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/Abstract: In this work the reactivity of 1-metalla-2,5-diaza-
cyclopenta-2,4-dienes of group 4 metallocenes, especially of
the pyridyl-substituted examples, towards small molecules is
investigated. The addition of H,, CO,, Ph—C=N, 2-py—C=N,
1,3-dicyanobenzene or 2,6-dicyanopyridine results in ex-
change reactions, which are accompanied by the elimination
of a nitrile. For CO,, a coordination to the five-membered
cycle occurs in case of Cp*,Zr(N=C(2-py)—C(2-py)=N). A 1,4-
diaza-buta-1,3-diene complex is formed by H-transfer in the

-

~

conversion of the analogous titanocene compound with
CH;—C=N, PhCH,—C=N or acetone. For CH;—C=N a coupling
product of three acetonitrile molecules is established addi-
tionally. In order to split off the metallocene from the cou-
pled nitriles, we examined reactions with HCl, PhPCI,,
PhPSCI, and SOCL,. In the last case, the respective thiadiazole
oxides and the metallocene dichlorides were obtained. A
subsequent reaction produced thiadiazoles.

/

Introduction

In many catalytic reactions all-C as well as heterometallacycles
are predicted as important intermediates. Therefore, their syn-
thesis, structure and especially their reactivity are of considera-
ble interest.”"

In recent years, we gained access to nitrogen-containing
heterometallacycles of group 4 metallocenes by reactions of
Cp’,MM*Me;SiC,SiMe;) (Cp’=Cp =1’-cyclopentadienyl, Cp’,=
rac-ebthi=rac-1,2-ethylene-1,1"-bis(n’>-tetrahydroindenyl), Cp' =
Cp* =1’-pentamethylcyclopentadienyl; M=Ti, Zr) with ni-
triles.? We studied the synthesis and structure of the obtained
complexes and were now interested in their reactivity. In the
literature several conversions of group 4 metallocenes with R—
C=N were already reported, but we noticed that only for some
of these products the reactivity was investigated. These con-
versions resulted in new group 4 metallocene compounds or
in a split-off of [Cp’,M].

An example for the first case is the formation of the diimine
complex Cp*,Zr[N=C(H,pTol)]l, upon addition of H, to
Cp*,Zr(N=C(pTol)—C(pTol)=N).®! Other products of reactions of
group 4 metallocenes with nitriles are known to dimerise to di-
nuclear compounds (Scheme 1, A)* or to couple with acetone,
anilines,” dimethyl acetylenedicarboxylate or further nitriles”’
to heterometallacycles (B, C).

For the second case, the split-off of [Cp’,M] (M=Ti, Zr) from
the nitrile complexes, two different reaction types were report-
ed. The first is the hydrolysis, which was investigated for di-

N N= N= N N
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Scheme 1. Selected examples of group 4 metallocene complexes, estab-
lished in reactions with nitriles.
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verse compounds and afforded, for example, amines,® azain-
doles,”? ketones,® pyrroles” or other heterocycles."” The
second one is the exchange of [Cp’,M] (M=Ti, Zr) by S,Cl,,*<"?
PCI,"* or other electrophiles."® For the 1-metalla-2-aza-cyclo-
penta-2,4-dienes of group 4 metallocenes (D), the products of
an alkyne-nitrile C—C coupling, similar exchanges by
NiCl,(PPh;), and a subsequent reaction with alkynes to pyri-
dines were intensively investigated."

In our research, we focused especially on the 1-metalla-2,5-
diaza-cyclopenta-2,4-dienes (E). These were established by C—C
couplings of aryl nitriles at [Cp*,M] (M=Ti, Zr) and isolated in
high yields."™ This method could also be extended to dicyano-
benzenes, thus forming tri- and tetranuclear compounds."® Ex-
ploring the reactivity of Cp*,M(N=C(Ph)—C(Ph)=N) (M=Ti, Zr)
towards H,, CO, or CH;—C=N showed that the C—C bond of
the five-membered metallacycles was easily cleaved." This re-
sulted in the elimination of one Ph—C=N and its replacement
by the substrate. Unfortunately, experiments to hydrolyse the
complexes were unsuccessful. In case of the macrocyclic prod-
ucts, their rapid decomposition under inert conditions imped-
ed the investigation of their reactivity."

Recently, we isolated pyridyl-substituted 1-metalla-2,5-diaza-
cyclopenta-2,4-dienes in the reactions of Cp*,M(n’-Me,SiC,-
SiMe;) (M=Ti, Zr) with cyanopyridines."” In contrast to their
aryl-substituted analogues these compounds are easier to
access and more stable. This was rationalised by DFT calcula-
tions and proven by testing the catalytic activity of Cp*,Ti(N=
C(R)—C(R)=N) (R=Ph, 2-py, 4-py) in the ring-opening polymeri-
sation of e-caprolactone.’” Moreover, the tetranuclear
[Cp*,Ti(N=C(m-C,H;N)—C=N)],, obtained in the reaction of
Cp*,Tim*Me,SiC,SiMe;) with 2,6-dicyanopyridine, did not de-
compose rapidly under inert conditions. These differences
might influence the reactivity of the 1-metalla-2,5-diaza-cyclo-
penta-2,4-dienes significantly. The higher stability of the pyrid-
yl-substituted compounds should enable different reactions or
a higher selectivity towards new metallocene complexes. Fur-
thermore, the split-off of [Cp*,M] is more probable to result in
stable organic substances. Besides, the compounds contain
vacant coordination sites with the N atoms of the pyridine
ring, which might lead to fascinating new complexes."® Owing
to this, the investigation of the reactivity of the pyridyl-substi-
tuted compounds is of considerable interest.
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Results and Discussion

Firstly, we investigated reactions of Cp*,M(N=C(2-py)—C(2-py)=
N) (1a: M=Ti, 2: M=Zn"" with H,, CO, and CH,—C=N. By
comparing the results to those of the phenyl-substituted ana-
logues we wanted to estimate the influence of the substitu-
ents at the 1-metalla-2,5-diaza-cyclopenta-2,4-dienes on their
reactivity. Secondly, we tested the possibility of separating the
metallocene and the coupled nitriles to gain access to unsatu-
rated organic compounds.

Reactions with H,

The conversions of 1a and 2 with H, were monitored by NMR
spectroscopy and the spectra are given in the Supporting In-
formation. Upon warming to 50°C for one day both com-
pounds started to react with H, to free 2-cyanopyridine and
the hydride complexes 3 and 4 (Scheme 2). Therefore, the
cleavage of the C—C bond of the five-membered cycle was
necessary. The typical resonances of the imine N=CH groups
are found at 9.22 (3) and 9.78 ppm (4) in the '"H NMR and at
155.4 (3) and 160.1 ppm (4) in the *C NMR spectra. For the ti-
tanium compound a completion of this conversion could not
be achieved by further warming. Instead, 1a and 3 seemed to
decompose. Thus, 3 was not isolable and was solely character-
ised by NMR spectroscopy.

2-py 2-py
N N< 2PV +H, N /NAH + 2-py-C=N N NTTH
M I —_ M —_— Zr.

faM=Ti 3M=Ti 5
2M=2Zr 4M=2Zr

Scheme 2. Reaction of 1a and 2 with H,.

In case of the zirconium compound the diimine complex 5
was formed additionally upon further warming to 50 °C. There-
fore, the free 2-py—C=N inserted into the M—H bond of 4
(Scheme 2). Similar insertions were already described for di-
verse zirconocene hydride species.'®' In the 'H and '*C NMR
spectra the typical resonances of the imine N=CH moieties
were with 9.96 and 160.4 ppm, respectively, in the same range
as for 3 and 4. A complete conversion of 2 to 4 and further to
5 could not be achieved. Thus, 4 and 5 were, like 3, not isolat-
ed and are solely described by NMR spectroscopy.

The comparison of these results to those of reactions of the
aryl-substituted analogues with H, shows that the obtained
products are similar.?'*® The difference is that, in those cases
the conversions could be completed within 3 days of warming,
without hints for follow-up products. Moreover, the analogous
zirconium compounds, with two Ph"™*@ or pTol®! groups instead
of 2-py, reacted already at ambient temperature with H.,.

To understand this difference, we computed the Gibbs free
energies for the formation of 3 and 4 from 1a and 2 (AG=
—2.2 and 0.8 kcalmol™, respectively) and of 5 from 4 (AG=
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—12.3 kcalmol™). The values for the first step are less exergon-
ic than those for the analogous phenyl-substituted compounds
(Ti: AG=-7.3 kcalmol™', Zr: AG=-5.8 and —8.8 kcalmol™).
This explains the necessity of higher temperatures for the con-
versions of the pyridyl-substituted complexes 1a and 2.

Reactions with CO,

As in case of H,, at ambient temperature no reaction of 1a
with CO, was observed. Thus, the solution was saturated with
CO, and warmed to 50°C for 4 d. This resulted in free 2-py—C=
N and in 6 (Scheme 3) by the formal C—C coupling of the re-
maining coordinated 2-cyanopyridine and CO,. Complex 6 was
isolated as a brown solid in high yield. In the *C NMR and the
IR spectra the typical signals of the C=0 and C=N moieties of
the five-membered metallacycle were found at 165.7 (C=0),
154.9 ppm (or 157.5) (C=N), and 1647 (C=0), 1578 cm~' (C=N),

respectively.
+CO, - % \_,0-=0
- 2-py-C=N \SL\Y )/“\sz-py

1a 6,88 %

Scheme 3. Reaction of 1a with CO..

A similar exchange reaction with CO, has been observed for
the analogous complex Cp*,Ti(N=C(Ph)—C(Ph)=N) (1b). In con-
trast to the conversion of 1a this proceeded at ambient tem-
perature within minutes."™ The reaction of 1b with CO, pro-
vides more Gibbs free energy (AG=—10.0 kcalmol™) than that
of 1a with CO, (AG=—0.7 kcalmol™), which is consistent with
the experiment.

Coupling of CO, and a C=N bond at an organometallic com-
pound was rarely observed. To the best of our knowledge only
two further examples are known in which CO, inserted into
the M—C bond of n*iminoacyl complexes.”” Aside from that,
coupling of Ph—C=N and CO, to a four-membered bridge (N=
C—C—0) in a bimetallic complex was described.”" These con-
versions are of considerable interest, in regard of the CO,-fixa-
tion and -activation as well as of potential further reactions.

Considering this, we also investigated the reaction of the zir-
conium complex 2 with CO,. For the analogous compound
Cp*,Zr(N=C(Ph)—C(Ph)=N) the addition of CO, at ambient tem-
perature afforded a mixture."*® The higher stability of the pyr-
idyl-substituted cycle 2 is supposed to induce a higher selec-
tivity. We observed an immediate colour change from yellow
to brown upon bubbling CO, through a solution of 2 at ambi-
ent temperature. The subsequent work-up resulted in the iso-
lation of brown crystals of 7 in high yield (Scheme 4).

The molecular structure of 7 is depicted in Figure 1. It shows
that by the reaction of 2 with CO, a new C—N bond was
formed (C1—-N1) and that the CO, was coordinated via one of
its O atoms to the Zr centre. As a consequence of this, the O2-

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Scheme 4. Reaction of 2 with CO,.

Figure 1. Molecular structure of 7 in the solid state. H atoms are omitted for
clarity. The thermal ellipsoids correspond to 30% probability. Selected bond
lengths [A] and angles [°]: O1-Zr1 2.276(1), N1-Zr1 2.222(2), N2-Zr1 2.201(2),
C1-01 1.286(2), C1-N1 1.450(2), C2-N1 1.286(2), C3-N2 1.270(2), C2-C3
1.518(3), 02-C1-01 130.0(2), C2-N1-C1 136.7(2), N1-C2-C3 108.6(2), N2-C3-C2
117.4(2), C2-N1-Zr1 123.8(1), C3-N2-Zr1 120.2(1).

C1-01 angle is reduced to 130.0(2)° and the C1=01 double
bond is elongated to 1.286(2) A. The new four-membered met-
allacycle is planar with a mean deviation from the best plane
of 0.002 A.

Furthermore, the characterisation of 7 by X-ray crystallogra-
phy offers us the opportunity to determine the impact of the
coordination of CO, on the five-membered metallacycle in 2.
The C2—N1 distance (1.286(2) A) in 7 is slightly longer than the
C3—N2 bond (1.270(2) A), which is the same as in 2 (1.274(2),
1.273(2) A)." The C—C bond in 7 (C2—C3 1.518(3) A) is in com-
parison to 2 (1.543(2) A) slightly shortened, but is still in the
range of an elongated C,,—C,. single bond. The N—Zr distan-
ces (N1-Zr1 2.222(2), N2—Zr1 2.201(2) A) are longer than in 2
(2.124(1), 2.134(1) A), which is more pronounced in case of
N1—Zr1. The angles in the five-membered cycle are likewise in-
fluenced by the coordination. The N1-C2-C3 angle (108.6(2)°)
in 7 is smaller than the N2-C3-C2 angle (117.4(2)°), which is in
the same range as in 2 (117.0(1), 116.3(1)°). The C-N-Zr angles
were both widened in comparison to 2, which is again more
distinct in case of C2-N1-Zr1 (7: C2-N1-Zr1 123.8(1), C3-N2-Zr1
120.2(1)°; 2: 113.80(9), 114.09(8)°).

The five-membered cycle remained nearly planar (mean de-
viation from the best plane: 0.03 A). The angle between this
plane and that of the four-membered cycle (Zr1-O1-C1-N1) is
6.76(9)°. In summary, the coordination of CO, has only a slight
impact on the bond lengths and angles in the five-membered
ring in 7. Besides, the resonances of the C=N bonds in the IR
spectra are in the same range as for 2 (7: 1665, 1581 cm™'; 2:
1654, 1583 cm™")."” But, the coordination of CO, influences
the NMR spectra. In case of 2 four multiplets in the 'H NMR as
well as six signals in the ®*C NMR spectra were assigned to the
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two coupled 2-cyanopyridine units. The coordination of CO, re-
sults in a doubling of these resonances for 7.

The formation of 7 is in many aspects quite remarkable.
Firstly, in contrast to all other reactions observed so far for 1-
metalla-2,5-diaza-cyclopenta-2,4-dienes of group 4 metals this
is the first time the C—C bond of the five-membered metallacy-
cle remained intact. Secondly, related group 4 metallocene
complexes were isolated only once.” In those cases HBEt, or
ClAIMe, were coordinated to 1-metalla-2-aza-cyclopenta-2,4-
dienes (Scheme 5, A and B). Regarding these compounds, 7
might be described as Lewis acid-base adduct (Scheme 5) in
which the lone pair of the N1 atom stabilises the formal cat-
ionic C1 atom, which was formed by the coordination of CO,
to the Zr centre. Moreover, complexes, which are similar to 7,
were assumed as intermediates in the metallacycle transfer re-
actions to main-group elements like sulfur."”® However, heat-
ing 7 to 50°C resulted in the elimination of CO, and the forma-
tion of 2 and not in the elimination of [Cp*,Zr]. This is a good
indicator for a Lewis acid-base adduct.

@ H\B Et @/CI ,?l %Zoj;o S /o fo)
A B 7

Scheme 5. Adduct complexes comparable to 7.

A third aspect, which makes the formation of 7 so remark-
able, is that DFT calculations predicted an exchange reaction
to 7a (Scheme 4) to be thermodynamically more probable
(AG=—0.9 kcalmol', for 7: AG=0.1 kcalmol™"). Thus, the se-
lective reaction to 7 must be kinetically favoured. In case of
the analogous titanium complex 1a the Gibbs free energy for
a similar coordination is highly endergonic (AG=11.1 kcal
mol™"). Therefore, it is in comparison to the exchange thermo-
dynamically not favourable.

Reactions with CH;—C=N

Regarding the fact that the reactivity of the aryl- and pyridyl-
substituted 1-metalla-2,5-diaza-cyclopenta-2,4-dienes towards
H, and CO, was similar, we expected an exchange of one 2-cy-
anopyridine upon addition of CH;—C=N to 1a or 2. Thus, an
equilibrium between 1a/2, Cp*,M(N=C(2-py)—C(CH;)=N) and
Cp*,M(N=C(CH,)—C(CH;)=N) (M=Ti, Zr) would be established
(Scheme 6).

/%\ N 2-Py +CHz-C=N — % N\ _Nay 2Py +CHz-C=N % N\ Ns, CHs
LIS = P B =l L
\%(\N’ 2-py *2-py-C=N \%\\N/ CH, *2Py-C=N \sg(\N’ CH,

1aM=Ti
2M=2r
Scheme 6. Possible exchange reaction at 1a and 2 with CH;—C=N.
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Dissolving 1a and 2 separately in CH;—C=N resulted for,
both compounds, in free 2-py—C=N, but the expected prod-
ucts were not identified. For a better understanding of this, we
computed the formation free energies of the stepwise ex-
change of both 2-py—C=N moieties in 1a and 2 by CH,—C=N.
All four values are endergonic by 1.1 (T) and 1.9 kcalmol™" (Zr)
for the first step as well as 3.9 (T) and 4.6 kcalmol™" (Zr) for
the second step, and therefore in contrast to the analogous
conversions of the phenyl-substituted complexes (Ti: —1.5 and
—2.2kcalmol™; Zr: —1.4 and —0.9 kcalmol™")."*@ Regarding
this, the exchange of one 2-py—C=N by CH,—C=N might be
possible, although the resulting equilibrium favours 1a (ratio
87:13) or 2, respectively (97:3). The second exchange is unlikely
to proceed. This difference in the reactivity of the phenyl- and
pyridyl-substituted 1-metalla-2,5-diaza-cyclopenta-2,4-dienes is
quite fascinating, but even more interesting is the outcome of
the reactions that occurred instead.

In case of the zirconium complex 2, we obtained a mixture
of diverse compounds. Unfortunately, separation attempts
were not successful and no definite zirconocene species were
identified. The titanium complex 1a was converted to two
new compounds. The solubility of these products is very simi-
lar, though slightly different in n-hexane. Thus, it was possible
to isolate a small amount of both substances in high purity as
purple (8) and yellow solid (9; Scheme 7).

H H
% N_Ns 2PY +CHy-C=N_ ~ %\ N 2-py /%\ N~
2 Ti I —_— Ti I + Ti =N
SN - 2-py-C=N N —
& N™"2-py X N™"2-py
H

1a 8 9

Scheme 7. Reaction of 1a with excess CH,—C=N.

The purple solid was identified as the 1,4-diaza-buta-1,3-
diene complex 8. Formally, it was established by the addition
of two H atoms to the five-membered metallacycle in 1a.
Comparable complexes of group 4 metals were already de-
scribed, but mostly, they were formed by a C—C coupling of
isonitriles® or by coordination of 1,4-diaza-buta-1,3-dienes.”!
To the best of our knowledge, solely three such group 4 metal-
locene compounds were obtained by a C—C coupling of two
nitriles and an H-transfer. The first one was established by
warming Cp*,Ti(N=C(Fc)—C(Fc)=N) [Fc=-(n*-CsH,)Fe(n’-CsHs)] to
80°C,"™ the second, a trinuclear compound, was obtained
upon addition of adiponitrile to Cp*,Ti(n*-Me;SiC,SiMe,)"® and
the third was achieved in the reaction of Cp*,Zr(n*-
Me,SiC,SiMe;) with PhCH,—C=N.%V In case of the zirconocene
complex the source of the additional H atoms is supposed to
be the deprotonation of further PhCH,—C=N. For the other
two compounds their origin is unknown. The additional H
atoms in 8 seem to be provided by the CH,—C=N. A subse-
quent coupling of the remaining fragment (CH,—CN) at [Cp*,Til
might have formed the six-membered metallacycle in 9. In
order to prove that CH;—C=N is the source of the additional H
atoms in 8, we investigated the reaction of 1a with CD;—C=N.

Chem. Eur. J. 2016, 22, 1-14

These are not the final page numbers! 22

www.chemeurj.org

CHEMISTRY

A European Journal

Full Paper

The "H NMR spectrum of the reaction mixture was identical to
that of the conversion of 1a with CH;—C=N, except for the ab-
sence of the signals of the N—H moieties of 8 and 9 and of the
Me groups of 9. This confirmed our assumption of acetonitrile
being the source of the additional H atoms in 8 (spectra are
given in the Supporting Information).

The characterisation of compound 8 by X-ray crystallography
(Figure 2) offered us the opportunity to directly compare this
1-metalla-2,5-diaza-cyclopent-3-ene to the 1-metalla-2,5-diaza-
cyclopenta-2,4-diene 1a. The C—N bonds are with 1.363(2) and
1.365(1) A in the range of C,,m—N,, single bonds and distinctly
longer than in 1a: 1.274(2), 1.271(2) A™¥ In contrast to this,
the C—C bond is shortened from 1.531(2) A in 1a to 1.402(2) A
in 8. Furthermore, complex 8 is folded along the N—N axis
(angle between the planes defined by Ti1, N1, N2 and N1, C1,
C2, N2: 24.53(5)°), thus showing an envelope conformation,
while 1a was nearly planar (mean deviation from the best
plane 0.02 A).

Figure 2. Molecular structure of 8 in the solid state. H atoms, except for H1
and H2, are omitted for clarity. The thermal ellipsoids correspond to 30%
probability. Selected bond lengths [A] and angles [°]: C1-C2 1.402(2), C1-N1
1.363(2), C2-N2 1.365(1), N1-Ti1 2.024(1), N2-Ti1 2.026(1), N1-C1-C2 113.6(1),
N2-C2-C1 114.0(1), C1-N1-Ti1 114.35(8), C2-N2-Ti1 113.23(8).

The conversion of the cyclopentadiene in 1a to a cyclopen-
tene in 8 by H-transfer has only a slight impact on the position
of the Cp* and pyridyl group resonances in the 'H and
BCNMR spectra. In comparison to 1a, they are only slightly
shifted for 8. The signals of the N—H moieties were identified
at 7.99 ppm in the '"HNMR and at 3345 cm™' in the IR spec-
trum.

The second product of the reaction of 1a with CH;—C=N is
9 (Scheme 7). It was established by a trimerisation of CH,—C=N
at [Cp*,Til, accompanied by an H-transfer. In consequence to
this, 9 contains a (=N triple, a (=N double as well as a C—N
single bond and one of the former three methyl groups lost all
its H atoms. The six-membered cycle in 9 is therefore highly
unsymmetrical. Owing to this, two resonances were identified
in the 'H NMR (2.01 and 2.19 ppm) and in the *C NMR spec-
trum (24.2 and 27.8 ppm) for the CH, groups. The signal of the
N—H group in the "H NMR spectrum was found at 4.27 ppm.
Resonances at 124.6, 158.8 and 165.1 ppm in the C NMR
spectrum were assigned to the C=N triple, the (=N double
and the C—N single bond respectively. In the IR spectrum of 9,

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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resonances for the N—H (3278 cm™), the (=N (2156 cm™') and
the C=N unit (1603 and 1546 cm™') were identified.

The structure of 9 was confirmed by X-ray crystallography
(Figure 3). It shows the nearly planar six-membered metallacy-
cle (mean deviation from the best plane: 0.02 A) and the three
unequal C—N bonds. While C5—-N3 (1.153(3) A) corresponds to
a C=N triple bond, C3—N2 (1.278(3) A) is a C=N double bond
and C1-N1 (1.313(3) A) a shortened C—N single bond. The re-
maining bond lengths of the six-membered cycle indicate an
unusual bonding situation. The N—Ti bond lengths (N1-Ti1
2.078(2), N2—Ti1 1.887(2) A) differ significantly from each other.
The C1-C2 distance (1.418(3) A) is shorter than a C,>—C,’
single and longer than a C,,=C,,. double bond. Whereas, the
C2—C3 distance (1.442(4) A) is in the range of a Cyp—C,p2 single
bond. This bonding situation was in case of a tetrameric tung-

sten complex, with similar six-membered cycles, explained by

a partial M=N double bond character, which influences the
25]

other bonds in the metallacycle as well.!

Figure 3. Molecular structure of 9 in the solid state. H atoms, except for H1
are omitted for clarity. The thermal ellipsoids correspond to 30% probability.
Selected bond lengths [A] and angles [°]: C1-N1 1.313(3), C1-C2 1.418(3), C1-
C4 1.502(3), C2-C5 1.416(3), C2-C3 1.442(4), C3-N2 1.278(3), C3-C6 1.508(3),
C5-N3 1.153(3), N1-Ti1 2.078(2), N2-Ti1 1.887(2), N1-C1-C2 122.8(2), N2-C3-C2
120.2(2), C1-N1-Ti1 131.0(2), C3-N2-Ti1 140.8(2), N3-C5-C2 178.4(3).

The formation of 9 by a trimerisation of CH;—C=N is remark-
able. Coupling reactions of titanocene fragments with nitriles
to comparable six-membered titanacycles (Scheme 1, C) were
already described, but in those cases only two nitriles were in-
volved. Thus, they contained an H atom or a CH, unit as sub-
stituent instead of the C=N group.”’* Moreover, a trimerisa-
tion of CH,—C=N to a six-membered cycle as in 9 was solely
observed for a tungsten complex” In comparable com-
pounds, formed in reactions of diverse metal species with
CH,—C=N, both N atoms of the established metallacycles were
protonated.””!

Though complexes, which are similar to 8 and 9 were al-
ready described, their formation by the reaction of 1a with
CH;—C=N is fascinating. On the one hand, it is interesting that
an excess of acetonitrile is needed for this conversion, al-
though formally a 2:3 ratio of the substrates should be suffi-
cient. On the other hand, for the analogous compound
Cp*,Ti(N=C(Ph)—C(Ph)=N) (1b) the addition of acetonitrile re-
sulted simply in an exchange of the nitriles and not in an H-
transfer or a trimerisation."*¥ Still, we suppose the first steps of
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both reactions to be similar. In the beginning one nitrile
should be eliminated and CH;—C=N coordinated to the metal.
In case of the phenyl-substituted complex a subsequent C—C
coupling leads to a five-membered metallacycle with a Ph and
a CH; substituent. Such an exchange might be possible for 1a
too (AG=1.1 kcalmol™), but it should result in an equilibrium
in favour of 1a. The excess of acetonitrile might influence this
and promote the generation of a complex with 2-py—C=N and
CH;—C=N coordinated to [Cp*,Til. Instead of the formation of
the five-membered cycle, the next step could be an H-transfer
to the coordinated 2-cyanopyridine. Further coupling and rear-
rangement steps might afford 8 and 9.

Reactions with other nitriles

To confirm our assumed formation path, especially the nitrile-
exchange step, we investigated the reactivity of 1a towards
other nitriles. At first we studied the conversion with PhCH,—
C=N, which also contains acidic a-protons. This resulted in free
2-cyanopyridine and in 8, but not in an exchange of the ni-
triles. The source of the additional H atoms might have been
PhCH,—C=N. Unfortunately, we were not able to identify prod-
ucts, which contain the remainders of the nitrile. A similar reac-
tion to 8 and free 2-py—C=N was observed upon addition of
acetone to 1a.

In addition, we examined the reactivity of 1a towards Ph—
C=N, which contains no H atoms neighbouring the C=N
moiety and thus might hinder the formation of 8. Besides, DFT
calculations predicted that a stepwise exchange of both 2-py—
C=N units by two Ph—C=N molecules is thermodynamically un-
likely (1st step: AG=4.1kcalmol™', 2nd step: AG=4.6 kcal
mol™"). As for PhCH,—C=N, no reaction was observed at ambi-
ent temperature. But, warming a 1:1 mixture of 1a and Ph—C=
N partly resulted in the formation of the mixed species 1c
(Scheme 8). The symmetric complex 1b was not established.
Upon warming a solution of Ta with an excess of Ph—C=N
both compounds 1c and 1b formed, but 1c only in minor
concentration and 1b in traces. This demonstrates that the ex-
change of 2-py—C=N in 1a by another nitrile is possible, al-
though it is thermodynamically not probable, and that a high
concentration or temperature is necessary to achieve it. The re-
verse reaction of 1b with 2-py—C=N to 1a, 1c and Ph—C=N al-
ready proceeded at ambient temperature within 2 d. In the re-
sulting mixture the main component was 1a.

Moreover, we were interested to determine if a nitrile ex-
change is also possible for the multinuclear analogues of 1a
and 1b. This might probably lead to mixed di-, tri- or tetranu-
clear species. As recently published, the reaction of Cp*,Ti(n*
Me,SiC,SiMe;) with 1,3-dicyanobenzene or 2,6-dicyanopyridine

/%\ No 2Py +Ph-C=N %\ N< 2Py +Ph-C=N %\ _NyPh
Ti :[ —_— Ti :[ —_— Ti I
\SL\%\N/ 2-py *2Py-C=N \ir)/‘N’ ph  *2py-C=N \SL\\()/\N’ Ph

1a 1c 1b

Scheme 8. Exchange reaction with Ph—C=N.
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Scheme 9. Exchange of dicyano compounds in the macrocyclic complexes 10 and 11 under formation of 12.

afforded the tri- and tetranuclear compounds 10" and 1117
(Scheme 9).

The reaction of 10 with 2,6-dicyanopyridine proceeded at
ambient temperature. Thereby, a 1:2 ratio was sufficient for the
complete conversion of 10. The observed products are free
1,3-dicyanobenzene and several titanocene species.

These are suspected to be mono- or dinuclear 1-titana-2,5-
diaza-cyclopenta-2,4-dienes. The addition of an excess of 2,6-
dicyanopyridine to 10 (ratio 5:1), led to only three compounds,
which are assumed to be the possible mononuclear species.
The main product in all cases is 12 (Scheme 9). This complex
was already established by the coupling of two equivalents
2,6-dicyanopyridine at Cp*,Ti(n*Me,SiC,SiMe;)."” In case of the
addition of 1,3-dicyanobenzene to 11 (ratio 3:1) no reaction
was observed at ambient temperature. Upon warming to 60 °C
for 12 h a mixture formed, with 12 as main component. In con-
trast to the reaction of 10 with 2,6-dicyanopyridine no elimina-
tion of the dicyano compound was observed and the conver-
sion was incomplete. This resembles the reactions of the mon-
onuclear species 1a and 1b with Ph—C=N and 2-py—C=N, re-
spectively. Unfortunately, these conversions of 10 and 11 did
not result in the isolation of mixed di-, tri- or tetranuclear com-
pounds.

The investigated reactions of 1a and 2 with H,, CO,, CH,—C=
N and other nitriles showed several differences in comparison
to those of the phenyl-substituted analogues. In some cases
the improved stability of the pyridyl-substituted 1-metalla-2,5-
diaza-cyclopenta-2,4-dienes induced longer reaction times and
higher temperatures, in others it caused different reactions
and resulted in new metallocene compounds. For our attempts
to split off the [Cp*,M] from the coupled nitriles these findings
are very promising.

Attempts to separate [Cp*,M] from the coupled nitriles

At first, we tried to generate diimines by the treatment of 1a
with HCl or Me;SiCl. Complex 1a reacted vigorously with ethe-
real HCl, resulting in Cp*,TiCl, (13) and numerous other com-
pounds (Scheme 10). The diimine was not isolated, probably
due to decomposition as in case of its phenyl-substituted ana-
logue (in reaction of 1b with HCI).'**?® For directing this fur-
ther conversion to the respective diketone, we performed it
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with 1 equiv HCl,, But still, we observed the formation of
a mixture. Furthermore, we tried to increase the selectivity by
applying only 0.5 equiv of ethereal HCI. This resulted in a mix-
ture as well, in which we identified 1a, 13 and 8 among other
compounds. Though, we were not able to isolate the respec-
tive diimine, these experiments showed us, that in principle
the separation of the metallocene and the coupled nitriles
should be possible. In order to obtain a more stable diimine,
we added Me;SiCl to 1a. Unfortunately, no reaction occurred
(Scheme 10), not at ambient temperature and not upon warm-
ing to 60°C for 8 d.

/%\ N 2-py +1HCI %/CI HN - 2-py
Ti :[ Ti. o+ I +
A \
\%\\/ N=>2-py \#{\\/ cl HNZ > 2-py
1a 13
R 0.5 HCl 13 + 8 + ...

+ Me;SiCl .
L———— » noreaction

Scheme 10. Attempts to generate diimines by reactions of 1a with HCl or
Me;,SiCl.

In our further attempts to separate [Cp*,M] from the cou-
pled nitriles we tried to generate five-membered heterocycles
by the reaction with PhPCl,, PhPSCl,, Me,SiCl, or SOCI,. For
comparable compounds, like 1-metallacyclopenta-2,4-dienes or
1-metalla-2-aza-cyclopenta-2,4-dienes of group 4 metallocenes,
such conversions were already realised.”'? These produced
phospholes, thiophene oxides, thiacyclopentenes or isothia-
zoles. The addition of PhPCl,, PhPSCl, or Me,SiCl, to 1a result-
ed in 13 and in free 2-py—C=N." Formal phospholes, siloles or
products, which contain the remainders of PhPCl, or PhPSCl,,
were not identified. The reaction with SOCI, was tested for the
1-titana-2,5-diaza-cyclopenta-2,4-dienes Cp*,Ti(N=C(R)—C(R)=N)
with R=2-py (1a), R=6-CN-2-py (12) and R=2-Br-5-py (14).°"
The outcome of these conversions was for all compounds simi-
lar. Therefore, we describe in the following mainly the reaction
of 1a with SOCl..

The addition of SOCI, to 1a at —78°C followed by warming
of the mixture to ambient temperature afforded the dichloride
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13 and the thiadiazole oxide 15a (Scheme 11). The separation
of these two products was difficult. Their solubility is similar
and thus the isolated crystal fractions consisted of yellow crys-
tals of 15a and red ones of 13, which were separated manual-
ly. Due to this method, the yield of pure 15a was rather low
(40 %).

:N:[R +S0Cl, /%<0+ o=siN::[R
\Sng R \iz{r cl N" g

1a R=2-py 13 15a R = 2-py
12 R =6-CN-2-py 15b R =6-CN-2-py
14 R = 2-Br-5-py 15¢ R = 2-Br-5-py

Scheme 11. Reaction with SOCI,.

Interestingly, if 13 and 15a were not separated, a subsequent
reaction started. This resulted in the thiadiazole 164, in the
elimination of the Cp* ligand and in a formal Ti species [Cp*Ti]
with only one Cp* ligand (Scheme 12). The eliminated Cp*
ligand was identified as decamethylfulvalene (Cp*,),*" tetrame-
thylfulvene® and pentamethylcyclopentadiene (Cp*H),*¥ by
comparison of the typical NMR signals to those published in
the literature (below all three species are mentioned as [Cp*]
for a better readability). In order to complete this conversion
the mixture was warmed to 60°C for 38 h. Afterwards, we
identified [Cp*], the formal [Cp*Ti] species, the thiadiazole 16a
and, unfortunately, still 15a. Thus, Cp*,TiCl, (13) seems to be
necessary for the conversion of 15a to 16a. To test this as-
sumption, we dissolved pure 15a and warmed it to 85°C. This
did not result in any kind of reaction. Then, we added an
excess of 13 and again warmed the mixture to 85°C. Here, the
conversion of 15a to 16a started.

An explanation for this might be the formation of the formal
[Cp*Til species. We suppose that by the reaction of 15a with
13, the Cp* ligand is eliminated and the O atom transferred to
the titanium. Subsequent to this, a complex could be formed,
which might resemble the tetrameric [(Cp*Ti),04.* Unfortu-
nately, we were not able to isolate and characterise this new
compound in detail. But, we suppose that the difference to
the literature known example could be, that it contains Cl and
O atoms as bridging ligands between the [Cp*Ti] moieties
(Scheme 12). A higher amount of chlorine in comparison to

13 + 0O=8

16a R =2-py
16b R =6-CN-2-py
16¢ R =2-Br-5-py

15a R = 2-py
15b R = 6-CN-2-py
15¢ R = 2-Br-5-py
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oxygen in this complex would explain the necessity of an
excess of Cp*,TiCl, for the complete conversion of 15a to 16a.

As mentioned above, the reactions of the other pyridyl-sub-
stituted 1-titana-2,5-diaza-cyclopenta-2,4-dienes with SOCI, are
similar to that of 1a. The difference is that, the subsequent re-
actions were in both cases faster than for 15a. Thus, we were
not able to isolate 15b or 15c in pure form. But, 16 ¢ was ob-
tained as crystals (Figure 4). The values of the bond lengths of
the five-membered cycle (N1-S1 1.625(2), C1-N1 1.331(3), C1—
C1A 1.436(5) A) and the fact that it is nearly planar (mean devi-
ation from the best plane 0.007 A) indicate some electron de-
localisation, as already described for other thiadiazoles.*™ The
pyridyl substituent and the five-membered cycle are tilted by
42.77(9)° (angle between the planes defined by S1, N1, C1,
C1A, N1A and C2, C3, N2, C4, C5, C6).

Figure 4. Molecular structure of 16c in the solid state. H atoms are omitted
for clarity. The thermal ellipsoids correspond to 30% probability. Selected
bond lengths [A] and angles [°l: N1-S1 1.625(2), C1-N1 1.331(3), C1-C1A
1.436(5), C1-C2 1.481(4), N1-C1-C2 119.3(2), N1-C1-C1A 112.9(1), C1-N1-S1
107.6(2), N1-S1-N1A 99.0(2).

In order to obtain 16a in pure form, we studied the reac-
tions of SOCI, with Cp*,Ti(N(H)—C(2-py)=C(2-py)—N(H)) (8) and
Cp*,Zr(N=C(2-py)—C(2-py)=N) (2). In case of 8, we expected at
first the formation of a dihydrothiadiazole oxide, which could
be converted to 16a by the elimination of water. The dichlor-
ide 13 should remain intact and might be separated more
easily. But the reaction afforded an inseparable mixture of 16a,
13, [Cp*] and the formal [Cp*Til species. The addition of SOCI,
to the zirconocene complex 2 resulted in Cp*,ZrCl, and in 15a.

CI T|
Tl’o‘ \Tl
C|—T|

Scheme 12. Subsequent reaction of 13 and 15 to 16, [Cp*] and the formal [Cp*Ti] species.
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In contrast to the conversions of the titanium compound 1a,
no subsequent reaction to 16a occurred although the mixture
was warmed to 80°C for 3 d.

In order to compare the reactivity towards SOCI, between
the pyridyl- and the phenyl-substituted complexes, we investi-
gated the reaction of 1b with SOCI, as well. This produced the
thiadiazole 16d and 13 (16d was identified by comparison of
the typical NMR data to those published in the literature®).
The formation of the thiadiazole oxide 15d, of the formal
[Cp*Til species and of [Cp*] was not observed.

Conclusions

Herein, we presented a detailed study on the reactivity of 1-
metalla-2,5-diaza-cyclopenta-2,4-dienes of group 4 metallo-
cenes towards small molecules. At first, we investigated the re-
actions of the pyridyl-substituted complexes Cp*,M(N=C(2-
py)—C(2-py)=N) (1a: M=Ti, 2: M=Zr) with H,, CO,, CH;—C=N
and other nitriles. We observed several differences by compar-
ing the results to those of the analogous aryl-substituted com-
pounds.

In some cases the improved stability of the pyridyl-substitut-
ed 1-metalla-2,5-diaza-cyclopenta-2,4-dienes effected longer re-
action times and higher temperatures. This was observed for
the conversion of 1a with H, and CO, as well as of 2 with H,,
in which the obtained products were similar to those of the
aryl-substituted analogues. In other cases different reactions
were caused by the higher stability and resulted in new metal-
locene species. The reaction of 2 with CO, afforded a fascinat-
ing coordination product, while the conversion of the phenyl-
substituted analogue resulted in a mixture. The special feature
of this reaction of 2 is that the five-membered metallacycle
stayed intact. The higher stability of the pyridyl-substituted
cycle also induced a different reaction with CH;—C=N. In case
of the phenyl-substituted complexes the addition of acetoni-
trile resulted in an exchange of the nitriles. In the reaction with
1a, the 1,4-diaza-buta-1,3-diene complex 8 was established by
an H-transfer and a six-membered cycle in 9 by a remarkable
coupling of three former CH;—C=N moieties. Similar H-transfers
were observed for PhCH,—C=N and acetone, which generated
8 as well.

The exchange of the nitriles was also accomplished for 1a,
but only upon the addition of Ph—C=N, which lacks acidic pro-
tons neighbouring the C=N moiety. Besides, an excess of Ph—
C=N and elevated temperatures were necessary for this reac-
tion. The same was observed upon addition of 1,3-dicyanoben-
zene or 2,6-dicyanopyridine to the trinuclear compound 10 or
the tetranuclear complex 11, respectively. An explanation for
this seems again to be the higher stability of the pyridyl-substi-
tuted 1-metalla-2,5-diaza-cyclopenta-2,4-dienes in comparison
to their phenyl-substituted analogues.

In light of these results, we examined in the second part of
this work reactions to separate the [Cp*,M] from the coupled
nitriles. Our first experiments, using HCI, Me,SiCl, PhPCl,,
PhPSCl, and Me,SiCl, and the titanium complex 1a were un-
successful. If a reaction occurred, it resulted in a mixture or in
the formation of Cp*,TiCl, and the free nitrile. But, the addition
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of SOCI, to different 1-titana-2,5-diazacyclopenta-2,4-dienes af-
forded at first the thiadiazole oxides 15 and the dichloride 13.
In a subsequent reaction these were converted to the thiadia-
zoles 16, [Cp*] and to a formal [Cp*Til species.

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. Cp*,M(N=C(2-py)—C(2-py)=N) (1a: M=Ti, 2:
M=2zn""  Cp*TiN=C(Ph)—C(Ph)=N) (1b),"*¥ [Cp*,Ti(N=C(m-
CH)—C=N)I;  (10),"  [Cp*,TiN=C(m-CcH;N)-C=N)I,  (11),'”
Cp*,Tim*-Me;SiC,SiMe;)®” and Cp*,Ti(N=C(2-Br-5-py)—C(2-Br-5-py)=
N) (14)"” were synthesised according to the published procedures.
2-Cyanopyridine, PhCH,—C=N, benzonitrile and Me,SiCl, (all Sigma-
Aldrich) were purified by distillation and stored under argon. 2,6-
Dicyanopyridine (Sigma-Aldrich) was purified by sublimation. The
solid 1,3-dicyanobenzene (Sigma-Aldrich) was dried in vacuum
prior to use. Ethereal HCI (HCl in diethyl ether, 2.0 M, Sigma-Al-
drich), Me,SiCl (Sigma-Aldrich), PhPCl, (Acros) and PhPSCI, (TCl)
were used as received. SOCI, was purified according to the pub-
lished procedure.’® The following instruments were used: NMR
spectra: Bruker AV300 and AV400. 'H and "C chemical shifts are
given in ppm and were referenced to the solvent signals:
[Delbenzene (6, =7.16 ppm, = 128.0 ppm), CDCl; (6, =7.26 ppm,
0c=77.2 ppm), [DgIDMSO (d,,=3.33 ppm, 6.=39.5 ppm), [DgITHF
(0y=3.58 ppm, 6.=67.6 ppm); IR: Bruker Alpha FT-IR spectrome-
ter; MS: Finnigan MAT 95-XP from Thermo-Electron; elemental
analysis: Leco Tru Spec elemental analyzer; melting points: Met-
tler-Toledo MP70. Melting points are uncorrected and were mea-
sured in sealed capillaries.

Diffraction data for 7, 8 and 16 c were collected on a Bruker Kappa
APEX Il Duo diffractometer using Moy, radiation for 7 and 8 and
Cuy, radiation for 16 c. For 9 the diffraction data were collected on
a STOE-IPDS |l diffractometer using Moy, radiation. The structures
were solved by direct methods and refined by full-matrix least-
squares procedures on F? with the SHELXTL software package.®
Diamond was used for graphical representations.”*”

Crystal data for 7: C;3HyN,O,Zr, M=613.89, monoclinic, space
group C2/c, a=285767(7), b=12.9297(3), c=16.4976(4) A, f=
109.2273(7)°, V=5755.6(2) A%, T=150(2) K, Z=8, 60815 reflections
collected, 6952 independent reflections (R,,,=0.0370), final R
values (/>2a(/)): R,=0.0297, wR,=0.0710, final R values (all data):
R,=0.0395, wR,=0.0774, 371 parameters.

Crystal data for 8: C;,H,N,Ti, M,=528.58, monoclinic, space
group C2/c, a=19.3954(9), b=16.1976(7), c=18.8007(9) A, f=
110.995(1)°, V=5514.3(4) A®>, T=150(2) K, Z=8, 76393 reflections
collected, 6672 independent reflections (R,,=0.0236), final R
values (/>20(/)): R,=0.0321, wR,=0.0865, final R values (all data):
R,=0.0363, wR,=0.0911, 352 parameters.

Crystal data for 9: C,;H;,N;Ti, M,=439.48, orthorhombic, space
group P2,2,2, a=9.9475(3), b=13.8264(3), c=17.3814(4) A, V=
2390.6(1) A3, T=150(2) K, Z=4, 42072 reflections collected, 5762
independent reflections (R,,,=0.0547), final R values (I>2a())): R, =
0.0299, wR,=0.0662, final R values (all data): R,=0.0365, wR,=
0.0675, 287 parameters.

Crystal data for 16c: C,,HsBr,N,S, M,=398.09, monoclinic, space
group C2/c, a=14.8696(5), b=7.7513(3), c=13.3462(4) A, B=
122.7486(14)°, V=1293.76(8) A, T=150(2) K, Z=4, 4364 reflections
collected, 1142 independent reflections (R,,,=0.0197), final R values
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(I>20(l): R,=0.0261, wR,=0.0674, final R values (all data): R,=
0.0270, wR,=0.0681, 87 parameters.

CCDC 1468162 (7), 1468163 (8), 1468164 (9) and 1468165 (16c)
contain the supplementary crystallographic data for this paper.
These data are provided free of charge by The Cambridge Crystal-
lographic Data Centre.

Computational details

Structure optimisations were carried out at the BP86"" density
functional level of theory with the TZVP basis set*? for C, H, N O
as well as LANL2DZ™ for Ti and Zr by using Gaussian 09 program
package.*” The optimised geometries are characterised as energy
minimums at the potential energy surface from frequency calcula-
tions at the same level of theory (BP86/TZVP), that is, the energy
minimum structure has only real frequencies, while the transition-
state structure has only one imaginary frequency. Furthermore, the
thermal corrections to enthalpy and Gibbs free energy at 298 K
from the frequency analysis are added to the total electronic
energy. Therefore, we either used the corrected enthalpy (AH) or
the Gibbs free energy (AG) at 298 K for our energetic comparisons.
The energetic data and the Cartesian coordinates are given in the
Supporting Information.

Reactions with H,

Preparation of 3: Cp*,Ti(N=C(2-py)—C(2-py)=N) (1a) was dissolved
in C,Dg and the red solution was transferred into a sealable J-
Young NMR tube. The sample was degassed using a freeze-pump-
thaw method and filled with 1 atm of H, at —196°C. Subsequently,
it was first warmed to ambient temperature, then heated to 50°C
for 1d. "H and "*C NMR spectra were recorded before and after the
addition of H, and after the heating. Compound 3 could not be
isolated and characterised in detail because of its incomplete for-
mation and its subsequent reaction upon further warming. 'H NMR
(400 MHz, 297 K, C,D,): 5=1.80 (s, 30H, C;Me,), 6.64 (m, TH, py),
7.12 (m, 1H, py), 824 (m, 1H, py), 855 (m, 1H, py), 9.22 ppm (s,
1H, N=CH). The signal of the Ti—H moiety could not be identified;
BCNMR (100 MHz, 297 K, C,Dy): 6=12.2 (CsMes), 114.0 (C;Me),
117.6, 119.3, 123.4, 135.6 (C,,), 149.8 (ipsoC,,), 155.4 ppm (N=CH).

Preparation of 4 and 5: Cp*,Zr(N=C(2-py)—C(2-py)=N) (2) was dis-
solved in CsDy and the yellow solution was transferred into a seala-
ble J-Young NMR tube. The sample was degassed using a freeze-
pump-thaw method and filled with 1 atm of H, at —196°C. Subse-
quently, it was first warmed to ambient temperature, then heated
to 50°C. After 1 d of warming, 4 started to form and after 4 d com-
pound 5 was established. Both complexes could not be isolated
and characterised in detail because of their incomplete formation.

Analytical data of 4: 'H NMR (400 MHz, 297 K, C,Dy): 6=1.87 (s,
30H, CsMes), 4.80 (s, 1H, Zr-H), 6.54 (m, 1H, py), 7.08 (m, 1H, py),
7.66 (m, 1H, py), 872 (m, 1H, py), 9.78 ppm (s, TH, N=CH);
BCNMR (100 MHz, 297 K, CiDg): 0=11.8 (CsMes), 115.1 (C;Mes),
119.2,123.1, 125.9, 132.5 (C,), 155.7 (ipsoC,,), 160.1 ppm (N=CH).
Analytical data of 5: '"H NMR (300 MHz, 297 K, C,Dy): 6=1.72 (s,
30H, C;Mey), 6.84 (m, 2H, py), 7.30 (m, 2H, py), 7.94 (m, 2H, py),
8.64 (m, 2H, py), 9.96 ppm (s, 2H, N=CH); *C NMR (75 MHz, 297 K,
CeDe): 0=11.4 (CsMes), 117.6 (CsMes), 116.7, 123.5, 137.3 (C,,,), 149.8
(ipsoCyy), 160.4 ppm (N=CH). The forth C,, signal could not be iden-
tified.
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Reactions with CO,

Synthesis of 6: Cp*Ti(N=C(2-py)-C(2-py)=N) (1a; 0.159g,
0.3 mmol) was given into a three-necked-flask equipped with
a pressure release valve and dissolved in toluene under stirring.
CO, (using solid CO,) was passed through a P,O,, filled column
and then bubbled through the solution of 1a for at least 30 min
to saturate the solution and the atmosphere. Subsequently, the
flask was closed and warmed to 50°C for 4 d. All volatiles were re-
moved in vacuum. The remaining brown solid was dissolved in n-
hexane. Upon cooling to —78°C a brown precipitate formed,
which was separated by decanting and dried in vacuum to give
pure 6. Yield: 0.124 g (0.26 mmol, 88%); m.p.: 186°C (dec. under
Ar); 'THNMR (300 MHz, 297 K, C;Dg): 6=1.73 (s, 30H, C;Mes), 6.64
(m, TH, py), 7.26 (m, 1H, py), 859 (m, 1H, py), 8.71 ppm (m, 1H,
py); PCNMR (75 MHz, 297 K, C;Dq): 6 =11.6 (CsMe,), 124.1 (C;Me;),
1230, 124.1, 1358, 1499 (C,), 1549, 157.5 (ipsoC,, or C=N),
165.7 ppm (C=0); IR (ATR): »=2905 (w), 1647 (vs, C=0), 1578 (m,
C=N), 1377 (s), 743 cm™" (s); MS: m/z (Cl): 467 (100) [M+H] ", 318
(9) [Cp*,Til™, 137 (49) [Cp*+2H]™, 105 (68) [(2-py—C=N)+H]*; ele-
mental analysis calcd (%) for C,,H3,N,0,Ti (466.45 gmol ™ '): C 69.52,
H 7.35, N 6.01; found: C 69.43, H 7.27, N 6.33.

Synthesis of 7: A toluene solution of Cp*,Zr(N=C(2-py)—C(2-py)=N)
(2; 0.2859g, 0.5 mmol) was transferred into a three-necked-flask
equipped with a pressure release valve. CO, (using solid CO,) was
passed through a P,O,, filled column and then bubbled through
the solution. The colour changed immediately from yellow to
brown. All volatiles were removed in vacuum and the brown resi-
due was dissolved in a toluene/n-hexane mixture (3:2). The solu-
tion was allowed to stand at —78°C and a brown solid formed. It
was isolated by decanting and dried in vacuum to give pure 7.
Crystals suitable for an X-ray crystal structure analysis were ob-
tained by cooling a warm toluene/n-hexane mixture (3:2, 50°C) of
7 slowly to ambient temperature. Yield: 0.245 g (0.40 mmol, 80 %);
m.p.: 215-218°C (dec. under Ar); '"H NMR (300 MHz, 297 K, C,Dy):
0=1.81 (s, 30H, C;Me;), 6.51 (m, TH, py), 6.54 (m, 1H, py), 7.19 (m,
1TH, py), 722 (m, TH, py), 7.87 (m, TH, py), 8.00 (m, 1H, py), 8.12
(m, TH, py), 8.45 ppm (m, TH, py); *CNMR (75 MHz, 297 K, C,Dy):
0=10.9 (C;Me;), 1189 (C;Me;), 122.0, 122.1, 124.4, 127.1, 13555,
135.9, 147.2, 148.1 (C,), 152.1, 1524 (ipsony), 157.5, 161.2,
165.4 ppm (C=N or (=0); IR (ATR): 7=2905 (w), 1704 (vs, C=0),
1665 (m, C=N), 1581 (m, C=N), 1222 (s, C-0), 737 cm™' (s); MS: m/z
(CN): 596 (2) M—0O1", 136 (100) [Cp*+H]*, 105 (39) [(2-py—C=
N)+H]*; elemental analysis caled (%) for Cy3H3N,O,Zr
(613.92 gmol”): C 64.56, H 6.24, N 9.13; found: C 64.32, H 6.15, N
9.57.

Reactions with CH;—C=N

Synthesis of 8 and 9: Cp*,Ti(N=C(2-py)—C(2-py)=N) (1a; 0.284 g,
0.5 mmol) was dissolved in CH;—C=N (10 mL) and the solution was
stirred for 24 h. The colour changed from red to brown. All vola-
tiles were removed in vacuum and the remaining brown solid
washed with n-hexane to give at first a dark-violet and then
a brown fraction. The remaining yellow residue was dried in
vacuum to give 9 in high purity. Cooling the dark-violet solution to
—78°C resulted in a brown solid, which was separated by decant-
ing. The dark-violet filtrate was evaporated to dryness to give pure
8. For a higher yield of both products the brown solid and the
brown solution were worked up further. Crystals of 8 suitable for
X-ray analysis were obtained by cooling a saturated n-hexane solu-
tion of 8 to —78°C. Crystals of 9 suitable for X-ray analysis formed
at ambient temperature by slow evaporation of a C,Dg solution.

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Analytical data of 8: Yield: 0.082 g (0.16 mmol, 29%); m.p.: 193°C
(dec. under Ar); '"H NMR (300 MHz, 297 K, C;Dy): 6=1.79 (s, 30H,
C;Me;), 6.47 (m, 2H, py), 6.85 (m, 2H, py), 7.36 (m, 2H, py), 7.99 (s,
2H, N-H), 8.57 ppm (m, 2H, py); *C NMR (75 MHz, 297 K, C;Dy): 6 =
120 (CMey), 117.8 (CMes), 119.7, 123.8, 1344, 1495 (C,),
144.3 ppm (ipsoC,, or C=NH); IR (ATR): 7#=3345 (vw, N-H), 2894 (w),
1578 (s, C=C), 1442 (s, C-N), 780 cm™" (vs); MS: m/z (Cl): 528 (100)
MI*, 318 (4) [Cp*,Til ", 137 (96) [Cp*+2H]", 105 [(2-py—C=N)+H];
elemental analysis calcd (%) for C3,H,oN,Ti (528.57 gmol™): C 72.72,
H 7.63, N 10.60; found: C 72.56, H 7.66, N 10.63.

Analytical data of 9: Yield: approximately 0.069 g (0.016 mmol,
29%; contaminated by unidentified impurities). '"H NMR (400 MHz,
297 K, C¢Dg): 6 =1.57 (s, 30H, CsMes), 2.01 (d, “J(H-"H)=0.9 Hz, 3H,
4-Me), 2.19 (s, 3H, 6-Me), 4.27 ppm (s, 1H, N-H); *C NMR (100 MHz,
297 K, C,Dy): d=11.5 (C;Mey), 24.2 (6-Me), 27.8 (4-Me), 78.0 (C2),
120.3 (C;Mes), 124.6 (C5), 158.8 (C3), 165.1 ppm (C1) (Numbering is
consistent with molecular structure Figure 3); IR (ATR): 7=3278
(vw, N-H), 2905 (w), 2156 (m, C=N), 1603 (m, C=N), 1546 (w, C=N),
417 cm™' (vs); MS: m/z (Cl): 440 (83) [M+H]1", 318 (2) [Cp*,Til*, 137
(100) [Cp*+2H]", 123 (3) [(N=C(CH;)—C(CN)=C(CH;)—N(H)) +2H]".

Reactions with SOCI,

Preparation of 15a: A toluene solution of Cp*,Ti(N=C(2-py)—C(2-
py)=N) (1a; 0.263 g, 0.5 mmol) was cooled to —78°C and then
a 0.2m toluene solution of SOCI, (2.5 mL, 0.5 mmol) was added.
Subsequently, the mixture was warmed to ambient temperature to
complete the conversion to 13 and 15a. By cooling the mixture to
—78°C a red precipitate of 13 formed, which was separated by de-
canting. The filtrate was concentrated. After the addition of n-
hexane to it, the solution was cooled to —78°C. Yellow and red
crystals formed, which were separated manually. The yellow crys-
tals were identified as 15a, the red ones as 13.

Analytical data of 15a: Yield: 0.050 g (0.20 mmol, 40%); m.p.:
105°C (dec. under Ar); 'H NMR (300 MHz, 297 K, C;Dg): 6 =6.50 (m,
2H, py), 6.93 (m, 2H, py), 7.53 (m, 2H, py), 7.96 ppm (s, 2H, py);
BCNMR (75 MHz, 297 K, C;Dy): 0=124.7, 125.1, 136.4, 148.4 (C,,),
150.8, 167.6 ppm (ipsoC,, or (=N); IR (ATR): #=1581 (m, C=N),
1432 (w, C=N), 1123 (s), 540 cm™' (vs); MS: m/z (Cl): 257 (100)
[M+H]1", 241 (87) [M—Q1", 105 (14) [(2-py—C=N)+H]*.

Conversion of 15a to 16a: A mixture of 15a and 13 was dissolved
in CsDg and given into a sealable J-Young NMR tube and allowed
to stand at ambient temperature for 3 d. Subsequently, it was
warmed to 60 °C for 38 h. NMR spectra were measured after 3 d at
ambient temperature, after 2, 14, 26 and 38 h at 60°C. They re-
vealed the conversion of 15a and 13 to 16a, decamethylfulvalene
(Cp*,), tetramethylfulvene, pentamethylcyclopentadiene (Cp*H)
and the formal [Cp*Ti] species.

Analytical data of 16a: '"H NMR (300 MHz, 297 K, C,D): 0=6.59
(m, 2H, py), 7.09 (m, 2H, py), 7.70 (m, 2H, py), 8.25 ppm (m, 2H,
py); *CNMR (75 MHz, 297 K, C,Dy): 6=123.3, 124.1, 136.1, 148.9
(Cyy), 153.3, 161.0 ppm (ipsoC,, or C=N).

Analytical data of Cp*,: 'H NMR (300 MHz, 297 K, C,Dy): 6 =1.15 (s,
6H, 1/1-Me), 1.67 (s, 12H, Me), 1.76 ppm (s, 12H, Me); *C NMR
(75 MHz, 297 K, C;Dy): 6=11.1 (Me), 19.7 (Me), 60.2 ppm (C1/C1).
The remaining signals were not unambiguously identified.
Analytical data of tetramethylfulvene: 'H NMR (300 MHz, 297 K,
CeDg): 0=1.69 (s, 6H, Me), 1.85 (s, 6H, Me), 5.33 ppm (s, 2H, CH,).
Analytical data of Cp*H: '"H NMR (300 MHz, 297 K, C,D¢): 6=0.99
(d, 3J=7.8Hz, 3H, 1-Me), 1.74 (m, 6H, Me), 1.80 (s, 6H, Me),
2.42 ppm (m, 1H, Cp-H).
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Analytical data of the formal [Cp*Ti] species: '"H NMR (300 MHz,
297 K, C,Dy): 6=2.08 (C;Me,); *C NMR (75 MHz, 297 K, C,Dy): 0=
13.3 (CsMes), 134.0 ppm (C;Mes).

Preparation of 15b and 16b: Cp*,Ti(N=C(6-CN-2-py)—C(6-CN-2-
py)=N) (12) was synthesised in situ from Cp*,Ti(n*-Me;SiC,SiMe;)
(0.488 g, 1.0 mmol) and 2,6-dicyanopyridine (0.285 g, 2.2 mmol) as
described in the published procedure."” It was dissolved in tolu-
ene and the solution was cooled to —78°C. A 0.2m toluene solu-
tion of SOCI, (5.0 mL, 1.0 mmol) was added. This resulted in the
formation of a red solid. After warming to ambient temperature
the red solution was filtered off the now brownish solid. The resi-
due was washed twice with cold toluene and dried in vacuum.
NMR spectra revealed that it consisted of 13 and 15b. (Attempts
to separate this mixture were unsuccessful due to similar solubility
and the subsequent reaction.) The brownish solid was dissolved in
toluene and the brown solution was warmed to 60 °C for 7 d. NMR
spectra were measured before and after the heating. They revealed
the conversion of 13 and 15b to 16 b, decamethylfulvalene (Cp*,),
tetramethylfulvene and the formal [Cp*Ti] species.

Analytical data of 15b: '"H NMR (300 MHz, 297 K, C;Dy): 6 =6.47
(m, 2H, py), 6.58 (m, 2H, py), 7.22 ppm (m, 2H, py); *CNMR
(75 MHz, 297 K, C¢Dg): 0=116.3 (C=N), 127.2, 129.4, 137.8 (C,),
132.3 (ipsoCyy_c—n)r 1504 (ipsoC,,), 164.9 ppm (C=N); MS: m/z (Cl):
307 (49) [M+H]*.

Analytical data of 16b: 'H NMR (300 MHz, 297 K, C,Dg): 6=6.53
(m, 2H, py), 6.65 (m, 2H, py), 7.40 ppm (m, 2H, py); *CNMR
(75 MHz, 297 K, C¢Dg): 6=117.0 (C=N), 126.5, 129.3, 137.3 (pr),
132.8 (ipsoC,_c—y), 152.9, 158.7 ppm (ipsoC,, or C=N). MS: m/z (Cl):

291 (100) [M+H]*.

Preparation of 15¢c and 16c: A toluene solution of Cp*,Ti(N=C(2-
Br-5-py)—C(2-Br-5-py)=N) (14; 0.360 g, 0.5 mmol) was cooled to
—78°C and then a 0.2mM toluene solution of SOCI, (2.5 mL,
0.5 mmol) was added. After warming to ambient temperature the
mixture consisted of 13, 15¢c and 16c. (Attempts to separate 15c¢
from these compounds were unsuccessful due to similar solubility.)
After 2 weeks at ambient temperature the mixture contained 13,
15¢ (minor concentration), 16¢, the formal [Cp*Til species and
[Cp*]. Crystals of 16 ¢ formed by cooling a THF solution of this mix-
ture to —78°C.

Analytical data for 15¢c: '"H NMR (300 MHz, 297 K, C,Dy): =6.53
(m, 2H, py), 6.61 (m, 2H, py), 7.90 ppm (m, 2H, py); 'HNMR
(400 MHz, 300 K, [DgITHF): 6=7.70 (m, 2H, py), 7.82 (m, 2H, py),
8.60 ppm (m, 2H, py); *CNMR (75 MHz, 297 K, C;Dg): 6=124.1,
139.3, 1504 (C,,), 137.3, 155.7 (ipsoC,,), 164.4 ppm (C=N); >C NMR
(100 MHz, 300K, [DgITHF): 6=128.7, 1404, 151.7 ppm (C,,). The
signals of the quaternary C atoms could not be detected. MS: m/z
(ESI-TOF): 436.9 [M+Na]*.

Analytical data for 16c: '"H NMR (300 MHz, 297 K, C,Dy): 6=6.75
(m, 4H, py), 824 (m, 2H, py); '"H NMR (300 MHz, 300 K, [DgITHF):
0=7.63 (m, 2H, py), 7.77 (m, 2H, py), 854 ppm (m, 2H, py);
BCNMR (75 MHz, 297 K, CDy): 6=127.9, 137.8, 150.0 (C,,), 149.7,
155.8 ppm (ipsoC,, or C=N); >*C NMR (100 MHz, 300 K, [D]THF): 6 =
128.8, 139.3, 150.7 ppm (C,,). The remaining signals could not be
detected in neither solvent. MS: m/z (ESI-TOF): 398.9 [M+H]"; ele-
mental analysis calcd (%) for C;,H¢N,Br,S (398.08 gmol™): C 36.21,
H 1.52, N 14.07, S 8.05; found: C 36.24, H 1.40, N 13.94, S 8.23.

Preparation of 16d: Cp*,Ti(N=C(Ph)—C(Ph)=N) (1b) was synthes-
ised in situ from Cp*,Ti(n’-Me,SiC,SiMes) (0.244 g, 0.5 mmol) and
Ph—C=N (0.10 mL, 1.0 mmol) as described in the published proce-
dure.™ Then, the toluene solution was cooled to —78°C and
a 0.2m toluene solution of SOCI, (2.5 mL, 0.5 mmol) was added.
The mixture was warmed to ambient temperature and all volatiles
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were removed in vacuum. The remaining solid, consisting of 13
and 16d was separated by column chromatography (cyclohexane/
ethyl acetate 8:1). Yield: 0.049g (0.197 mmol, 39%); 'H NMR
(300 MHz, 297 K, C,D¢): 6=6.82 (m, 4H, Ph), 6.97 (m, 2H, Ph),
7.11 ppm (m, 4H, Ph); 3CNMR (75 MHz, 297 K, C,Dy): 6=128.3,
130.3, 132.0 (Gpp), 130.9 (ipsoCypp), 168.3 ppm (C=N). (For the com-
parison of the NMR data with the literature known the 'H NMR
spectrum was also measured in CDCl,®* and the CNMR in
[DIDMSO®). MS: m/z (CI): 239 (100) [M+H]*.
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How nitrile cycles react: The reactions
of pyridyl-substituted 1-metalla-2,5-
diaza-cyclopenta-2,4-dienes of group 4
metallocenes towards small molecules
were investigated. In case of the addi-
tion of H,, CO, and different nitriles ex-
change products were obtained. A C—C
coupling and an H-transfer were ob-
served in the reaction with CH,—C=N.
The addition of SOCI, resulted in the
formation of Cp*,MCl, and in thiadia-
zole oxides.

Group 4 Metallocenes

The picture highlights the central role of the symmetrically
pyridyl substituted 1-metalla-2,5-diaza-cyclopenta-2,4-
dienes Cp*,M(N=C(2-py)—C(2-py)=N), the youngest
members of the group 4 metallocene (M = Ti, Zr) family.
The mystic tree and its reflection on the water surface
connects these substrates with the unsymmetrically and
fascinating molecules gained from their reactions with small
molecules like H,, CO,, CH;—C=N, and SOCI,. For example,
for the zirconium complex a reversible coordination of CO,
to the five-membered cycle was observed. In case of the
titanium compound and CH;—C=N a coupling product of
three acetonitrile molecules was obtained. For more details,
see the Full Paper by U. Rosenthal et al. on page I Hff.
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