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Abstract: Cyclophane structures can control steric pressure in
the otherwise open spaces of square-planar d8-metal catalysts.
This elegant concept was so far limited to symmetrical
coordinated metals. We report how a cyclophane motif can
be generated in ligands that chelate via two different donors.
An ancillary second imine in the versatile k2-N,O-salicylaldi-
minato catalyst type enables ring closure via olefin metathesis
and selective double bond hydrogenation to yield a 30-
membered ring efficiently. Experimental and theoretical anal-
yses show the ancillary imine is directed away from the active
site and inert for catalysis. In ethylene polymerization the
cyclophane catalyst is more active and temperature stable vs. an
open structure reference, notably also in polar solvents.
Increased molecular weights and decreased degrees of branch-
ing can be traced to an increased energy of sterically demand-
ing transition states by the encircling cyclophane while chain
propagation remains highly efficient.

The steric environment of a catalytically active site experi-
enced by the substrates is key to determine favorable reaction
pathways. Square planar coordinated active sites, as encoun-
tered in innumerable d8-metal catalysts, are particularly
challenging in this regard due to the relatively low coordina-
tion number and the consequently large open spaces in the
apical direction. A prominent example are late transition
metal olefin polymerization catalysts.[1] Compared to tradi-
tional d0-metal catalysts,[2] the less electron deficient and less
oxophilic nature of such d8-metal sites results in functional
group tolerance. At the same time, the propensity for ß-H
elimination (BHE) enables the formation of unique branch-
ing structures,[3] but the BHE pathway also needs to be

controlled as it determines not only the branching micro-
structure but also the polymer molecular weights. A sophis-
ticated approach to generate a defined rigid environment also
in those spatial positions remote to the coordination plane
and to the donor atoms of square-planar coordinated catalysts
is provided by cyclophanes. Guan
et al. devised an elegant strategy to
generate two alkane bridges
between the two identical N-ter-
phenyl groups of an a-diimine cata-
lyst (Figure 1).[4–8] The effective
blocking of the axial sites enhanced
the control of molecular weight in
ethylene polymerization as well as
temperature stability of the cata-
lysts. However, this approach is
restricted to symmetrically coordi-
nated catalysts.

Means to introduce cyclophane
motifs also to unsymmetrical coor-
dinated catalysts with different
types of donors are desirable. This
can unlock a large diversity of
possible structures in principle, which can provide unique
properties. For example, polymerization catalysts with an
unsymmetrical k2-N,O-chelate are known to stand out in their
tolerance towards polar reaction media.[9,10]

We now show how a cyclophane motif can be generated in
an unsymmetrically coordinated catalyst, and reveal how the
cyclophane environment impacts reaction pathways in ethyl-
ene polymerization.

The ring closure as a key step was possible by olefin
metathesis in the generation of Guan�s a-diimine cyclophane
complexes (Figure 1), bridging the terphenyl groups on the
two N-donors.[4–8] In order to exploit this elegant and proven
ring closing chemistry to the problem of unsymmetrically
coordinated complexes, we introduced a second catalytically
inert (vide infra) imine function on the salicyl ring of k2-N,O-
coordinated NiII salicylaldiminato complexes.[11, 12] Targeting
a structure amenable to ring closing, terphenyl anilines with
an allyl group on the distal aryl rings were synthesized
(Scheme 1).

An additional 3,5-dimethyl substitution pattern was
employed on these rings, as this has been found to provide
a sensitive probe for their impact on catalysis.[13] Despite the
stronger steric hindrance in the 2-position, the higher trans-
metalation reactivity of the iodide enabled selective copper-
assisted cross-coupling[14] of 5-bromo-1,3-dimethyl-2-iodo-
benzene with allyl bromide to give 1, with an intact aryl-

Figure 1. Cyclophane
structure in symmetrical
k2-N,N-coordinated cat-
ionic catalysts.
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bromide (cf. the Supporting Information, for experimental
details and characterization data of all compounds). Con-
version via a Grignard reaction to the zinc organyl and its
Negishi coupling with 2,6-dibromoaniline in THF solution
afforded the terphenyl 2. Condensation with 2,6-diformyl-4-
methyl-phenol yielded the bis(imino)phenol 3, after precip-
itation from methanol. The key ring closing step proceeds via
two intramolecular olefin metathesis reactions, to form three
interconnected up to 30-membered rings. Careful optimiza-
tion showed that high conversions and a high preference for
intramolecular reactions could be achieved with Hoveyda–
Grubbs II catalyst, at a high reaction temperature of 90 8C
that enables rapid activation of the metathesis catalyst,
a limited concentration of the substrate (1 gL�1, in toluene),
and a slightly reduced pressure of p = 750 mbar to facilitate
removal of ethylene as well as a short reaction time of t = 2 h.
The identity of the product (4) was established by NMR
techniques and mass spectrometry (cf. Supporting Informa-
tion) and further confirmed by single crystal X-ray diffraction
of a hydrolysis product, (Scheme 1, and Supporting Informa-
tion). 4 is highly sensitive towards hydrolysis and can be used
as received in the hydrogenation step, avoiding intermediate
handling in purification steps. Selective double bond hydro-
genation without hydrogenation of the imine moieties (and
subsequent hydrogenolysis of the formed N-benzyls)[16] was
achieved with Wilkinson�s catalyst at a hydrogen pressure of
20 bar. Purification by column chromatography under dry
conditions afforded 5 in an overall yield of 69 % over these
two key steps. Surprisingly, the phenol 5 did not react with
[(tmeda)NiMe2],[17] even under forcing reaction conditions.
The alternative salt metathesis[10, 11,18] required a deprotona-
tion of the sterically shielded phenolic proton of 5. A
complete deprotonation was possible by reaction with

sodium hydride and catalytic amounts of potassium tert-
butoxide in THF at 50 8C. Reaction of this sodium salt with
[(tmeda)Ni(otolyl)Cl] in the presence of pyridine yielded the
desired complex 6. A non-bridged reference complex (7) was
prepared for comparison (for experimental details, see
Supporting Information).

The target complex 6 was fully characterized by NMR
techniques (1H NMR, 13C NMR, 1H1H COSY, 1H13C HSQC,
1H13C HMBC). The non-coordinating imine function is
rotated away from the nickel atom, which is evident from
the imine-CH chemical shift. For the free protonated bis-
(imino)phenol, the two imine groups give rise to a single
resonance (d = 7.38 ppm). Upon metal coordination, the
proton of the imine coordinating to the metal is more
shielded (d = 7.20 ppm), whereas the non-coordinated imine-
CH proton is deshielded due to an interaction with the oxygen
atom (d = 7.73 ppm). The observation of six distinct 1H and
13C aryl-Me resonances show that the terphenyl groups of the
cyclophane complex do not rotate on NMR timescales, as
their movement is restricted through the C4 alkane bridges
(see conformational analysis, Supporting Information).

The solid-state structures of 6 (Figure 2) obtained by
single crystal X-ray diffraction further confirms its identity
and conformation. In detail, the nickel atom is oriented
almost perfectly square planar, with a very low deviation from
the center of the plane (d(Ni-planeNONC-center) =

0.0766(11) �, compared to d(Ni-planeNONC-center) =

0.086(3) � for 7), and only a slight deviation from 908
angles (angles: Nimine-Ni-O: 92.8(2)8, vs. 94.01(9)8 found for
7).

The non-coordinated imine arm is rotated away for both
complexes, which releases steric pressure and benefits from
the interaction of the imine–CH and the oxygen atom. The

Scheme 1. Synthesis scheme for an N,O-coordinated NiII phenoxydiimine cyclophane complex (6). The solid-state structure of a hydrolysis
product of 4[15] is also shown, and a non-bridged reference complex (7).
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O···H distance (dH–O = 2.546(2) � for 4, dH–O = 2.437(4) � for
7) is lower than the sum of the van der Waals radii (SVdW =

2.72 �).[19] This preferred orientation of the non-coordinated
imine was confirmed by theoretical calculations, where the
isomer with the imine rotated away is lower in energy for all
intermediates and transition states (vide infra).

To probe for the flexibility of the cyclophane ligand and
potentially overcome the imine�s N=C�H···O interaction, the
neutral cyclophane complex was protonated (Scheme 2). The
solid-state structure of the product, indeed, showed that the
second imine group can rotate to form a N,O-chelate for the
incoming proton despite the C4 bridges, which shows that the
cyclophane ligand also allows for adopting this geometry in
principle.

In pressure reactor polymerization experiments (Table 1),
the cyclophane catalyst is found to be considerably more
temperature stable than the reference (7). The productivity,
represented by the turnover number (TON), is increased for
the cyclophane system. As expected, BHE increases with
reaction temperature as indicated by increased branching

densities and decreased molecular weight (entries 1 to 3). For
all temperatures, branching density of the products are
significantly lower compared to the reference catalyst,
which produced hyperbranched oligomers (95 branches per
1000 C atoms by 13C{1H} NMR, Mn� 1.0 kg mol�1, by
1H NMR) when activated (requiring T� 50 8C). Note that
the products of the reference catalyst do not differ from
products formed with mono(imino)phenoxy catalysts,[20]

underlining the inert nature of the second imine function.
Copolymerization with norbornene as a reactive, but bulky
substrate was studied to further probe the properties of the
catalyst from 6. Norbornene is incorporated easily with NiII

salicylaldiminato catalysts, with an only two- to threefold
higher reactivity of ethylene (e.g. an incorporation of
xNB,polymer = 4.6 mol%, at a mole fraction in the reaction
mixture of 14%).[21] By contrast, 6 incorporated just
xNB,polymer = 0.26 mol%. This underlines a more sterically
congested nature of the active site. Notably, 6 is tolerant
towards polar reaction media as exemplified by polymeri-
zations in THF as well as 2-Me-THF, a popular alternative
polar solvent accessible from lignocellulose feedstock
(Table 1, entries 7–14). Again the cyclophane catalyst is
significantly more productive vs. reference 7, as a result of
a higher catalyst stability and faster activation (see Figur-

Figure 2. Solid-state structure of 6 from two different perspectives.
The ellipsoids are drawn at a 30 % probability level, hydrogens are
omitted, and the initiating Ni-aryl group and the pyridine are drawn
translucent.[15]

Scheme 2. Synthesis and solid-state structure (obtained from single
crystal analysis, counter-ion and hydrogens omitted for clarity) of 6-
H+.[15]

Table 1: Ethylene polymerizations with 6 and 7.

# precatalyst solvent T
[8C]

nprecat

[mmol]
t

[h]
yield
[g]

productivity
[TON][b]

Mn (NMR)
[kgmol�1][c]

Mn (GPC)
[kgmol�1]

Mw/Mn B[f,g] % Me[g]

1 6 toluene 30 5 7.0 6.3 4.5 1.8 5.8[d] 4.4[d] 26 99
2 6 toluene 50 10 1.0 4.0 1.4 1.7 1.9[d] 4.4[d] 48 94
3 6 toluene 70 5 1.0 2.9 2.1 1.1 1.5[d] 3.0[d] 61 92
4 7 toluene 30 5 2.0 –[a] –[a] –[a] –[a] –[a] –[a] –[a]

5 7 toluene 50 5 1.0 0.6 0.4 1.3 1.1[d] 1.9[d] 97 82
6 7 toluene 70 5 1.0 0.7 0.5 1.0 1.1[d] 1.9[d] 95 75
7 6 THF 50 10 2.25[h] 8.23 2.9 1.2 2.1[d] 8.1[d] 58 95
8 6 THF 70 10 1.75[h] 6.73 2.4 1.1 1.5[d] 3.4[d] 75 91
9 7 THF 50 10 1.5[h] 4.31 1.5 1.0 2.1[e] 1.8[e] 88 75
10 7 THF 70 10 0.75[h] 3.89 1.4 1.0 2.1[e] 1.9[e] 84 82
11 6 2-Me-THF 50 10 1.75[h] 5.54 2.0 1.2 1.7[d] 5.2[d] 54 97
12 6 2-Me-THF 70 10 0.5[h] 1.93 0.7 0.9 1.3[d] 4.3[d] 67 94
13 7 2-Me-THF 50 10 1.25[h] 3.24 1.2 1.0 1.5[e] 1.7[e] 83 81
14 7 2-Me-THF 70 10 1.0 0.34 0.1 0.8 2.2[e] 1.4[e] 80 85

Polymerization conditions: 40 bar C2H4, 100 mL solvent. [a] No product obtained. [b] 104 x mol [C2H4] x mol�1[Ni]. [c] From 1H NMR; determined by
comparing the olefinic resonances to the backbone resonance intensity. [d] Determined by gel permeation chromatography (GPC) at 160 8C in
dichlorobenzene, universal calibration (with polystyrene). [e] Determined by GPC at 508 C in THF, linear calibration against PS. [f ] Branches per 1000 C
atoms. [g] Determined by 13C{1H} NMR (inverse gated), for detailed microstructure analysis see Supporting Information. [h] Polymerization run until
ethylene uptake ceased.
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es S43—S47 for ethylene uptake over time. Note these
experiments were run until complete deactivation of the
catalyst, to probe for stability).

The impact of the cyclophane structure on catalysis was
elucidated by density function theory (DFT) methods. Con-
formational analysis showed, that the conformers with the
non-coordinated imine rotated away are about 3 kcalmol�1

more stable compared to the conformers with the imine
rotated towards the nickel atom, due to a lower steric pressure
of the terphenyl group on the second imine, and an attractive
imine–CH···O interaction. Therefore, the most sterically
hindered area is in the left hemisphere of topographic steric
maps[22] (Figure 3). Notably, the cyclophane structure also
introduces steric pressure in the apical positions and in the
right hemisphere.

The cyclophanes� rigidity increases energies for inter-
mediates and transition states with a high steric demand,
while the additional imine donor does not affect catalysis as
elucidated by a full DFT study of all relevant pathways.
Modelling starts with 1-b-T, a complex with a b-agostic
interaction and the growing alkyl chain trans to the oxygen
atom (referenced as the zero point energy, Scheme 3). The
first step is an ethylene coordination to 2-Coor-T, followed by
isomerization to 2-Coor-C. The energies for the intermediates
and the rate determining step for this process are similar for
both systems (6 and 7), and do not differ from mono-
(imino)phenoxy catalysts.[13]

Starting from 2-Coor-C, either chain propagation (ethyl-
ene insertion to 2-b-T) or branch formation and chain transfer
(through ethylene de-coordination and BHE to 1-BHE-C)
are possible. Ethylene insertion via TS-2 ins to 2-b-T is
attributed with similar energies for both systems (6 and 7).
The entire ethylene insertion process is not influenced by the
C4 bridges or the non-coordinating imine donor.

The energy barriers associated with BHE (overall: going
from 2-Coor-C via 1-b-C to 1-BHE-C) are similar for the
cyclophane and reference catalyst. In detail, ethylene de-
coordination from 2-Coor-C to 1-b-C can proceed either
directly via TS-2 decoor, or in a two-step pathway as assisted
ethylene de-coordination with a Ni-aryl complex (1-Pr-C) as
an intermediate (a typical process for electron-rich mono-
(imino)phenoxy catalysts[13]). For complex 7, the two-step

Figure 3. Topographic steric maps and %VBur divided by quadrants of
6 (center) and 7 (right). The complexes are oriented as shown for 7 on
the left. Distance in the color scale is in �.

Scheme 3. Gibbs free energies (DG Tol in kcalmol�1) of key species for linear chain growth, chain transfer and branch formation with 6 (green)
and 7 (red). Optimized geometries of TS-2 decoorAr, TS-3 decoor, and for TS-3 coor for 6 are shown.
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pathway is 2.0 kcal mol�1 lower in energy compared to the
direct pathway. For the cyclophane complex, the transition
state to reach 1-Pr-C via TS-2 decoorAr is very high in energy
(21.5 kcal mol�1) due to a high steric pressure between the
rigid terphenyl group and the released ethylene. The direct
ethylene de-coordination via TS-2 decoor is significantly lower
in energy (13.3 kcalmol�1) and thus preferred for complex 6.
The energy barriers for ethylene de-coordination, are com-
parable for both catalyst systems, despite the different
pathways. The energy barriers for the next step yielding 1-
BHE-C are similar for both systems.

The rigid cyclophane ligand impedes branch formation.
This pathway starts with the formation of a b-agostic complex
3-b-C via TS-12,1-ins followed by ethylene coordination via TS-
3 coor yielding 3-Coor-C. Then, ethylene is inserted via TS-3 ins

to give 4-b-T. Here, the energy barrier for the cyclophane 6
(14.6 kcal mol�1, see difference from 3-b-C to TS-3 coor) is
1.7 kcalmol�1 higher compared to the not-bridged catalyst 7
(12.9 kcal mol�1, see difference from 3-b-C to TS-3 ins),
explaining the lower branching density of the products
obtained by 6 in the experimental studies.

The rate determining step of the chain transfer pathway
(which occurs via two steps consisting of monomer coordina-
tion followed by chain de-coordination, for details see
Supporting Information) is sterically demanding and, again,
higher in energy for the cyclophane complex (19.5 kcalmol�1

for 6 vs. 18.7 kcalmol�1 for 7). The ethylene molecule and the
leaving propyl group are close to the left terphenyl group,
which cannot rotate away due to the C4 bridges. Ultimately,
the energy barriers for this transition state can account for the
higher molecular weights obtained with 6 when compared to
7, as chain transfer becomes slightly less favored compared to
ethylene insertion (DDG¼6 transf-prop = 6.1 kcalmol�1 for 6 and
DDG¼6 transf-prop = 5.4 kcalmol�1 for 7).

We demonstrate how a cyclophane structure can be
generated in square-planar complexes with two different
chelating donors (N,O). The use of a second auxiliary imine
function to ultimately connect the cyclophane to the chelating
ligand enables utilization of a single type of aniline building
block to construct the cyclophane. Experimental and theo-
retical studies of conformational structures and catalysis show
this imine to be directed away from the active sites and inert,
as anticipated. In the synthetic key step, a 30-membered cycle
is formed by two concomitant ring closing metathesis events,
followed by chemoselective hydrogenation. The cyclophane
catalyst is more temperature stable and long-lived compared
to a reference neutral NiII ethylene polymerization catalyst,
particularly in polar solvents as a reaction medium. The
distinct effect of the cyclophane motif on product molecular
weight and branching microstructure can be traced to the
increased energy of sterically demanding transition states.
This affects the rate determining steps towards chain transfer
and branch formation, while chain propagation remains
highly effective.
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