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Abstract: A silica-supported monomeric alkylaluminum co-catalyst 
was prepared via Surface Organometallic Chemistry by contacting 
tris-(neopentyl)aluminum and partially dehydroxylated silica. This 
system, fully characterized by solid-state 27Al NMR augmented by 
computational studies, efficiently activates (nBu3P)2NiCl2 towards 
dimerization of ethene demonstrating comparable activity to 
previously reported dimeric diethylaluminum chloride supported on 
silica. Three types of aluminum surface species have been identified: 
monografted tetracoordinated Al species as well as two types of bis-
grafted Al species – tetra- and pentacoordinated. Of them, only the 
monografted Al species is proposed to be able to activate the 
(nBu3P)2NiCl2 complex and generate the active cationic species. 

Introduction 

The oligomerization of ethene is one of the key technologies for 
the production of α-olefins (e.g. 1-butene, 1-hexene, etc.) that are 
co-monomers for the synthesis of linear low-density polyethylene. 
This reaction is catalyzed by various homogeneous catalysts 
based on early- (Ti, Ta, Cr) or late-transition metals (Ni) and 
requires the addition of co-catalysts, typically alkyl aluminum 
reagents to generate the active species.[1] Of them, 
methylaluminoxane (MAO) shows the best co-catalytic 
performance,[2] though a very large excess of >100 equiv. of MAO 
with respect to the active metal is needed, making its use 
problematic in industry.[3] While trialkylaluminums (Al2R6, R = Me 
or Et) are used to activate Ti(OR’)4-pre-catalyst (Alphabutol 
process) with only a small excess (<10 equiv. with respect to the 
metal) compared to MAO,[4] such co-catalysts are inefficient for 
Ni-based systems, and they need to be replaced by 
alkylaluminum chloride – Al2R6-2nCl2n, n = 1 or 2 – or the 
corresponding phenoxide – Al2R4(OR)2, that are all dimeric in 
solution.[5]  
The inefficiency of Al2R6 co-catalysts has been proposed to be 
associated with the formation of anionic dimeric [AlR3][AlR2Cl2]– 

species upon reaction with the metal pre-catalysts, e.g. 
(nBu3P)2NiCl2. Such species can further dissociate, and free 
monomeric AlR3 species can react with putative active [LMR]+ 
species to form a deactivated [LM(µ2-R)2AlR2]+ complex as shown 
in Scheme 1.[6]  

Scheme 1. The proposed mechanisms of (a) pre-catalyst activation by dimeric 
trialkylaluminum co-catalysts, (b) dissociation of anionic co-catalyst species, (c) 
inhibition of pre-activated catalyst, where [LMCl2] is a pre-catalyst, [AlR3]2 – a 
dimeric alkylaluminum co-catalyst.[6] 

 
 
The presence of bridging Cl ligands in alkylaluminum chloride 
(AlR3-nCln, n = 1 or 2) prevents the inhibition of the activated 
cationic species. The same behavior has been observed for the 
corresponding silica-supported co-catalysts based on 
triethylaluminum (TEA) and diethylaluminum chloride (DEAC) that 
led to inactive and active Ni-oligomerization catalysts, 
respectively.[7] The combined 27Al solid-state NMR and 
computational studies indicated the presence of various dimeric 
Al species on the surface, and the high catalytic performance of 
the DEAC-based system (unlike inactive TEA-based) was 
attributed to the preservation of µ2-Cl bridging ligands between 
the two Al atoms that stabilize the Al dimeric surface structure 
thus preventing deactivation of the Ni catalyst.[6-7]  
 

10.1002/anie.202006285

A
cc

ep
te

d 
M

an
us

cr
ip

t

Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



RESEARCH ARTICLE    

2 
 

Scheme 2. Possible surface species resulting from a reaction of Al(CH2tBu)3 with a silica surface: (a) reaction of Al(CH2tBu)3 with a surface silanol leading to the 
formation of monografted species; (b) neopentyl transfer process leading to the formation of bis-grafted and tris-grafted Al species and Si–CH2tBu surface moieties. 
d, d1, d2, and d3 are Al–[O(Siº)2] bond lengths. The terms mono-, bis- and tris-grafted Al species refer to the number of bonds between Al and surface siloxy ligand 
(ºSi-O-); it does not include an additional coordination of neutral siloxane bridges (ºSi-O-Siº), that only contribute to coordination number.   

 
We reasoned that monomeric alkylaluminum isolated on a silica 
surface should also be an efficient co-catalyst. They are predicted 
by DFT computations to be able to activate late-transition metal 
complexes,[6] their site-isolation should prevent the poisoning of 
tentative active species.  
We thus decided to investigate the grafting of a base-free 
monomeric alkylaluminum, namely tris-(neopentyl)aluminum 
Al(CH2tBu)3, on a silica partially dehydroxylated at 700 °C, SiO2-

700, that contains isolated OH groups. We show that such 
supported alkylaluminum can be an efficient solid co-catalyst for 
the Ni-catalyzed ethene oligomerization, whose co-catalytic 
activity is attributed to the presence of isolated alkylaluminum 
species by enabling the formation of cationic Ni alkyl species from 
(nBu3P)2NiCl2.[8]  

Results and Discussion 

The aluminum precursor Al(CH2tBu)3 was synthesized by reaction 
of AlBr3 with 3 equiv. of LiCH2tBu in heptane, and isolated as a 
colorless liquid in 89% overall yield (see Figure S1 for 1H NMR); 
this compound is monomeric in the liquid state and in hydrocarbon 
solutions.[9] 
Grafting of Al(CH2tBu)3 on SiO2-700 (1.08 OH nm–2) in C6H6 
generates ~1 equiv. of 2,2-dimethylpropane per surface OH group. 
The resulting solid (material 1) contains 0.97 wt% Al and 4.55 wt% 
C that correspond to 1.08 Al nm–2 and 10.6 C per Al atom. These 
data and the complete consumption of surface OH groups as 
observed by IR (see Figure S2) are consistent with a simple 
protonolysis of one Al–CH2tBu bond of Al(CH2tBu)3 leading to the 
formation of the monografted dialkyl Al species (Scheme 2a). 
However, the grafting of alkylaluminum compounds on silica is 
often quite complex because of the possible subsequent reaction 
of the surface alkylaluminium species with adjacent siloxane 
bridges through the transfer of an alkyl group from Al to a Si atom 

and the formation of an additional Al–OSiº bond.[7, 10] Since these 
processes lead to similar stoichiometries (evolution of 2,2-
dimethylpropane and overall elemental analysis), one cannot 
preclude the formation of bis- (single alkyl transfer) and tris-
grafted neopentyl-free (transfer of two alkyls) aluminum species 
(see Scheme2b). 
 

 
Figure 1. 27Al MAS NMR spectra (solid black lines) obtained at (a) 16.4 and (b) 
23.5 T, along with three simulated components: site S1 (dotted line), S2 
(dotdash line), and S3 (dashed) as well as the resulting line shape (solid grey 
line). 

Thus, in order to obtain information on the exact structure of Al 
species, we performed 27Al solid-state NMR measurements 
complemented by DFT computations.[7, 10c] 27Al NMR parameters 
(chemical shift (d) and quadrupolar coupling constants, CQ) are 
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highly sensitive to the local environment of 27Al nuclei and allow 
the discrimination of possible mono- and dimeric sites as well as 
understanding the coordination sphere (which ligand and 
geometry).[7, 10c, 11] 27Al spin-echo spectra were acquired at two 
different high magnetic fields, namely 16.4 and 23.5 T, under very 
fast Magic Angle Spinning (MAS >50 kHz). The spectra show a 
broad line shape featuring resolved discontinuities, particularly at 
16.4 T. Those features are highly dependent on the magnetic 
field: the line width sharply decreases with increasing magnetic 
field, as expected for signals dominated by quadrupolar 
broadening (Figure 1). 
The simulation of the two data sets – carried out simultaneously 
(see the Supporting Information for a detailed discussion on the 
simulation of 27Al NMR spectra) – reveals three significant 
contributions (Figure 1 and Table S1) that are necessary to 
consistently model the two spectra with the exact same set of 
NMR parameters (i.e. diso. CQ and hQ): the site S1 (cyan, 19% of 
total area, Figure 1) characterized by diso /CQ /hQ  of 154 ppm / 31 
MHz / 0.4; the site S2 (orange, 58%, Figure 1) – 101 ppm / 19 
MHz / 0.7; and the site S3 (purple, 23%, Figure 1) – 83 ppm / 19 
MHz / 0.9. The need for three components, each characterized by 
a specific set of NMR parameters, to simulate the obtained 27Al 
NMR spectra, indicates the presence of at least three types of 
surface Al species. 

 
Figure 2. Optimized structures of alkylaluminum surface species (right) with a 
schematic representation of Al coordination spheres (left): (a) monografted tri-
coordinated species (M); (b) monografted tetracoordinated species 
(M_[O(Siº)2]_d) with Al–[O(Siº)2] bond length d of 1.9 Å as an example; (c) bis-
grafted tri-coordinated species (B); (d) bis-grafted tetracoordinated species 
(B_[O(Siº)2]_d) with d of 1.9 Å; (e) bis-grafted pentacoordinated species 
(B_[O(Siº)2]2_d1_d2) with d1 and d2 of 2.1 Å. Al, O, C, Si and H atoms are 
represented as violet, red, black, grey, and white balls, respectively. 

To assign the observed 27Al NMR features to specific Al species, 
we carried out DFT studies on cluster models representing 
various Al environments, that are expected to be formed upon 
reaction of Al(CH2tBu)3 with surface OH groups and reactive 
siloxane bridges present on SiO2-700 (vide supra). Representative 
structures were optimized (Figure 2), and their NMR properties 
were calculated (Figure 3), in particular 27Al diso and CQ, that are 
important signatures for Al coordination and geometry in 
aluminosilicates and related materials.[12] The computed NMR 
parameters are also given in Table S2. 
First, the monografted tri-coordinated structure (M, see Figure 
2a) shows both very high diso and CQ values (209.9 ppm and 40.7 

MHz), not matching any of the experimental values (Figure 3 and 
Table S2). Coordination of a siloxane bridge (M_[O(Siº)2]_d) 
leads to a significant decrease of both diso and CQ, and their values 
depend on the Al–[O(Siº)2] bond length d (see Figure 2b): varying 
d from 1.8 to 2.1 Å (around the bond length found by optimizing 
the geometry) gives diso ranging from 154.8 to 173.5 ppm and CQ 
– from 24.7 to 34.9 MHz (Figure 3).Note that the CQ value is 
significantly affected upon varying the bond length, while the diso 
value is much less sensitive.[12b] The experimentally observed site 
S1 (diso = 154 ppm, CQ = 31 MHz) is most consistent with the 
structure M_[O(Siº)2]_d with a distance between Al and the 
oxygen of the siloxane bridge of ca. 1.9 Å (d = 1.9 Å). 
The bis-grafted tri-coordinated structure (B, Figure 2c), which 
can be formed upon the reaction of the grafted neopentyl 
aluminum species with a nearby siloxane bridge, shows further 
decrease in diso down to 142.9 ppm, while CQ remains significantly 
high – 36.4 MHz. Such combination of parameters does not match 
the experimental data. However, an increase of the Al 
coordination number from 3 to 4 by coordinating a siloxane bridge 
(B_[O(Siº)2]_d, Figure 2d) leads to diso of ca. 105-107 ppm and 
CQ of 18.3–25.8 MHz, the CQ significantly depends on the Al–
[O(Siº)2] bond length d (varied between 1.8 and 2.0 Å), as 
observed for the monografted structures. The 27Al NMR 
parameters of site S2 (diso = 101 ppm, CQ = 19 MHz) match quite 
well those of B_[O(Siº)2]_d structure with the Al–[O(Siº)2] bond 
length being close to 1.8 Å (Figure 3). Thus, sites S1 and S2 can 
be assigned to tetracoordinated Al species, rather than tri-
coordinated, that are mono- and bis-grafted, respectively. 

 
Figure 3. Graphical representation of NMR parameters CQ (horizontal axis) and 
diso (vertical axis) of experimentally observed sites S1 (filled hexagon), S2 (filled 
triangle) and S3 (filled diamond), and calculated structures shown as open 
circles: monografted tri-coordinated M and tetracoordinated M_[O(Siº)2]_d 
structures (open circles), bis-grafted tri-coordinated B and tetracoordinated 
B_[O(Siº)2]_d structures (open triangles), bis-grafted pentacoordinated 
B_[O(Siº)2]2_d1_d2 structures (open squares). 

Regarding site S3 (diso = 83 ppm, CQ = 19 MHz), one can propose 
that a second alkyl transfer from Al to Si occurs with the formation 
of tris-grafted alkyl-free Al species, however the calculated diso 
and CQ values of neither tri-coordinated (diso = 70-80 ppm, CQ = 
31-35 MHz) nor tetracoordinated (diso = 61-65 ppm, CQ = 7-21 
MHz) tris-grafted Al structures match the observed experimental 
values due to too high CQ or too low diso, respectively (Figure 
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3).[12b] Noteworthy, site S3 is characterized by CQ value, very 
close to the one of site S2, but with a diso that is 20 ppm lower. 
Such 20-ppm-decrease in diso while maintaining similar CQ values 
is typically observed upon addition of the second siloxane bridge 
in the coordination sphere of aluminum in a trans-position to the 
first siloxane, increasing coordination of Al from 4 to 5 and 
changing the geometry from tetrahedral to trigonal 
bipyramidal.[12b] Indeed, for bis-grafted pentacoordinated 
structures with two mutually trans siloxane bridges 
(B_[O(Siº)2]2_d1_d2, Figure 2e), the calculated diso is 69-74 ppm, 
which is rather close to the diso value of the site S3 (Figure 3). CQ 
depends strongly on the Al–[O(Siº)2] bond lengths d1 and d2 (see 
Figure 2e) and varies between 11.5 (d1=1.8 Å, d2 = 2.1 Å) and 
20.5 (d1 = 2.1 Å, d2 = 2.1 Å) MHz (see Figure 3 and Table S2) 
Note that CQ > 16 MHz (observed for site S3, see Figure 3) is 
associated with both d1 and d2 longer than 2.0 Å. We thus assign 
the site S3 to bis-grafted pentacoordinated alkylaluminum species 
with the structure B_[O(Siº)2]2_d1_d2 (Figure 2e) with long d1 
and d2 distances, greater than 2.0 Å.  
The co-catalytic property of material 1 in the oligomerization of 
ethene was then examined by contacting material 1 with a 
solution of (nBu3P)2NiCl2 under constant ethene pressure of 5 bar 
at 30 °C (in situ formation of active species).[5c, 13] We have also 
isolated the pre-activated catalyst by reacting (nBu3P)2NiCl2 with 
material 1 (material 2, ex situ activation, see the Supporting 
Information for synthetic details and Figure S3 for IR spectra) and 
examined its catalytic performance under the same reaction 
conditions. An Al/Ni ratio of ca. 4.1 was used for material 1 that 
corresponds to the ratio found in material 2 based on elemental 
analysis. Compared to a previously reported Cl-free 
triethylaluminum on mesoporous silica SBA-15 (TEA@SBA), 
which was reported as inactive,[7] material 1 does activate 
(nBu3P)2NiCl2 complex converting 9400 mol(C2H4) per mol(Ni) 
after 1 h of reaction (see Table S3). Under the same conditions, 

silica-supported AlEt2Cl (DEAC@SiO2, see the Supporting 
Information for synthetic details) demonstrates turnover numbers 
(TON) of ca. 2800. Both systems show rather high selectivity in 
butenes: 93% for material 1 vs. 92% for DEAC@SiO2. Together 
with a desired product – 1-butene – a mixture of E/Z-2-butenes is 
formed, with selectivity in 1-butene of 37% (vs. 17% for 
DEAC@SiO2). The formation of E/Z-2-butenes is well-known for 
Ni-catalyzed oligomerization of ethene that is due to a favorable 
double-bond isomerization of 1-butene into thermodynamically 
more stable 2-butenes.[7, 14] Other minor by-products are mostly 
hexenes as identified by GC. The pre-activated material 2 also 
demonstrates catalytic activity in ethene oligomerization, reaching 
3900 mol(C2H4) mol(Ni)–1 after 1 h, and the selectivity in butenes 
of 96%. Note that the solution left after isolation of material 2 is 
inactive in the oligomerization of ethene, thus confirming that this 
catalytic system is heterogeneous. 
We further studied the reaction of (nBu3P)2NiCl2 and its 
diamagnetic Pt equivalent with material 1 (1 equiv. of Ni or Pt per 
surface Al, as calculated based on EA of material 1) to better 
understand the activation process (see the Supporting 
Information for synthetic details). Based on elemental analysis, 
the resulting (catalytically active) material 2 contains 0.45 wt.% of 
Ni and 0.85 wt.% of Al that corresponds to an Al/Ni ratio of 4.1 as 
mentioned above. Material 2 also contains 0.59 wt.% of Cl and 
0.52 wt.% of P. This corresponds to a Cl/Ni and P/Ni ratio of 2.2 
in both cases, as present in the initial Ni complex. 1H NMR of 
combined benzene washings shows the presence of at least two 
compounds, both containing nBu3P ligands, however their 
identification is not trivial due to overlapping NMR signals (Figure 
S9). 31P NMR is usually very characteristic for the metal 
phosphine complexes, but the presence of paramagnetic species 
typical for 4-coordinated Ni(II) complexes leads to very broad 
signals that are difficult to interpret (Figure S11a).  

 
Scheme 3. The proposed mechanisms for activation of (nBu3P)2NiCl2 on material 1 that yields material 2: (a) plausible activation pathway involving more reactive 
monografted di(neopentyl)aluminum species; (b) unlikely activation pathway on less reactive bis-grafted mono(neopentyl)aluminum species. 

 

We thus prepared the corresponding material from the 
diamagnetic cis-(nBu3P)2PtCl2 complex (see Figure S5 for IR 
spectra). In particular, the chemical shift and the magnitude of 
1J(195Pt, 31P), observed in 31P NMR spectra of Pt(II) phosphine 
complex, are known to be very sensitive to the nature of trans 

ligand in square-planar Pt(II) complexes. The 31P NMR spectrum 
of the combined washings exhibits two signals (Figure S11b): the 
first one with d(31P) = 4.86 ppm and 1J(195Pt–31P) = 2400 Hz is 
characteristic of trans-(nBu3P)2PtCl2,[15] which likely results from 
the isomerization of the initial compound, while the second one 
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(with d(31P) = 4.30 ppm and 1J(195Pt–31P) = 3000 Hz) has a J-
coupling constant characteristic of the alkylated compound, 
namely trans-[(nBu3P)2PtRCl],[16] where R is neopentyl. This 
indicates that alkyl-chloride exchange takes place upon reaction 
of the supported (neopentyl)aluminum species and cis-
(nBu3P)2PtCl2. It is expected that a similar exchange occurs in the 
case of (nBu3P)2NiCl2, that is in line with the presence of two Ni 
phosphine compounds observed in 1H NMR of washings (vide 
supra). Note also, that 31P MAS NMR of the obtained solid 
material contains signal at 7.3 ppm, which can be attributed to 
adsorbed (nBu3P)2PtCl2, together with two shoulders at 15.7 and 
-1.5 ppm (see Figure S12b). While alkylchloride complexes 
[(R’3P)2PtRCl] are characterized by slightly more shielded d(31P) 
than their dichloride analogues [(R’3P)2PtCl2] (see Table S4), a 
deshielded signal at 15.7 ppm is likely associated with the 
formation of cationic alkyl complex [(nBu3P)2PtR]+ on the surface. 
Indeed, according to DFT computations, [(nBu3P)2Pt(CH2tBu)]+ 
has ca. 15 ppm more deshielded 31P chemical shift than 
(nBu3P)2PtCl2 (see Table S4).   Formation of such cationic species 
in the case of Ni complex would be consistent with the catalytic 
properties of material 2 in ethene oligomerization. 
To summarize, material 1 prepared by grafting Al(CH2tBu)3 on 
SiO2-700 contains three types of monomeric alkylaluminum 
species. The first type represents monografted 
di(neopentyl)aluminum species that are tetracoordinated because 
of the coordination of additional siloxane bridge to Al. These 
species are formed via protonolysis of one Al–CH2tBu bond of 
Al(CH2tBu)3 by surface OH groups, as expected for grafting of 
alkyl compounds on SiO2-700. However, only 19% of all Al on the 
surface belong to this type. Two other types represent bis-grafted 
mono(neopentyl)aluminum species that are tetra- (58%) and 
pentacoordinated (23%) due to the coordination of one or two 
additional siloxane bridges coordinated to Al, respectively. Taking 
into account the high isolation of OH groups on the surface of 
SiO2-700 and C/Al ratio of 10.6 (ca. 2 neopentyl per surface Al), we 
propose that bis-grafted species result from transfer of a 
neopentyl group from Al to a Si atom of an adjacent siloxane 
bridge and the formation of additional Al–OSiº bond, that has 
been previously observed for other alkylaluminum compounds 
grafted on partially dehydroxylated silica (Scheme 2).[7, 10a-c, 10e, 10f] 
Material 1 was shown to activate in situ (nBu3P)2NiCl2 towards 
selective dimerization of ethene, demonstrating ca. 3.3 times 
higher TON and higher selectivity in 1-butene (37% vs. 17%) as 
compared to DEAC@SiO2 tested under the same conditions. 
These results suggest that tailor-made monomeric 
(neopentyl)aluminum species grafted on silica provide access to 
an efficient co-catalyst for Ni-catalyzed ethene dimerization. We 
believe that by stabilizing monomeric alkylaluminum species on 
the surface of silica, poisoning of the putative active species with 
free AlR3 is likely avoided, and as a result, high catalytic 
performance of the system can be achieved.  
We have also investigated activation of Ni pre-catalyst by co-
catalyst 1. Based on our results, material 1 can alkylate Ni pre-
catalyst (vide supra), forming [(nBu3P)2Ni(CH2tBu)Cl] complex, 
similar to the first step of activation with homogeneous co-
catalysts (Scheme 3a).[17] The second step likely involves 
abstraction of Cl– by surface Al and formation of cationic nickel-
alkyl complex [(nBu3P)2Ni(CH2tBu)]+, which is the proposed active 
species in this Ni-catalyzed ethene dimerization. It is expected 
that these species are strongly bound to the surface due to ionic 
interactions with anionic Al species. Noteworthy, only ca. 0.25 

equiv. of Ni with respect to Al species was found in material 2, 
suggesting that only 25% of (neopentyl)aluminum species can 
further react with [(nBu3P)2Ni(CH2tBu)Cl] complex and form an 
ionic pair with [(nBu3P)2Ni(CH2tBu)]+. Taking into account that 
monografted tetracoordinated bis-alkyl Al species, representing 
ca. 20% of all Al species, are expected to be more reactive than 
bis-grafted pentacoordinated species (vide supra), we propose 
that the monografted alkyl aluminum species generate the active 
cationic species by abstraction of Cl– from [(nBu3P)2Ni(CH2tBu)Cl] 
(Scheme 3a), while bis-grafted species (ca. 80%) do not 
participate in the activation (Scheme 3b). The co-catalytic 
properties of material 1 are thus likely related to the presence of 
monografted di(neopentyl)aluminum species supported on silica. 

Conclusion 

In conclusion, we have shown that grafting of Al(CH2tBu)3 on silica 
treated at 700 °C leads to the formation of supported monomeric 
Al species that activate the (nBu3P)2NiCl2 complex towards 
selective dimerization of ethene and demonstrates comparable 
catalytic performances with the previously reported supported 
dimeric DEAC co-catalyst systems. Three specific structures for 
the grafted monomer have been identified using 27Al MAS NMR 
augmented by DFT computations of NMR parameters: (i) 
monografted di(neopentyl)aluminum species with coordinated 
siloxane bridge resulting from protonolysis of Al–CH2tBu bond 
with surface OH groups; and (ii-iii) two bis-grafted 
mono(neopentyl)aluminum species having one and two siloxane 
bridges coordinated to Al, respectively that are likely formed by 
neopentyl transfer from Al to an adjacent siloxane bridge. Analysis 
of the reaction between well-defined co-catalyst and 
(nBu3P)2NiCl2 suggests that monografted species are responsible 
for the efficient catalytic properties of the material, while bis-
grafted species are unlikely to activate the Ni complex. We are 
currently exploring approaches to directly observe the active 
species in these supported systems. 
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Isolation for Activity. Monomeric Al solid co-catalyst for Ni-catalyzed ethene dimerization was prepared by grafting Al(CH2tBu)3 on 
partially dehydroxylated silica and characterized by 27Al solid-state NMR augmented by DFT computations. The efficient co-catalytic 
properties of the material were assigned to the presence of monografted alkylaluminum species, representing 19 % of all Al species. 
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