org/10.1021/om960184j
http://dx.doi.org/10.1021/om960184j
http://dx.doi.org/10.1021/om960184j
http://dx.doi.org/10.1016/0022-328X(94)87082-9
http://dx.doi.org/10.1016/0022-328X(94)87082-9
http://dx.doi.org/10.1016/0022-328X(94)87082-9
http://dx.doi.org/10.1016/0022-328X(94)87082-9
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1021/jo971176v
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S0108767307043930
http://dx.doi.org/10.1107/S2053229614024218
http://www.chemeurj.org

