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Coordination chemistry of sterically encumbered
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A series of diazachromocenes with sterically demanding pyrrolyl ligands, 2,5-(MesC),C4H,N (1), 2,5-
(Me3C),-3,4-Me,CyN (2) and 2,3,5-(MezC)3C4HN (3), was prepared and investigated by various spectro-
scopic techniques, and in some cases by X-ray diffraction and magnetic susceptibility studies. The diaza-
chromocenes exhibit an S = 1 ground state; no indication of a spin-equilibrium was obtained. With the
same ligands mono(pyrrolyl)chromium(i) complexes are accessible, [{(kN-2,5-(Me3zC),C4H,N)Cr-
(thf)}o(p-Clol (1-CrCl(thf)), [(kN-2,5-(Me3C),-3,4-Me,-C4H,N)Cr(Cl)(tmeda)] (2-CrClitmeda) and [(n°-
2,3,5-(Me3C)3sC4HN)Cr(p-Cl),l (3-CrCl), which show either ns_ or l’]l'(KN) coordination depending on the
substitution pattern. *H NMR spectroscopy serves as a valuable tool to distinguish between these coordi-
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nation modes. The Cr(i) atoms in the mono(pyrrolyl) complexes adopt a high spin configuration (S = 2)
and in dimeric species antiferromagnetic coupling between the spin carriers was observed. However,
none of these mono(pyrrolyl)chromium complexes is an effective or selective ethylene oligomerization

www.rsc.org/dalton catalyst on activation with MAO or AlMes, supporting the importance of a Cr()/Cr(i)-based catalytic cycle.
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Introduction

Transition metal complexes bearing heterocyclopentadienyl
ligands have been of interest for some time.'”” An interesting
feature associated with these ligands is their ability to partici-
pate in n° — n*> — 1" ring slippage processes. In homogeneous
catalysis this isomerization might represent an advantageous
feature. In the case of pyrrolyl, the N atom facilitates this
switch,® and pyrrolyl complexes with n°- and n'-(kN) coordi-
nation are well documented in the literature.®”>'® However, in
many cases the coordination mode is dictated by the Lewis-
acidity of the metal atom.

Surprisingly, while studies on pyrrolyl chromium(u) and
chromium(m) complexes date back to 1966,'"'* structurally
well-characterized species were first reported by Gambarotta in
1990 using pyrrolyl and 2,5-dimethylpyrrolyl as ligands, for
which n'-(kN)-coordination was observed exclusively." Interest-
ingly, chromium pyrrolide catalyst systems generated from
Cr[O,CCH(Et)(Bu)];, 2,5-dimethylpyrrole and AlEt,Cl/AlEt;
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exhibit high activity and excellent selectivity in ethylene trimer-
ization to 1-hexene.'*" The origin of this selectivity, and also
the question as to which intermediates are involved in this
process, have been the focus of extensive studies.'*" One
important aspect was to establish which chromium species is
responsible for the high selectivity of the trimerization, since
under the employed reaction conditions catalytic cycles invol-
ving Cr(1)/Cr(m) or Cr(u)/Cr(iv) intermediates are feasible. DFT
calculations have been undertaken, but could support either
possibility."® However, more recent in situ EPR monitoring of
the trimerization process supports the formation of Cr(1) and
Cr(u) species, whereby only Cr(i) is catalytically relevant.'” Fur-
thermore, Gambarotta and Duchateau used the more sterically
encumbered 2,5-di-tert-butylpyrrolyl for this reaction and pre-
pared the Cr(m) complex [(n°-2,5-(Me;C),C,H,N)CrCl,(thf)]. On
addition of AlEt; at low temperature the dinuclear Cr(ur)
species  [{(n*>2,5-(Me;C),C4H,N)CrEt},(p-Cl),] was formed,
which acts as a single-component, self-activating precatalyst
for ethylene trimerization. The authors also isolated the
catalytically inactive dinuclear Cr(u) complex [{(kN-2,5-
(Me;C),C4H,N)Cr(thf)},(-Cl),] from the reaction of [{(n°-2,5-
(Me;C),C4H,N)CrEt),(p-Cl),] with AlEt;."® Both observations
further strengthen the hypothesis of a Cr(1)/Cr(m) catalytic
cycle.

Nevertheless, from a structural point of view the kN-coordi-
nation for the latter compound is surprising, since tert-butyl

This journal is © The Royal Society of Chemistry 2014
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(tBu) groups in 2,5-positions of the pyrrolyl framework gener-
ally sterically disfavour n'-coordination but instead n’-coordi-
nation is observed.>”'®?° Recently, we have initiated a
research program on sterically encumbered pyrrolyl systems
with an emphasis on comparing them with their cyclopenta-
dienyl analogues, with respect to their ability to stabilize half-
sandwich complexes.”’>* Herein, we report our observations
on the coordination chemistry of bulky pyrrolyls (Chart 1) with
Cr(u) and briefly discuss the reactivity of pyrrolyl chromium(u)
half-sandwich complexes in the polymerization/oligomeriza-
tion of ethylene.

Results and discussion
Synthesis and characterization of diazachromocenes

For Cr(i), n°-coordination of pyrrolyl ligands is rarely observed
and requires the functionalization of the N-lone pair, e.g., by
methylation® or coordination by Lewis-acids such as AlMe;.>
However, based on our previous investigations on azatro-
zircenes®” and diazaferrocenes™ we anticipated that the sterically
encumbered pyrrolyl ligands 1-3 would behave similarly to
their cyclopentadienyl analogues. Indeed, the reaction of pyr-
rolides 1-Na, 2-K and 3-K with CrCl, in a 2:1 ratio in THF
yields the corresponding red bis(pyrrolyl)chromium(u) com-
plexes 1-Cr, 2-Cr and 3-Cr, respectively (Scheme 1).

N tBu R

1-Na (R'=R2=H)
2-K (R'=R?=Me)
3-K (R'=H,R?=tBu)

1-Cr(R'=R2=H)
2-Cr (R'=R? = Me)
3-Cr (R'=H, R? = {Bu)

Scheme 1
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These complexes are very soluble in aliphatic hydrocarbons,
in which they form red solutions, and crystals of 1-Cr and 2-Cr
suitable for X-ray diffraction were grown from concentrated
pentane or hexane solutions at —24 °C (Table 1).

However, because of its high solubility, crystals of 3-Cr had
to be grown from a saturated hexamethyldisiloxane solution at
—24 °C. The "H NMR spectra of these complexes feature broad
resonances between § 5 and —1 ppm at ambient temperature.
Nevertheless, for 1-Cr and 3-Cr only the ¢Bu resonances were
observed, while the methine CH protons are too broad to be
detected (see the Experimental section for details). For com-
parison, in the "H NMR spectrum of [(n’-1,3-(Me;C),CsH;),Cr]
the ¢Bu-groups resonate at § 0.2 (4, = 250 Hz) and no methine
resonances were found.*® Furthermore, the UV/vis spectra of
1-Cr, 2-Cr and 3-Cr resemble each other closely, consistent
with the notion that the pyrrolyl ligands 1-3 exhibit similar
ligand field strengths (see ESIf for details).

The molecular structures of 1-Cr (which displays crystallo-
graphic twofold symmetry) and 2-Cr (which displays approxi-
mately twofold symmetry, r.m.s.d. 0.20 A) are shown in Fig. 1
and 3, and selected bond distances and angles are listed in the
figure caption. The electron delocalization within a pyrrolyl
system can be readily deduced from the individual CC bond
distances, which are intermediate between the distances of iso-
lated single (d°(C-C) = 1.54 A)*’ and double (d°(C=C) =
1.34 A)*” bonds. To quantify the extent of delocalization within
the heterocyclic ring, the parameter 7°*° was defined as the
normalized quotient of the single and double bond lengths

(eqn (1).
dc—0)\
1( d(E‘”((‘?) C); 0

d°(C=C)

=1+

A completely delocalized system such as benzene adopts a ¢
value of 1, while 7 approaches 0 for a localized system.>**° For
1-Cr and 2-Cr 7 values are 0.97 and 1.00, respectively,
suggesting complete electron delocalization. Furthermore, as
expected from the NMR spectroscopy, the molecular structure
of 1-Cr is closely related to that of the cyclopentadienyl deriva-
tive [(n°-1,3-(Me;C),C5H;),Cr],*® which shows a Cp(cent)-Cr
distance of 1.81 A. This bond distance is also similar to that
(1.80 A) of [(n°-1,2,4-(Me,CH);CsH,),Cr]. Structurally it is
also related to the hexaphosphachromocene, [(n’-2,3-
(Me;C),C,P5),Cr].*" All these system complexes have an S =
1 ground state. For comparison, Cr(u) high spin (S = 2) com-
plexes have significantly longer Cp(cent)-Cr distances, as
shown for the mixed-sandwich complex [(n’>-CsMe;)Cr(Tp)]
(Tp = hydrotris(pyrazolyl)borate) (2.01 A).**33

However, because of intramolecular ligand repulsion, bulky
Cp ligands can also favour longer metal-carbon bonds
associated with the high spin state, eg, [(n°-1,2,3,4-
(Me,CH),C5H),Cr] is a low spin (S = 1) molecule in solution at
ambient temperature,® but in the solid state a gradual spin-
crossover from the S = 1 to the S = 2 state is observed.’®
To exclude this possibility for 1-Cr, the solid state magnetic
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Table 1 Crystallographic data
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Compound reference 1-Cr 2-Cr 1-CrCl(thf) 2-CrCl(tmeda) 4-CrCl
Chemical formula Cyp4H40CrN, C,gH,CrN, C3,H;56Cl,Cr,N,0, CyoH,40CICIN; C34H55Cl,Cr,
Formula mass 408.58 464.68 675.69 410.00 641.70
Crystal system Tetragonal Monoclinic Monoclinic Monoclinic Triclinic
alA 8.6668(2) 9.0267(5) 8.0202(2) 9.6784(4) 10.2638(4)
b/A 8.6668(2) 32.0929(16) 15.7066(4) 17.7933(7) 12.3091(6)
/A 30.8408(12) 10.4615(6) 14.2953(4) 12.8412(5) 13.8743(6)
al® 90.00 90.00 90.00 90.00 89.431(4)
pl° 90.00 114.962(7) 103.847(4) 93.221(4) 88.919(4)
y/° 90.00 90.00 90.00 90.00 89.248(4)
Unit cell volume/A® 2316.56(12) 2747.5(3) 1748.45(8) 2207.81(15) 1752.31(13)
Temperature/K 100(2) 130(2) 100(2) 100(2) 100(2)
Space group P(—4)24¢ P2,/c P2,y/n P2,y/n P(-1)
No. of formula units per unit cell, Z 4 4 2 4 2
Radiation type Mo Ka Cu Ka Mo Ka Cu Ka Mo Ka
Absorption coefficient, y/mm™" 0.504 3.522 0.803 5.414 0.792
No. of reflections measured 87304 59471 68193 46 931 49059
No. of independent reflections 2764 5706 4169 4578 7693
Rine 0.0438 0.0990 0.0477 0.0618 0.0554
Final R, values (I > 26(I)) 0.0265 0.0587 0.0287 0.0745 0.0302
Final wR(F?) values (I > 26(1)) 0.0658 0.1482 0.0617 0.0732 0.0601
Final R, values (all data) 0.0279 0.0651 0.0358 0.0355 0.0569
Final wR(F) values (all data) 0.0663 0.1538 0.0644 0.0770 0.0625
Goodness of fit on F* 1.131 1.044 1.046 1.042 0.838
Aple A3 0.266/—0.337 1.210/-0.707 0.340/-0.277 0.346/—0.313 0.334/-0.296
— T T r T T T T T T T T T
144 +
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Fig. 1 ORTEP diagram of 1-Cr with thermal displacement parameters
drawn at 50% probability. The hydrogen atoms have been omitted for
clarity. Selected bond lengths (A): N-C1 1.3769(18), C1-C2 1.4254(19),
C2-C31.4288(19), C3—-C4 1.4208(19), C4—-N 1.3874(17), Cr—N 2.1902(12),
Cr-C1l 2.1945(13), Cr-C2 2.1552(15), Cr-C3 21240(14), Cr-C4
2.1411(14), Pyr(cent)-Cr 1.80, Pyr(cent)—-Cr—Pyr(cent) 172.3; = 0.97;
N-Pyr(cent)---Pyr'(cent)-N" —85.3°.

susceptibility was recorded between 2 and 360 K and the yrvs. T
plot is shown in Fig. 2. The magnetic moment of peg = 3.0up
(rr = 1.12 emu K) is temperature independent and consistent
with an § = 1 ground state, and no evidence of spin-crossover
behaviour can be gathered.

The introduction of the more sterically encumbered pyrrolyl
2 has only minor effects on the overall molecular structure and

9054 | Dalton Trans., 2014, 43, 9052-9060

Fig. 2 ytvs. T plot for 1-Cr.

the Pyr(cent)-Cr distance (1.82 A) is only slightly elongated
(Fig. 3). Nevertheless, a closer inspection also reveals that the
N-atom is better shielded in 2-Cr than in 1-Cr, since the
additional methyl substituents in the 3,4-positions push
the adjacent tert-butyl groups towards the nitrogen atoms, as
shown by the average C(tBu)-C-N angles of 119.3° and 120.6°
for 2-Cr and 1-Cr, respectively.

X-ray investigations also established the qualitative mole-
cular structure for 3-Cr, but this could not be refined satis-
factorily because no unambiguous differentiation between the
N- and CH-positions within the pyrrolyl ring was possible.

Synthesis and characterization of mono( pyrrolyl)chromium
complexes

The next question to be addressed is the influence of the pyrro-
lyl substitution pattern on the coordination modes in mono-

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 ORTEP diagram of 2-Cr with thermal displacement parameters
drawn at 50% probability. The hydrogen atoms have been omitted for
clarity. Selected bond lengths (A): N-C1 1.395(3), C1-C2 1.421(3), C2—
C31.422(4), C3—-C4 1.426(3), C4-N 1.397(3), N2—-C15 1.385(3), C15-C16
1.431(4), C16-C17 1.426(4), C17-C18 1.417(4), C18—-N2 1.396(3), Cr—N1
2.095(2), Cr—C1 2.165(2), Cr—C2 2.259(2), Cr-C3 2.232(2), Cr-C4 2.132(2),
Cr=N2 2.092(2), Cr-C15 2.148(2), Cr—-C16 2.258(2), Cr-C17 2.259(2),
Cr-C18 2.149(2), Pyr(cent)-Cr 1.82, Pyr(cent)-Cr—Pyr(cent) 174.3;
71.00; N1-Pyrl(cent)---Pyr2(cent)-N2 99.9°.

+ THF 7
Na ,@ + CCl, —————» 05 Cr. Cr\ tBu
tBu N tBu - NaCl tBu N/ \CI/ b
1-Na ! _—tBu
1-CrCI(thf)

Bu~_—= tBu
O o N -,
SN KPyrBu: , ?\tBu
r

N ci b tBu\@Z
D—tBu tBu

1-CrCl(thf) 1-Cr

Scheme 2

(pyrrolyl)chromium(i) complexes. The reaction of 1-Na with 1
equiv. of CrCl, in THF results in a blue solution, from which
the previously reported complex [{(kN-2,5-(Me;C),C,H,N)Cr-
(thf)},(p-Cl1),] (1-CrCl(thf))'® can be isolated in good yield. The
complex 1-CrCl(thf) is only sparingly soluble in aliphatic and
aromatic hydrocarbons, but has a good solubility in THF. Alter-
natively, 1-CrCl(thf) can be prepared from the reaction of 1-Cr
with 1 equiv. of CrCl, (Scheme 2).

The different coordination modes in 1-CrCl(thf) and 1-Cr
are immediately obvious when the "H NMR spectra of both
compounds are compared. Whereas the ¢tBu-groups in 1-Cr are
observed at § 1.99 (v3, = 121 Hz), they experience a dramatic
downfield shift to § 55.4 (v1,, = 2580 Hz). This behaviour can

This journal is © The Royal Society of Chemistry 2014
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Fig. 4 ORTEP diagram of 1-CrCl(thf) with thermal displacement para-
meters drawn at 50% probability. The hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (°): Cr-N
2.0176(11), Cr-O 2.0733(10), Cr—Cl 2.3902(4), Cr—Cl' 2.3961(4), N-C1
1.3909(17), C1-C2 1.3813(19), C2-C3 1.411(2), C3-C4 1.381(2), C4-N
1.3864(17), Cr.--Cr' 3.49, Cr..-C6 2.91, Cr-.-C10 2.97, O-Cr-Cl 171.93(3),
N-Cr-Cl' 172.76(4), N-Cr—Cl 93.76(3), Cl-Cr—Cl' 86.257(14), O—Cr—Cl
88.55(3), N-Cr-0 92.17(4); = 0.87.

be readily understood when one assumes that the para-
magnetic chemical shift is dominated by the pseudo-contact
term; that is, resonances closest to the paramagnetic centre
display the greatest paramagnetic shifts and are also broader
than those further away from the paramagnetic centre.*® This
also rationalizes the fact that the methine resonances are now
observable at § —28.4 (vy, = 399 Hz). Overall, 'H NMR
spectroscopy offers a powerful tool for distinguishing kN- and
n’-coordination in these molecules. When 1-CrCl(thf) is
exposed to a dynamic vacuum for a prolonged period of time,
the colour changes from blue to green and a poorly soluble
material was obtained, precluding NMR spectroscopic ana-
lysis; but on addition of THF the blue colour is re-established.
Unfortunately, at present we can only speculate on the identity
of the green material, but the colour change might be related
to a switch in the pyrrolyl coordination mode (from kN- to
n°-coordination).

Crystals of 1-CrCl(thf) suitable for X-ray diffraction were
grown by vapour diffusion of pentane into a concentrated THF
solution at ambient temperature. The complex 1-CrCl(thf) crys-
tallized in the monoclinic space group P2,/n (Table 1), which
is different from the previously reported rhombohedric space
group R-3."® The conformation and orientation of the thf
ligands are different in both polymorphs, whereas the bond
distance and angles vary only slightly (see below).

An ORTEP diagram is shown in Fig. 4 and selected bond
distances and angles are listed in the figure caption. The
environment around the Cr** atom is square planar (sum of
the angles: 360.7(1)°) and the two halves of the dimer are
related by an inversion centre located in the middle of the
Cr,Cl,-core. For steric reasons the pyrrolyl ligands are twisted
out of the Cr,Cl, plane by 87.7°. The Cr atom lies 0.8 A outside
the plane defined by the pyrrolyl moiety; in the rhombohedric

Dalton Trans., 2014, 43, 9052-9060 | 9055
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Fig. 5 yt vs. T plot for 1-CrCl(thf). Simulation: S; = S, = 2; g1 = g» =
2.01;J=117cm™

polymorph this displacement is only 0.39 A.'® Two relatively
short non-bonding Cr---C distances (2.91 and 2.97 A for Cr-C6
and Cr-C10, respectively) between one methyl group of the
pyrrolyl ¢Bu-groups are observed, providing additional steric
protection of the fifth and the sixth coordination site of the
Cr atom. The Cr-N distance of 2.0176(11) A compares well
with those of other reported Cr(u) amides."**”*® A slightly
shorter Cr-N distance (2.0121(19) A) was found for the other
polymorph.'® In contrast to 1-Cr and 2-Cr the 7 value of 0.87
for 1-CrCl(thf) suggests a more localized electronic structure,
as one would expect from kN-coordination, and it can be com-
pared to that of the unsubstituted pyrrole (z = 0.830).>° The
long Cr---Cr' distance of 3.49 A precludes any Cr-Cr bond, and
therefore electron exchange between the Cr(u) centres has to
occur via the bridging Cl-atoms. Solid state magnetic suscepti-
bility studies revealed that the Cr(u) atoms with a d* electron
configuration adopt a high spin (S = 2) configuration and only
a weak antiferromagnetic coupling is observed at low tempera-
ture. Fig. 5 shows the experimental data and the fit to the
effective spin Hamilitonian A = —2/(8;-S,) (Fig. 5).

As pointed out above, the addition of two methyl groups at
the 3,4-positions of the pyrrolyl systems increases the steric
demand around the N-atom and therefore reduces its ability to
coordinate in a kN-fashion. When 2-K is treated with 1 equiv.
of CrCl, in THF a steel-blue solution is formed, suggesting the
formation of a mono(pyrrolyl) species analogous to 1-CrCl-
(thf). However, when the solvent is removed, an additional
colour change to red-brown is observed and only the diaza-
chromocene 2-Cr can be isolated on pentane extraction.
However, on tmeda addition to the reaction mixture the mono-
meric Cr(n) complex 2-CrCl(tmeda) can be crystallized from a
concentrated THF solution at —24 °C (Scheme 3).

The 'H NMR spectrum of 2-CrCl(tmeda) exhibits similar
features to that of 1-CrCl(thf), confirming the kN-coordination.
This assumption was further substantiated by X-ray diffraction.
The molecular structure of 2-CrCl(tmeda) is depicted in Fig. 6
and selected bond distances and angles are listed in the figure
caption. The Cr-atom is coordinated by one Cl-atom, the

9056 | Dalton Trans., 2014, 43, 9052-9060
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tBu
2-K 2-CrCl({tmeda)
Scheme 3

Fig. 6 ORTEP diagram of 2-CrCl{tmeda) with thermal displacement
parameters drawn at 50% probability. The hydrogen atoms have been
omitted for clarity. Selected bond lengths (A) and angles (°): Cr—N1
2.0557(13), Cr=N2 2.2142(13), Cr—N3 2.1892(13), Cr-Cl 2.3646(4), N1-
C11.3880(19), C1-C2 1.395(2), C2-C3 1.422(2), C3—-C4 1.391(2), C4-N1
1.3921(19), Cr---C8 2.87, Cr---C6 2.81, N1-Cr—N2 95.86(5), N3-Cr-Cl
89.68(4), N1-Cr—N3 174.54(5), N2—Cr—N3 81.20(5), N1-Cr-Cl 93.31(4),
N2-Cr-Cl 170.83(4), 7 0.86.

bidentate tmeda ligand and pyrrolyl 2 in a square planar geo-
metry. Two short non-bonding Cr---C distances (2.87 and
2.81 A for Cr-C8 and Cr-C14, respectively) provide additional
steric protection of the Cr atom, and the Cr-N(pyrrolyl) dis-
tance (2.0557(13) A) is slightly longer than in 1-CrCl(thf).
Nevertheless, the most sterically encumbered pyrrolyl 3 in
this series behaves differently. Deep-blue crystals were isolated
from a 1:1 mixture of CrCl, and KPyr™" in THF (Scheme 4),
but the 'H NMR spectrum is distinctly different from those of
1-CrCl(thf) and 2-CrCl(tmeda). Three resonances attributable
to the three inequivalent ¢Bu-groups are observed at § 2.69,
6.68 and 12.17 ppm with similar line-width at half-height (v,,)
of 573, 533 and 566 Hz, respectively. This suggests that in
3-CrCl the pyrrolyl ligand is too sterically encumbered to allow
kN-coordination; instead it shows n’-coordination, as in the
diazachromocene 3-Cr. In addition, elemental analysis and EI
mass spectrometry confirm the solvent-free, dimeric structure.
Complex 3-CrCl can also be prepared from 3-Cr and CrCl,.
Whereas X-ray investigations on 3-CrCl confirmed the n’-
bonding mode, the N- and CH-positions within the pyrrolyl
ring could not be unambiguously assigned during the refine-
ment. To overcome this crystallographic difficulty, we decided
to prepare the analogue half-sandwich complex with the 1,2,4-

This journal is © The Royal Society of Chemistry 2014
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Fig. 7 ORTEP diagram of 4-CrCl with thermal displacement parameters
drawn at 50% probability. The hydrogen atoms have been omitted for
clarity. Selected bond lengths (A) and angles (°): Cr1-Cl1 2.3542(6), Cr1—
Cl2 2.3128(5), Cr2-Cl1 2.3093(5), Cr2—Cl2 2.3704(6), Cp(cent)-Cr 1.95,
Cr1..-Cr2 3.181; Cr1-Cl1-Cr2 86.019(18), Cl1-Cr2-CI2 93.94(2), Crl1-
Cl2-Cr2 85.567(19), Cl1-Cr1-Cl2 94.27(2).

(Me;C);CsH, (4) ligand, which we expected to be isostructural
to 3-CrCl. The reaction between CrCl, and NantBuS forms a
green THF solution, and after work-up deep blue crystals are
isolated from very concentrated pentane solutions at —24 °C
(Scheme 4). Elemental analysis and EI MS data agree with the
proposed structure for 4-CrCl, but one particular observation
for this complex is a solvent dependence of its solution colour
and its '"H NMR spectrum (see the Experimental section for
details). In pentane and aromatic solvents green solutions are
obtained, whereas it forms a blue solution in THF and CH,Cl,.
Fig. 7 shows the molecular structure of 4-CrCl, and the figure
caption lists some selected bond distances and angles. Key fea-
tures of the molecular structure include the long Cp(cent)-Cr
distances of 1.95 A and short Cr1---Cr2 distance of 3.181 A,
which is in the range of Cr-Cr bond distances
(3.185-3.471 A)."° In principle, the Cr,Cl,-core can adopt two
different structures, either a planar arrangement (A) or a but-
terfly geometry (B) (Chart 2). In the latter, the displacement of
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Fig. 8 yr vs. T plot for 4-CrCl. The red line represents a theoretical fit
of the experimental data (see text for parameters).

the two Cr atoms towards each other suggests a (weak)
bonding interaction between the two Cr atoms.

Both arrangements have literature precedents. The butterfly
structure is adopted in [(n*-CsMes)Cr(p-X)], (X = Cl, Me),*
[(n°-CsMe;)Cr(p-Et)(p-Ph)], (X = CI, Me),"" [(n’>-CsH5)Cr(p-1)],,*>
and [(n’-CsHs)Cr(p-OtBu)],** and has direct consequences for
the electronic structure of these dimers, which show strong
antiferromagnetic coupling between the two Cr-atoms (S =
1).*" In a more recent report, Layfield and Scheer describe a
planar arrangement for [(n°>-CsH;)Cr(p-X)], (X = P(SiMe;),, As
(SiMes),), in which two high spin (S = 2) Cr(u) centres couple
antiferromagnetically.*” To investigate the electronic structure
in 4-CrCl, magnetic susceptibility studies were undertaken
between 5 and 400 K. The yr vs. T plot is shown in Fig. 8; and
yr is close to zero at 5 K and then slowly increases to 2.6 emu
K at 400 K. While this value is significantly less than the spin-
only value of 6.0 emu K expected for two non-interacting high
spin Cr(u) atoms (assuming g = 2), it is clearly higher than the
expected value for two non-interacting S = 1 Cr(u) centers
(2.0 emu K), suggesting antiferromagnetic coupling. The mag-
netic data can also be simulated by the spin- Hamiltonian A=
—2J(81-8,) with §; =8, =2; g, =g, = 2.41; J = —65.8 cm ™ *; TIP =
2.189 x 107" emu K and p = 0.004 (S = 2 impurity). These
values are similar to those found for [(n°-CsHs)Cr(p-As-
(SiMe;),)]. "

Catalytic screening in ethylene oligo-/polymerisation

With these Cr(u) complexes in hand, the activity of 2-CrCl-
(tmeda), 3-CrCl and 4-CrCl in ethylene oligomerisation and
polymerisation was investigated. This study should also
provide insights into the influence of the pyrrolyl coordination
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mode on the catalytic activity. The complexes were activated by
addition of MAO or AlMe; in a 1:100 and 1 : 30 ratio, respecti-
vely. Furthermore 2 equiv. of dodecyltrimethylammonium
chloride was added in the AlMe; reactions, since an external
chloride source has some advantageous effects on the catalytic
performance.** These mixtures were then heated to 50 °C
under ethylene (30 bar). As shown in the previous study on
1-CrCl(thf),'® these Cr(i1) complexes are only poor catalysts in
the selective ethylene polymerization and only trace amounts
of oligomers are formed. However, there is a marked difference
between the n’-coordinate complexes 3-CrCl and 4-CrCl and
the kN-bound complex 2-CrCl(tmeda). The former two com-
plexes exhibit identical catalytic performance in olefin oligo-
merization (no selectivity and low activity of ca. 2 ¢ h™') and
no polyethylene formation regardless of the activator. In con-
trast 2-CrCl(tmeda) forms polyethylene (ca. 12 g h™") on acti-
vation with MAO, but on activation with AlMe; no reaction
occurs at 50 °C. However, when the temperature is raised to
75 °C a very slow reaction is initiated with very low ethylene
consumption (<2 g h™) and most of the ethylene is converted
to polyethylene. In conclusion, Cr(i) complexes with sterically
encumbered pyrrolyl ligands are not suitable for the selective
ethylene oligomerization, supporting the previous in situ EPR
study, which established that only Cr(i) is relevant for the
ethylene trimerization."”

Conclusions

Diazachromocenes with an S = 1 ground state are readily acces-
sible from CrCl, and sterically encumbered pyrrolyl ligands.
No indication of spin equilibrium was found based on solid
state magnetic susceptibility studies for 1-Cr. Reaction of the
diazachromocenes with an additional equivalent of CrCl,
forms mono(pyrrolyl) complexes, in which the Cr(u) atoms
adopt a high spin (S = 2) ground state. In addition while kN-
coordination is observed for 1-CrCl(thf) and 2-CrCl(tmeda),
this coordination mode is strongly disfavoured for the more
sterically demanding Pyr’® ligand and therefore n>-coordi-
nation is observed in 3-CrCl. To distinguish these coordination
modes "H NMR spectroscopy proved to be a very valuable tool.
None of the mono(pyrrolyl)chromium complexes is a very
active or selective ethylene oligomerization catalyst after acti-
vation with MAO or AlMe;, strongly indicating that Cr(i)/Cr(iu)
are the important oxidation states in catalysis.

Further studies on the coordination chemistry of these pyr-
rolyl ligands are ongoing and will be reported in due course.

Experimental section
General

All synthetic and spectroscopic manipulations were carried out
under an atmosphere of purified nitrogen, either in a Schlenk
apparatus or in a glovebox. Solvents were dried and deoxyge-
nated either by distillation under a nitrogen atmosphere from
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sodium benzophenone ketyl (THF) or by an MBraun GmbH
solvent purification system (all other solvents). NMR data were
recorded on a Bruker DPX 200, a Bruker DRX 400, a Bruker
Avance III 400 or a Bruker Avance II 300 spectrometer at
ambient temperature unless stated otherwise. The residual
solvent signal was used as a chemical shift reference (6 = 7.16
for benzene, 7.26 for chloroform, 3.58 for o-H of THF) for the
'H spectra and the solvent signal (5; = 128.06 ppm for
benzene, 77.17 for chloroform, 67.21 for a-C of THF) for the
13C spectra. Elemental analyses were performed by combustion
and gas chromatographic analysis with an Elementar vario-
MICRO instrument. Magnetic measurements were conducted in
a 7 T Quantum Design MPMS magnetometer utilizing a super-
conducting quantum interference device (SQUID). Between 10
and 25 mg of the sample were sealed in evacuated quartz
tubes held in place with ~5 mg of quartz wool. This method
provided a very small and reliable container correction, typi-
cally of about —2 x 10™> emu mol™". The data were also cor-
rected for the overall diamagnetism of the molecule using
Pascal constants.*®> For a more detailed description see ref. 46.
The program package JulX was used for spin-Hamiltonian
simulations and fitting of the data by a full-matrix diagonaliza-
tion approach.”” NaPyr’®" (1-Na),*® Kpyr’®":M (2-K),** KPyr™®"
(3-K)** and NaCp™* (4-Na)*® were prepared according to the
literature procedures.

Synthesis of 2,255 -tetra-tert-butyl-diazachromocene
(1-Cr). A solution of NaPyr®" (0.329 g, 1.62 mmol) in THF
(10 mL) was added to a suspension of CrCl, (0.100 g,
0.81 mmol) in THF (10 mL). The mixture turned red-brown
and was stirred overnight at ambient temperature and filtered
over Celite. The solvent was removed under dynamic vacuum
and the residue was extracted with pentane. The extracts were
concentrated and cooled to —24 °C to give the product as dark-
red needles. Yield: 0.208 g (0.51 mmol, 63%). M.p. 105-114 °C.
'H NMR (300 MHz, C¢Dg, 298 K): & 1.99 (br. s, v1,, = 121 Hz,
C(CHj3);3) ppm. Resonances corresponding to the CH protons
were not observed. Anal. Caled for C,,H4oN,Cr (408.26): C,
70.55; H, 9.87; N, 6.86. Found: C, 69.69; H, 9.67; N, 6.56. jies =
3.02u5 (300 K, solid).

Synthesis of 2,2',5,5-tetra-tert-butyl-3,3',4,4'-tetramethyldi-
azachromocene (2-Cr). A solution of KPyr®*M® (0.500 g,
2.04 mmol) in THF (20 mL) was added dropwise to a suspen-
sion of CrCl, (0.125 g, 1.02 mmol) in THF (15 mL). The
mixture turned from green to red-brown and was refluxed for
5 h and then stirred overnight at room temperature. The
residue was extracted with hexane, filtered and the solvent was
removed under a dynamic vacuum to give a red solid. Yield:
0.320 g (0.69 mmol, 68%). Crystals suitable for X-ray diffrac-
tion analysis were grown from a concentrated hexane solution
at —24 °C overnight. M.p. 236-245 °C. 'H NMR (300 MHz,
CeDs, 298 K): § 5.36 (br. s, 1y, = 334 Hz, CH3), —0.47 (br. s, vy
= 264 Hz, C(CH3); ppm. Anal. Calcd for C,gH,gN,Cr (464.32):
C, 72.37; H, 10.41; N, 6.03. Found: C, 71.62; H, 10.08; N, 5.83.

Synthesis of 2,2',3,3',5,5-hexa-tert-butyl-diazachromocene
(3-Cr). A solution of KPyr®" (0.500 g, 1.83 mmol) in THF
(10 mL) was added to a suspension of CrCl, (0.112 g,
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0.91 mmol) in THF (10 mL). The mixture turned from blue via
green to red-brown and was stirred at ambient temperature
overnight. The solvent was removed under dynamic vacuum.
The residue was extracted with hexamethyldisiloxane. Concen-
tration to a minimum amount of solvent and crystallization at
—24 °C gave red-brown crystals. Yield: 0.202 g (0.37 mmol,
40%). M.p. 252 °C (dec.). 'H NMR (200 MHz, C¢Ds, 300 K): &
3.63 (br. s, vy, = 408 Hz, C(CH,);, peak overlap), 1.55 (br. s,
V1, = 163 Hz, C(CHj3)3, peak overlap), 0.38 (br. s, v4,, = 113 Hz,
C(CHj;);, peak overlap) ppm. Anal. Caled for C3,Hs;¢N,Cr
(520.38): C, 73.80; H, 10.84; N, 5.38. Found: C, 73.55; H, 10.84;
N, 5.41. The E.I. mass spectrum (70 eV) showed a molecular
ion at m/z = 520 amu with the following isotopic cluster distri-
bution for: C3,H5¢N,Cr (caled %, observd %): 520 (100, 100),
521(47, 46), 522 (13, 13), 518 (5, 5), 523 (2, 2).

Synthesis  of  [{(kN-2,5-(Me;C),C4H,N)Cr(thf)},(n-Cl),]
(1-CrCl(thf)). A solution of NaPyr™®" (1.000 g, 4.94 mmol) in
THF (20 mL) was added to a suspension of CrCl, (0.608 g,
4.94 mmol) in THF (25 mL). The mixture turned blue-green
and was stirred overnight and filtered over Celite. The solvent
was concentrated to ca. 15 mL and the product was precipi-
tated by the pentane addition. The product was dried in vacuo
to give a light blue solid. Yield: 1.121 g (1.66 mmol, 67%).
Crystals suitable for X-ray diffraction were obtained as blue
cubes by slow vapour diffusion of pentane into a concentrated
THF solution of 1-CrCl(thf). M.p. 138 °C (dec.). "H NMR
(400 MHz, THF-dg, 299 K): § = 55.4 (br. s, v4,, = 2580 Hz, 9H,
C(CH3)3), —28.4 (br. s, 11/, = 400 Hz, 1H, CH) ppm. Anal. Calcd
for C;,Hs¢N,0,CLCr (674.52): C, 56.88; H, 8.35. Found: C,
56.37; H, 8.39. jiegr = 7.00u5 (300 K, solid).

Synthesis of [(kN-2,5-(Me;C),-3,4-Me,-C,H,N)Cr(Cl)(tmeda)]
(2-CrCl(tmeda)). To a suspension of CrCl, (0.150 g,
1.22 mmol) in THF (20 mL), tmeda (ca. 2 mL) was added and a
solution of KPyr®"“* (0.300 g, 1.22 mmol) in THF (20 mL)
was added dropwise. The mixture turned from green to steel-
blue and was stirred overnight and filtered. The solvent was
concentrated until a blue precipitate formed and the suspen-
sion was kept at —24 °C for 2 h. The green supernatant was
decanted and the blue solid was washed with pentane and
recrystallized from THF at —24 °C. Yield: 0.150 g (0.37 mmol,
30%). M.p. 161-178 °C (dec.). '"H NMR (300 MHz, THF-dg,
296 K): 5 37.8 (br. s, v1), = 260 Hz, C(CH,);), 2.3 (br. s, 11/, = 50
Hz, peak overlap), 2.2 (br. s, v3/, = 66 Hz, peak overlap) ppm.
Anal. Calcd for C,oH,oN;CICr (409.23): C, 58.59; H, 9.83; N,
10.25. Found: C, 58.15; H, 9.93; N, 10.07.

Synthesis of [(n°-2,3,5-(Me;C);C,HN)Cr(p-Cl),] (3-CrCl). A
solution of KPyr™®" (0.500 g, 1.83 mmol) in THF (20 mL) was
added to a suspension of CrCl, (0.223 g, 1.83 mmol) in THF
(20 mL). The mixture changed in colour from green to blue
and was stirred overnight. The solvent was evaporated and the
residue was extracted with hexane. Concentration to a
minimum amount of solvent and crystallization at —24 °C gave
deep-blue crystals. Yield: 0.238 g (0.37 mmol, 40%). M.p.
147-150 °C. '"H NMR (400 MHz, Cg¢Ds, 298 K): & 2.69 (br. s,
viy = 573 Hz, C(CH3)3), 6.68 (br. s, vy, = 533 Hz, C(CH,);),
12.17 (br. s, v4;, = 566 Hz, C(CHj;);) ppm. The CH resonance
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was not observed. Anal. Caled for Cz,Hs6N,Cl,Cr (642.26): C,
59.71; H, 8.77; N, 4.35. Found: C, 59.63; H, 8.71; N, 4.26. The
E.I. mass spectrum (70 eV) showed a molecular ion at m/z =
642 amu with the following isotopic cluster distribution for:
(calcd %, observd %): 642 (100, 100), 644 (82, 82), 643 (58, 60),
645 (40, 40), 646 (22, 23), 640 (10, 11), 647 (9, 9), 641 (4, 5), 648
(2, 3).

Synthesis of [(n°-1,2,4-(Me;C);C;H,)Cr(p-Cl),] (4-CrCl). In a
Schlenk flask, NaCp®* (1.024 g, 4.00 mmol) and CrCl,
(0.492 g, 4.00 mmol) were suspended in THF (ca. 30 mL) and
the reaction mixture was stirred at ambient temperature for
2 d. During this time the CrCl, slowly dissolved and a blue solu-
tion was formed. The solvent was evaporated and the residue
was extracted with pentane (ca. 20 mL). The green pentane
extracts were filtered and concentrated to ca. 5 mL and cooled
to —24 °C to give deep blue crystals. Yield: 0.55 g (0.86 mmol,
43%). M.p. 151-156 °C. "H NMR (200 MHz, C¢Ds, 296 K, green
solution): § 10.61 (br. s, peak overlap), 9.10 (br. s, peak overlap)
ppm. 'H NMR (200 MHz, CD,Cl,, 296 K, blue solution) 3.17
(shoulder, peak overlap), 2.07 (br. s, peak overlap) ppm. Anal.
Caled for C34HsgCl,Cr, (640.27): C, 63.64; H, 9.11. Found: C,
63.22; H, 9.21. The E.I. mass spectrum (70 eV) showed a mole-
cular ion at m/z = 640 amu with the following isotopic cluster
distribution for: (caled %, observd %): 640 (100, 100), 642 (82,
80), 641 (59, 59), 643 (41, 41), 644 (24, 25), 638 (10, 14), 645 (9,
10), 639 (5, 8), 646 (3, 3).

X-ray diffraction studies

Data were recorded at 100 K on Oxford Diffraction diffracto-
meters using monochromated Mo Ko or mirror-focussed Cu
Ka radiation (Table 1). Absorption corrections were performed
on the basis of multi-scans. The structures were refined aniso-
tropically using the SHELXL-97 program.’® Hydrogen atoms
were included using rigid idealised methyl groups or a riding
model. Special features and exceptions: 1-Cr was refined as a
racemic twin (Flack parameter 0.17(2)). 2-Cr was measured at
130 K because the crystals shatter at 100 K.
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