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Abstract: The pincer complexes [Ni'"Br(CNC)]Br (4), [Cr''Brs(CNC)]
(5a) and [Cr'"Br23Clo7(CNC)] (5b), where CNC = 3,3'-(pyridine-2,6-
diyl)bis(1-mesityl-3,4,5,6-tetrahydropyrimidin-2-ylidene), were
obtained from the novel ligand CNC, generated in situ from the
precursor  (CHNCH)Br. and  [Ni"Bro(PPhs);] or  from
[CrYN(SiMes)2}2(THF).] and (CHNCH)Br2 by aminolysis, respectively.
The tetrahedrally distorted square planar (14 = 0.30) geometry and the
singlet ground state of Ni in 4 were attributed to steric constraints of
the CNC backbone. Computational methods highlighted the
dependence of the coordination geometry and the singlet-triplet
energy difference on the size of the N-substituent of the
tetrahydropyrimidine wingtips and contrasted it to the situation in 5-
membered imidazolin-2-ylidene pincer analogues. The octahedral Cr"
metal center in 5a and 5b is presumably formed after one electron
oxidation from CH2Cl.. 4/MAO and 5a/MAO were catalysts of
moderate activity for the oligomerization and polymerization of

ethylene, respectively. The analogous (CHAN~CH)Br: precursor,
where (CHANACH) = 3,3'-(pyridine-2,6-diylbis(methylene))bis(1-
mesityl-3,4,5,6-tetrahydropyrimidin-1-ium), was also prepared,
however its coordination chemistry was not studied due to the
inherent instability of the resulting free CANAC ligand.

Introduction

The study of chemical (structure, stoichiometric and catalytic
reactivity), physical (photophysical, magnetic), biological and
medicinal properties of metal complexes comprising one or more
N-heterocyclic carbene (NHC) donors is a topical area of research,
in particular with pincer-type ligand designs.["? In addition to the
precise spatial tuning of the pincer architecture, the electronic and
steric modulation of the NHC group(s) constitute attractive
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features to design, develop and tune functional complexes.[' @
Accumulating evidence, also originating from diverse
computational methodologies, points to the versatility of the NHC
functionality in modulating the o-donor and -donor/acceptor
interactions with the metal center. Towards this end, manipulation
of the energies of the NHC HOMO and LUMO (and the respective
energy difference between them) are instrumental. [ 32304 The
nature of the heterocycle, where the CN"C is integrated in, is
crucial for this purpose; thus, the o-donation combined with the
minimal 1T-acceptance of the imidazol- and imidazolin-based NHC
functionalities are compared and contrasted to the pronounced o-
donation of the mesoionic NHCs and the o-donation and -
acceptance of the Ring Expanded (RE) and cyclic Alkyl Amino
Carbene (cAAC) NHCs.®! Therefore, a good scope for the NHC
selection could be in place to differentially (de)stabilize metal
oxidation states, M—CN"C and M-coligand interactions, metal
nucleophilicity, promote/suppress lability etc. As part of a pincer
ligand design, NHC functionalities can be installed at the
wingtip(s) or bridgehead and subjected to the constraints of the
rigid ligand structure, further modulating Tr-interactions via
variation of torsion angles and steric interactions of the constituent
functionalities.l®! In this respect, the magnitude of the N-CN"C_E
(E = heteroatom, usually N or C) angle can covertly accentuate
the steric demands of the NHC functionality(ies) through
enforcing distal bulky substituents to proximal positions. Despite
the above mentioned options offered by the NHC functionality as
a ligand building block, the majority of the studies with pincer
ligand systems are based on the usage of 5-membered imidazol-
and, to a lesser extent, imidazolin-based NHCs as side arms (type
1 in Fig. 1).'a ¢ %1 |n g |imited number of studies mesoionic
triazol-based wingtips (type Il in Fig. 1) have been employed; in
contrast, wingtips based on the RE-NHCs (type lll in Fig. 1) are
unknown.®! Interestingly, the picture regarding the nature of the
NHC as bridgehead functionality shows more abundant usage of
RE-6 NHCs, that have led to remarkable structural and reactivity
differences compared to analogous 5-membered moieties (in
particular, with donor atoms OCNCO of aryloxide,® NCN"CN of
pyridine or imine,['® PCNHCPI of dialkyl- or diaryl-phosphane).
Herein, we report the synthesis of pyridine dicarbene pincer (pro)-
ligands featuring RE-6 NHC wingtips (type lll, E = N) and their
usage in accessing Ni and Cr complexes of catalytic relevance. In
the present study, the distinctive steric profile of the RE-6 NHC
wingtip was manifested as (tunable) geometrical distortion at the
metal with ground state electronic structure implications.

n=0,1 n=0,1
m=1,2etc.

Figure 1. Common (type |, E = N, C etc.) and known (type Il, E = N) symmetrical
pincer ligand designs with NHC wingtips; type lll, (E=N, n=0, 1, m = 1) is the

subject of this paper.
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Results and Discussion

Proligand and Ligand Synthesis

The synthetic strategy to access the precursors (CHNCH)Brzand
(CHANACH)Br2 is depicted in Scheme 1. Although it should be
general enough to accommodate any aromatic substituent at the
six membered tetrahydropyrimidine, the choice of the mesityl
group was dictated by the increased sterics anticipated in the
resultant CNC complexes due to the obtuse N-CNHC_N angle.

Br-

. Mes-NH; . . HC(OEt)s, H* -
AN e e A —_— Br
Br NHs  H,0,16h,95°C MesH:N NH;  “Teat, 16h, 100 °C N(:I\lj
Br Br~ Mes™ > "H
1 2 3HBr

Mes = 3 BuOK
ether, 3 h
“0°Ctort

N ; N, @i L.
| . H | P i 05 eq.( N )n
SN N N/j 2 eq. NaN(SiMej3), i ( . N )n i Br Br m
s L i —

i n=0:neat, 16, 140°C pes N ~=N
\ \ | n=1:CHyCN, 16h, RT

Mes Mes H

3

n=0: (CNC) n = 0: (CHNCH)Br,

n = 1: (CHANACH)Br,

Scheme 1. The synthetic sequence leading to the pro-ligands (CHNCH)Br2 and
(CHANACH)Br: and the ligand CNC.

All steps in Scheme 1 proceed with good to excellent isolated
yields at multigram scale. The proligands were isolated as
colourless powders and characterized spectroscopically (see
Experimental). Deprotonation of (CHNCH)Br2 with two
equivalents of NaN(SiMes)2 led to the pincer ligand CNC which
could be isolated as an oily substance; it was stable at room
temperature in CeDs for at least 24 h, and was characterized by
'H and "*C{'"H} NMR spectroscopies. Although the NMR spectra
were in agreement with the symmetric structure proposed for
CNC, it was impossible to observe in the "*C{'"H}-NMR spectrum
a signal assignable to the carbene carbon CNHC, despite longer
acquisition times and pulse delays to complete relaxation. In
contrast, attempts to isolate at room temperature and
characterize CANAC were not successful and its future use for
complexation reactions presumably should not be based on its in
situ generation and trapping with metal precursors, but on
‘coordinated base’ methodologies or other C—H metalation
protocols. Lastly, despite CNC being stable (vide supra), its long-
term storage was avoided and for using it in metal complex
syntheses, in situ generation in the presence of metal precursors
was favored.

Computational Studies on the CNC Ligand

Since the molecular structure determination of CNC by X-ray
diffraction methods was impossible due to the lack of crystallinity
(vide supra), gaining insight into its metrical data, preferred
conformation(s), stability and electronic structure were attempted
by computational methods. According to DFT calculations, the
computed CNC(DFT) in the gas phase can adopt three
energetically unequal conformations (A, B, C), that differ in the
relative orientation of the heterocyclic rings, where the two CNHC

This article is protected by copyright. All rights reserved.
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and the one NP"lone pair bearing atoms are located (Scheme 2).
In the most stable conformer C repulsions between neighbouring
lone pairs are minimized. Cartesian coordinates and selected
metrical data of the three optimized structures are given in the
Supporting Information (Tables S3, S5 and S6).

G g

B5 =2 < ad
S

\ /N:_,:i v <\ /EN:;: i NN \ /N:}\

Sio 193 14 O

13.4 kcal/mol* 5.2 kcal/mol* 0 kcal/mol*
A B c D

Scheme 2. The three conformers of CNC(DFT): A: all syn lone pairs; B: syn,
anti lone pairs; C: all anti lone pairs. The all syn conformer D was employed in
computations for comparison purposes (see text for details). * The numbers

denote the Gibbs free energies; the energy of conformer C was set to 0.0.

The singlet-triplet energy difference AEs.rand the energy of the
HOMO of the conformer A (resembling best the metal-bound
conformation of the ligand) was computed at ca. -2.11 eV and -
6.91 eV, respectively. In comparison, the AEs-rand the energy of
the HOMO of the relevant pincer ligand D with 5-membered NHCs
were calculated at ca. -3.55 eV and -7.48 eV respectively,
confirming the superior o-donor characteristics of A when bound
to a metal center; the energies of the LUMO in A and D are
comparable (see Supporting Information, Table S9).

Interestingly, in addition to the difference of the magnitude
of the AEsrthere are disparities in the nature of the computed
HOMOs, LUMOs and SOMOs of A and D in their singlet and
triplet states: (i) in the singlet states, although in both A and D the
nature of the HOMOs has clearly CNHC and NP lone pair character,
in the HOMO of D there is significant contribution of the  system
of the pyridine, which is almost absent in A; conversely, the
LUMOs of both A and D have CN"C and pyridine T character; (ii)
moreover, in the triplet state in A, the energetically highest SOMO
that displays CN"C character, featuring two degenerate minima,
each being localized on one of the RE-NHCs, results in the
pyramidalization of one of the corresponding RE-NHC group
(Figure 2). Conversely, m pyridine character, and
‘dearomatization’ of the pyridine are two features found in the
triplet state in D (see also Supporting Information, Table S10).
Recently, substantial localization of spin density in the T system
of the pyridine bridgehead in radical anions of imidazol-2-ylidene
analogues of D was experimentally observed and computationally
demonstrated.l'?
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Figure 2 MOs of A (from left to right): HOMO, LUMO of the singlet state and
SOMO of the triplet state.

Ni and Cr Complexes with the CNC Ligand

In view of our interest in the catalytic oligomerization of
ethylene,['¥ we employed the ligand CNC to access Cr and Ni
complexes that are of relevance to this reaction (vide infra). The
synthetic methods employed to access the well-defined
complexes 4, 5a and 5b are given in Scheme 3.

(i) 2.2 eq. NaN(SiMe3),
THF -78 °C to RT
(ii) NiBry(PPhs),, RT

Q g?ﬂ (Br) CN g?

) B
Cop— G
S S

4 5a X=Br
5b X = C|0_7Bf0‘3

Cr{N(SiMe3),},(THF),, THF (5a)
Crystallization from CH,Cl, (5b)

Scheme 3. Synthesis of Ni' and Cr'" complexes with the CNC ligand.

The orange, diamagnetic Ni complex 4 was obtained in good
yields (ca. 60%) by the reaction of the in situ generated CNC with
[NiBr2(PPhs)2]. In  contrast, the pink-purple, paramagnetic
complex 5a was obtained in moderate yields (ca. 57%) after
metalation of the CNC by aminolysis of [Cr'{N(SiMes)2}2(THF )]
with the precursor (CHNCH)Br2in THF, extraction into CH2Clz and
isolation by solvent evaporation; the mechanism of the one
electron oxidation of the metal and the origin of the third bromide
co-ligand in 5a is vague. Attempts to crystallize 5a by pentane
diffusion into a CH2Cl2 solution over one week led to the isolation
of 5b in the form of pink-purple crystals. The molecular structures
of complexes 4 and 5b determined crystallographically are shown
in Figures 3 and 4 with important metrical data given in the caption
of the Figures.['"l Noticeably, diamagnetic 4 was amenable to
study by "H-NMR spectroscopy, while 5a was silent in both 'H-
NMR and X-band EPR spectroscopy, in agreement with the
presence of a high spin Cr' center.['3]

This article is protected by copyright. All rights reserved.
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Figure 3. Two views of one of the two cations in the asymmetric unit of 4; the
second cation, two bromide anions, one toluene molecule and hydrogen atoms
are omitted for clarity. Important metrical data (A and °) are: Ni-NP" = 1.810(8).
Ni—CNHC = 1.942(10) and 1.958(10), Ni-Br = 2.2816(15), Br—Ni—NP¥" = 155.5(3),
CNHC_Nj—CNHC = 162.0(4), CNHC—Ni—NPY" = 81.7(4) and 82.2(4), CNHC-Ni-Br =
98.6(3) and 99.4(3), N-CNHC_N = 119.4(9); the second cation in the asymmetric
unit shows very similar metrical data (see also Supporting Information, Table
S1).

Br = N

Figure 4. View of the molecular structure of 5b; one CH2Cl2 molecule and
hydrogen atoms are omitted for clarity. Important metrical data (A and °) are:
Cr-NP" = 1.998(2), Cr-CNiC = 2.172(2) and 2.170(2), Cr-Br = 2.413(8),
2.4818(5) and 2.5016(5), Br—Cr—NP¥" = 177.4(2), CNHC—Cr—CNHC = 153.81(7), N—-
CNHC_N = 116.66(19) (See also supporting information). The halogen atom site
trans to the NP" is partially occupied by Br (30%) and ClI (70%); only the former

is depicted for clarity (see also Supporting Information, Table S1).

The coordination geometry at Ni in 4 deviates substantially from
the expected square planar (14 = 0.30),'® whereas the bromide
co-ligand is situated ca. 1.30 A above the plane defined by the
three other donors (CNFC and NPY); the Ni center is only 0.16 A
above this plane. Both tetrahydropyrimidine six-membered rings

10.1002/asia.202400169
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adopt a half-chair conformation, thus maintaining the approximate
Cs symmetry of the complex (relative to the plane defined by the
NPY—Ni—Br), also in order to alleviate requirements arising from
the planarity of the N-CN"C_N substructure. The structural
features of 4 are to be contrasted with those of the analogous
complex with the five-membered (benz)imidazol-2-ylidene pincer
already reported (imidazol, wingtip substituents: Me,['"! DiPP,['8l
Mes,!"¥ benzimidazol: "Bul?®) where virtually planar environments
around the Ni" centers are observed. The Ni—-CNHC bond distances
in 4 are marginally longer than those reported for Ni'-imidazol-2-
ylidene complexes, possibly due to steric reasons (see
Supporting Information, Table S2). In complex 5b the metal
adopts an octahedral coordination geometry. Here too, the two
tetrahydropyrimidine six-membered rings of the pincer adopt half-
chair conformation and an approximate Cs symmetry of the
complex (relative to the plane defined by the NPY—Cr-Br) is
obtained. The Cr—CN"C bond distances in 5b are in the range
reported for the other pyridine dicarbene Cr complexes, i.e.
(2.087(6), and 2.120(6) for Cr'"'1), (2.125(12) and 2.122(10) for
crii22),

Computational Studies on the Geometric and Electronic
Structure of the [Ni(CNC)X]* Analogues

In order to get insight into the factors that may be responsible for
the unusual geometry around the Ni center in 4, DFT calculations
were undertaken. Thus, the computed structure of the cation in
the singlet state 4BrMes® is in good agreement with the
experimental and replicates the unusual features observed. In
order to probe whether steric interactions could be held
responsible for the structure of 4BrMes®, the structures of
additional cations were computed: (i) with different NHC
substituents (i.e. H, Me, adamantyl (Ad)), and (ii) with X coligands
differing in size (Cl, Br, I). From the optimized structures were
extracted: (i) the geometric parameter r4and (ii) the concomitant
energy difference Er-Es = AEts and used to quantify the departure
from the square planar coordination geometry and the nature of
the ground state electronic structure, respectively; the results are
combined in Table 1.

Table 1. Computed structural and electronic parameters of the cation in 4 as a

function of the wingtip substituent R and the halide coligand.[!

Complex® Spin T416) AETs
Multiplicity

4CIMes® Singlet 0.30

7.7
4CIMes™ Triplet 0.71
4BrMes® Singlet 0.33

7.0
4BrMes™ Triplet 0.70
4IMesS Singlet 0.40

4.6
4IMesT Triplet 0.72
4BrHS Singlet 0.12 27.9

This article is protected by copyright. All rights reserved.
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4BrH" Triplet 0.35
4BrMe® Singlet 0.32

11.6
4BrMe” Triplet 0.56
4BrAdS Singlet 0.45

-6.7
4BrAd" Triplet 0.68
ImidCIMesSH Singlet 0.12

14.5
ImidCIMes™! Triplet 0.70

[a] For the computation methodology see the Supporting Information; [b] The
notations 4XRS and 4XRT refer to computed structures with R wingtip
substituent, X coligand in the singlet or triplet states, respectively; [c] in kcal/mol;
[d] ImidCIMesS and ImidCIMes™ refer to computed structures of pyridine
bis(imidazolin-2-ylidenes) with Mes wingtip substituent, Cl coligand in the singlet

or triplet state, respectively.

Thus, when the substituents R at the wingtips are either Me, Mes
or Ad, the Ni in the corresponding complex cations is in a distorted
square planar environment with increasing 14 values as the steric
bulk of the R group becomes larger. Conversely, when R = H,
(4BrHS®), minimal distortion is observed (14 = 0.12). Moreover,
increasing the size of the halide co-ligand also results in increased
distortion away from the square planar.

This picture is further clarified by perusal of the steric maps
derived after calculations of the % buried volume and its spatial
distribution by employing the SambVca web toolkitt™ and
cartesian coordinates obtained experimentally (4) or by DFT
methodology (as in Table 1); full details and representative results
are found in the Supporting Information (Figure S18) and Figure
5, respectively.

Figure 5 Steric maps of computed structures of the cations (from top left
clockwise): 4BrMesS, 4BrHS, ImidCIMesS and 4BrAdS; the origin of the
cartesian coordinates is at the Ni, the z-axis and the xz-plane coincide with the
Ni—NPY" vector and the CNHC—NPY—CNHC plane, respectively.

10.1002/asia.202400169
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Finally, the calculations indicated that increased distortion from
the square planar geometry results in smaller triplet-singlet
energy difference AErts; in the calculated complexes with the
bulkiest R (i.e. in 4BrAd), the triplet is stabilized vs. the singlet
state (by -6.7 kcal/mol). For the sake of comparison, DFT
calculations were implemented on the analogous imidazolin-2-
ylidene pincer complex (R = Mes), showcasing that it neither
exhibits the aforementioned distortion (14 = 0.12) nor a narrow
triplet-singlet energy difference (AEts = 14.5 kcal/mol). The
disparate features were attributed to the wider N-CNHC—N angles
of the RE-NHCs that force the NHC substituents (R) to close
proximity with each other and the metal center (the calculated
average »N—CN"C—N in cations with RE-6 and the corresponding
imidazol-2-ylidenes were ca. 117° and 104° respectively).

Catalytic Studies

Ligand design is paramount for tuning the activity and selectivity
of Ni- and Cr-based ethylene oligomerization/polymerization
catalysts. In particular, selectivities such as formation of
oligomers vs. polymers, a-olefins vs. internal and branched
alkenes are of high industrial interest and as a result many studies
have been dedicated to the understanding of the reaction
mechanisms at work.?® So far, pyridine bis(imidazol-2-ylidene) Ni
complexes activated with organoaluminium compounds have not
been studied for their ability to catalyze alkene
oligomerization/polymerization reactions; moreover, pyridine bis-
imidazol-2-ylidene chromium complexes have been claimed to
behave as efficient catalysts for ethylene oligomerization.?" 24 To
extend the scope of CNC-type pincer ligands, the complexes 4
and 5a were tested for these reactions. A summary of the results
obtained is given in Table 2.

Table 2. Summary of the catalytic oligo-(poly)-merization studies using 4 and
5a.

Entry Cat TOFe %C4P %CeP %CsgP %Ci1o? %PE
| 4 20504  70(48)  21(20) 621)  2(0) ;

e 4 - 735)  24(2) 322) - ;

e 4 7022 60(45)  29(11) a(3) 2(0) ;

v 5a  8744°  3(100)  5(100) 2(100) - 90
\% 5a 728° 1(100) - - - 100
VIl 5a  18206° 2(100)  1.5(100)  1(100)  0.5(35) 95

[a] Turnover frequency in: (mol CzHa4)-(mol complex-h)™. [b] Percentage of
olefin-product fractions with chain number of C atoms as indicated by the index
(numbers in parentheses indicate the percentage of linear a-olefins); [c] 1 bar
of C2Hsand 30 min run; [d] Initial temperature = 60 °C; [e] Turnover frequency

was calculated only for the polymerization; [f] 20 bar C2Ha.

All catalytic tests were conducted in chlorobenzene because the
complexes are poorly soluble in toluene. It is evident that both 4

This article is protected by copyright. All rights reserved.

85UB017 SUOWIWOD aAIEa.D 3(qeat|dde ay) Aq peusenob afe sajone YO 8sn Jo $8INJ 10} Areig1T 8uLuQ /8|1AA UO (SUOIIPUGD-pue-SLLRIALCD A8 1M Arelg Ul Lo//SANy) SUOR IPUOD PUB SW.B L 81 89S *[7202/S0/50] Uo ARidIT UIUO 8|1 ‘SoUe.d 8UeIy0D AQ 69T00Z0Z ©Se/Z00T 0T/I0p/Wod A m Alelq 1 puluoy//:sdny wo) pepeojumoq el ‘XT/yT98T



Chemistry - An Asian Journal

and 5a exhibit moderate activity!? in terms of ethylene conversion,
leading respectively to a mixture of oligomers and polymers with
traces of oligomers, respectively. Although 5a is predominantly a
polymerization catalyst, the small amounts of oligomers detected
turned out to be exclusively a-olefins. The polyethylene obtained
was insoluble at room temperature in solvents commonly used for
the elucidation of polymer microstructures and therefore it was not
further studied.

In attempts to gain insight into the behavior of 4 in catalysis, its
stoichiometric reactivity with various methylating agents (MeLi,
MeMgCl) was pursued but led to intractable reaction mixtures.
Additionally, after assuming that methylated species of type 6DFT
(Figure 6) could be a reasonable product from the reaction of 4
with MAO and a catalysis relevant precursor to the active species,
its stability and plausible deactivation reactivity was investigated
by computational means. In particular, the decomposition by
migration of a methyl group from Ni to the CNHC to 6DFTmig was
explored. This elementary step has been previously observed
experimentally and/or implicated in the rigid pyridine dicarbene
pincer ligands of the imidazol-2-ylidene type on a range of metals
and with pincer ligands with bridgehead NHC donor.['8 261

vz

N

CN:KNJ ‘Me
N _\4 Me

LN—@—

(GDFTmig)‘

. 6.7 kcal/mol*

0.0 keal/mol*—-""

Me ~— -36.9 kcal/mol*
N={Me ‘<
N—=S= CN*Ni—Me

6DFT N—eMe
at=s
6DFTmig

Figure 6. One plausible deactivation step of a catalysis relevant precursor
6DFT via methyl migration into the Ni~CN"C bond computed by DFT. *The
numbers denote the Gibbs free energies (for the sake of comparison the

reactant’s energy was set to 0.0).

The results show that 6DFTmig is very stable compared to 6DFT,;
furthermore, it is accessible via a low energy barrier directly by
concerted migration of one CHs from the Ni to the CNHC,

Conclusion

The synthesis of the novel pyridine dicarbene pincer ligands,
where the carbene is a RE-NHC, that are described herein,
unraveled subtle electronic structure and steric profile
differentiation from the established and widely studied analogues
based on the imidazol-2-ylidenes. The donor-acceptor electronic
characteristics of the new pincers stem from the nature of the

10.1002/asia.202400169

WILEY . vcH

constituent functional groups, while the steric profile is arising
from conformational preferences of the ligand backbone on metal
coordination. The diverse tuning handles in the ligand design
promise to be useful for future applications in functional metal
complexes. The computational studies have shown a gradual RE-
NHC substituent and metal coligand dependent transition to
pyramidalized four-coordinate Ni' geometries, accompanied by
triplet-singlet energy difference modulation. That the complexes 4
and 5a show unremarkable catalytic activity in the
oligo(poly)merization of ethylene may be attributed to catalyst
deactivation due to migration elementary steps. The extension of
the use of the novel pyridine RE-NHC pincer ligands to other
metals and oxidation states, in particular 3d metals of relevance
to catalysis, and the manipulation of singlet-triplet energy
difference of pincer NHC complexes with potential applications in
photocatalysis are directions that are currently under exploration.

Experimental Section

General experimental guidelines are given in the Supporting
Information. Compound 2 was obtained by following a method of
the literature (see Supporting Information).

Compound 3-HBr

To a round-bottom flask equipped with side-arm was added
compound 2 (18.000 g, 50.828 mmol), HC(OEt)s (37.660 g,
254.140 mmol) and 2-3 drops conc. HCOOHaq). With the side arm
open, the mixture was stirred for 16 h at 100 °C, when a clear
orange-red solution was obtained. After cooling to rt, diethyl ether
was added and a sticky, off-white-to-orange solid precipitated,
that was isolated by filtration and washed with diethyl ether
affording a free-flowing solid. If the final solid product remains
sticky (an indication of residual HC(OEt)s present), it is dried at
80-90 °C for ca. 16 h under vacuum. Yield: 7.197 g (50 %). 'H-
NMR (400 MHz, CD30D, 25 °C): 6 = 8.17 (s, 1H, NCHN), 7.05 (s,
2H, HAr), 3.69 (t, 2H, CH2), 3.57 (t, 2H, CH2), 2.31 (s, 3H, p-CH?>),
2.28 (m, 2H, CH>), 2.26 (s, 6H, 0-CHs); "*C{'"H}-NMR (100 MHz,
CDs0D, 25 °C): 6 = 155.39 (NCHN), 141.32 (CAr), 138.39 (CAr),
136.11 (CAr), 130.93 (CAr), 47.70, 38.64, 21.00, 19.88, 17.49;
HRMS (ESI): m/z calcd for C13H20N2Br: 203.1543 [M]*; found:
203.1556.

Compound 3

In two separate Schlenk flasks were added compound 3-HBr
(6.459 g, 22.806 mmol) in diethyl ether (ca. 50 mL) and ‘BuOK
(2.815 g, 25.087 mmol) in diethyl ether (ca. 50 mL). After cooling
the resulting mixtures to -10 °C, the base was added to the
suspension of the salt and the mixture was stirred for 3-4 h at rt
during which time the appearance of the precipitate changed.
Removal of the precipitate by filtration through a pad of Celite and
evaporation of the colourless filtrate under reduced pressure to
dryness afforded the product as an off-white solid. Yield: 3.690 g
(80 %). m.p. 100-103 °C; "H-NMR (400 MHz, CDCls, 25 °C): =
6.90 (s, 3H, HAr & NCHN), 3.45 (t, 2H, CH2), 3.33 (t, 2H, CH2),
2.27 (s, 3H, p-CHs), 2.22 (s, 6H, 0-CHs), 2.01 (m, 2H, CH2);
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BC{'H}-NMR (100 MHz, CDCls, 25 °C): & = 149.41 (NCHN),
140.00 (CAr), 137.46 (CAr), 136.73 (CAr), 129.42 (CAr), 45.62,
43.28, 21.53, 21.02, 17.87; HRMS (ESI): m/z calcd for C1aH1oN2:
203.1543 [M+H]"; found: 203.1573.

(CHNCH)Br;

In a small Schlenk flask were mixed as solids 3 (2.390 g, 11.814
mmol) and 2,6-dibromopyridine (1.399 g, 5.907 mmol). The
mixture was placed under N2, the vessel closed, fully immersed
into an oil-bath and was left at 140 °C for 16 h during which time
it gradually solidified to an off-white solid. After removal of the
Schlenk from the oil bath, allowing it to cool to room temperature,
breaking up the solid with a spatula and washing it with diethyl
ether (3 x 20 mL), the product was obtained. Yield: 1.200 g (93%).
"H-NMR (400 MHz, CDsCN, 25 °C): & = 9.11 (s, 2H, NCHN), 8.18
(t, 3Jnp=8.13 Hz, 1H, p-CHpyr), 7.46-7.44 (d, 3Jnn=8.22 Hz, 2H,
m-CHpyr), 7.04 (s, 4H, HAr), 4.12 (t, 4H, CH.), 3.77 (t, 4H, CH>),
2.43 (m, 4H, CH2), 2.31 (s, 6H, p-CHs), 2.22 (s, 12H, 0-CHs);
BC{'H}-NMR (100 MHz, CDsCN, 25 °C): & = 153.85 (NCHN),
150.82 (CAr), 144.45 (CAr), 141.36 (CAr), 137.96 (CAr), 135.47
(CAr), 130.70 (CAr), 112.43 (CAr), 48.25, 43.97, 20.97, 19.63,
17.80; MS (50 eV): m/z (%): 240 (26) [M]**, 560 (16) [M+"°Br]*,
562 (16) [M+8'Br]*, 498 (100) [M+H20]*; HRMS (ESI): m/z calcd
for CatHaoNsBr2: 240.6597 [M]?*; found: 240.6598.

(CHANACH)Br:

In a round-bottom flask were added 0.392 g (1.483 mmol) of 2,6-
bis(bromomethyl)pyridine and 0.600 g (2.966 mmol) of 3. After
addition of dry CH3CN (20 mL) the mixture was stirred at rt for 16
h during which time a suspension had formed. Volatiles were
removed under reduced pressure, the white solid residue was
washed with diethyl ether and dried under vacuum. Yield: 0.694
g, (70%). "H-NMR (400 MHz, CDCls, 25 °C): & = 9.24 (s, 2H,
NCHN), 7.72-7.69 (t, 3Jnn=7.69 Hz, 1H, p-CHpyr), 7.56-7.55 (d,
3JnH=7.64 Hz, 2H, m-CHpyr), 6.89 (s, 4H, HAr), 5.33 (s, 4H, CH>),
3.66 (t, 4H, CH2), 3.61 (t, 4H, CH2), 2.32-2.29 (br, 4H, CH>), 2.26
(m, 18H, 0-CH3 & p-CHs); "*C{'H}-NMR (100 MHz, CDCls, 25 °C):
0 = 155.19 (NCHN), 154.08 (CAr), 139.99 (CAr), 138.89 (CAr),
136.44 (CAr), 134.50 (CAr), 130.19 (CAr), 123.27 (CAr), 59.38,
46.24, 44.48, 21.12, 19.49, 18.25; MS (25 eV): m/z (%): 508 (14)
[M]*, 254 (74) [M]**, 588 (100) [M+"°Br]*, 590 (100) [M+2'Br]*;
HRMS (ESI): m/z caled for CasHasNsBrz: 254.6754 [M]?*; found:
254.6758.

In Situ Generation and Characterization of the CNC

In a Young NMR-tube were placed (CHNCH)Br2 (0.025 g, 0.039
mmol) and NaHMDS (0.016 g, 0.085 mmol). The tube was cooled
at -30 °C, CsDs (0.6 mL) was added and the mixture was left to
reach rt while manually agitating for 30 min. Finally, the 'H- and
3C{'H}-NMR spectra of the reaction mixture were recorded; the
spectra demonstrated the formation of a single product
corresponding to the CNC, despite the fact that an anticipated
downfield signal in the "*C{'H}-NMR spectrum assignable to CN"C
could not be observed. The spectrum remained unchanged for at
least 24 h. "TH-NMR (400 MHz, C¢De, 25 °C): & = 7.08 (br, 3H, p-
CHpyr and m-CHpyr), 6.70 (s, 4H, HAr), 3.37 (br, 4H, CH>), 2.69
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(br, 4H, CH,), 2.14-2.12 (m, 18H, 0-CHs and p-CHs), 1.65 (br, 4H,
CH:); BC{'H}-NMR (100 MHz, CsDs, 25 °C): & = 157.84 (CAr),
144.54 (CAr), 139 (CAr), 136.67 (CAr), 134.10 (CAr), 129.70
(CAr), 105.84 (CAr), 44.27, 39.30, 21.58, 21.07, 18.01, 6.56.

Complex 4

In a Schlenk flask were added NaHMDS (0.075 g, 0.411 mmol)
and (CHNCH)Br2 (0.120 g, 0.187 mmol). After cooling the mixture
of the solids to -78 °C, THF (ca. 20 mL) was added and the
suspension was stirred for 2 h reaching rt, when it assumed a
yellow coloration; subsequently, it was added dropwise to a dark
green solution of [NiBr2(PPhs)2] (0.139 g, 0.187 mmol) in THF (10
mL), affording an orange suspension that was stirred for 16 h at
rt. Evaporation of the volatiles under reduced pressure, washing
of the solid residue with toluene (3 x 15 mL), extraction into
CH2Cl2 (ca. 20 mL) and filtration through a pad of Celite afforded
a clear orange filtrate from which 4 was obtained as an orange
solid after removing the volatiles under reduced pressure. Yield:
0.078 g (60%). Orange crystals of 4 suitable for SC-XRD were
obtained by slow diffusion of toluene to a CH2Cl2 solution at room
temperature. "H-NMR (400 MHz, CDCls, 25 °C): & = 8.08 (t, 1H,
p-CHpyr), 7.03-7.01 (d, 2H, m-CHpyr), 6.72 (s, 4H, HAr), 3.92 (t,
4H, CH>), 3.47 (t, 4H, CH-), 2.39 (s, 12H, 0-CHs), 2.37 (m, 4H,
CH>), 2.23 (s, 6H, p-CHz).

Complexes 5a and 5b

Inside a N2 filled glove box in a Schlenk flask were placed
(CHNCH)Br2 (0.185 g, 0.289 mmol) and THF (10 mL) giving an
off-white suspension. To this was added [Cr{N(SiMesz)2}2(THF)2]
(0.178 g, 0.346 mmol) and the mixture was stirred for 16 h at rt,
during which time a grey suspension and HN(SiMes)2 were formed.
The volatiles were removed under reduced pressure, the solid
residue was removed from the glove box and washed with ether.
Although the nature of the metal species at this stage was
unknown, the residue was extracted into CH2Cl2 giving a light-
brown solution. It is plausible that CH2Cl> may act as one electron
oxidant which could account for the formation of 5a. Evaporation
of all volatiles under reduced pressure afforded a light-brown solid
which upon washing with THF turned pink purple. The
evaporation step after the extraction with CH2Cl2 must be
performed rapidly in order to suppress formation of 5b by halogen
exchange with the solvent. After drying the residue under vacuum,
analytically pure 5a was obtained. Yield: 0.127 g (57%). Pink
purple crystals of 5b suitable for SC-XRD were grown by slow
diffusion of pentane to a CH2Cl2 solution at room temperature over
one week. Elemental analysis, calcd (%) for Cs1H37BrsCrNs: C
48.27, H 4.83, N 9.08; found: C 48.14, H 5.60, N 8.77.

General Procedure for Ethylene Oligomerization and
Polymerization Catalysis

The catalytic reactions were performed in a magnetically stirred
(1200 rpm) 145 mL stainless steel autoclave. A 125 mL glass
container was used to avoid corrosion of the autoclave walls. The
precatalyst solution was prepared by dissolving 1 x 10 mol of the
complex in chlorobenzene. This solution was injected into the
reactor under an ethylene flux, followed by the cocatalyst solution
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(400 equiv. of MAO in toluene). After injection of the catalyst and
cocatalyst solutions under a constant low flow of ethylene, which
is considered as the fo time, the reactor was immediately
pressurized to 10 bar of ethylene. The 10 bar working pressure
was maintained through a continuous feed of ethylene from a
bottle placed on a balance to allow monitoring of the ethylene
uptake. The reaction mixture was stirred for the given reaction
time. At the end of each test, a dry ice bath was used to rapidly
cool the reactor. When the inner temperature reached 0 °C, the
ice bath was removed, allowing the temperature to slowing rise to
18 °C. The gaseous phase was then transferred into a 10 L
polyethylene tank filled with water. An aliquot of this gaseous
phase was transferred into a Schlenk flask, previously evacuated,
for GC analysis. The amount of ethylene consumed was thus
determined by differential weighting of the bottle (accuracy of the
scale: 0.001 g). To this amount of ethylene, the remaining
ethylene (calculated using the GC analysis) in the gaseous phase
was subtracted. The reaction mixture in the reactor was quenched
in situ by the addition of ethanol (10 mL), transferred into a
Schlenk flask, and separated from the metal complexes by trap-
to-trap evaporation into a second Schlenk flask previously
immersed in liquid N2 to avoid loss of product for GC analysis. The
liquid phase was analyzed by GC, whereas the solid phase (when
polymers are formed) was washed several times with a 1:1
mixture of ethanol/HCI before being weighted. Analysis of the
solid polyethylene phase by GPC or NMR was not possible due
to the poor solubility of the former in commonly utilized solvents.
Each catalytic test was performed at least twice to ensure the
reproducibility of the results.

Supporting Information

General experimental guidelines, methodology and spectroscopic
data, crystallographic data and computational details are given in
the Supporting Information. The authors have cited additional
references within the Supporting Information.
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