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Understanding Trends in 27Al Chemical Shifts and Quadrupolar
Coupling Constants in Chloroalkyl Aluminum [AlClx(Me)3-x]n=1 or 2

Compounds

Erwin Lam, and Christophe Copéret*

Department of Chemistry and Applied Biosciences, ETH Ziirich, Vladimir Prelog Weg 1-5,
8093 Ziirich, Switzerland

1 Introduction

Alkyl aluminums are useful reagents in organic synthesis and polymerization
catalysis.[1-7] In particular, alkyl aluminum compounds such as diethylaluminum chloride and
methylaluminoxane (MAO) and their analogues are ubiquitous co-catalysts in olefin
oligomerization and polymerization.[s-13] Several relatively well-defined supported aluminum
co-catalysts have been developed in recent years for which one of the major challenges has
been their characterization. Amongst advanced spectroscopic methods, solid state 27A1 NMR is
a very powerful tool to obtain a detailed insight about the structure and the environment of
aluminum sites because of the specific chemical shift and quadrupolar coupling constant of
27Al, a spin I = 5/2 nucleus.[14-16] However, the quadrupolar nature of 27Al also yields great
challenges due to line broadening that can reach several tens of MHz in the NMR spectrum as
the result of interaction between the nuclei with the electric field gradient (EFG). Nowadays,
first principles calculations allow reliable evaluation of chemical shift and quadrupolar coupling
constants and can thus be used to refine structural assignment in complexes and supported
species such as MAO or supported Et3Al or Et2AICL.[17-221 However, those assignments mostly
rely on empirical correlation between calculated and experimental data with little understanding
on the relation between a given structure and its associated NMR signatures and parameters
(chemical shift and quadrupolar coupling constant).[23-26]

Advances in computational chemistry allow now the decomposition of individual
components of the chemical shift (and chemical/magnetic shielding) tensor into diamagnetic
and paramagnetic contribution; the former is mostly constant for a given nucleus in a broad
range of structures and the latter is directly related to the nature and relative energies of the
frontier molecular orbitals.[27-291 Such chemical shift analysis helped to obtain a more detailed

understanding on how the electronic structure can affect the NMR signature of a given nucleus.



130-371 The chemical shift (8) (eq. 1) observed in solution NMR is the average of the principal

components from the chemical shift tensor (611> 522 > 633) referenced to the chemical shielding

of Al(acac)s (O’Z;Zf ) and the associated chemical shielding tensor (c11 <622 <633 —eq. 1).
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Experimentally, Brownian motion averages out the chemical shift anisotropy to its
isotropic part in solution and the principal components can only be observed in solid state NMR
in the form of a powder pattern. The principal components can be easily extracted from solid
state NMR if there are no further effects such as quadrupolar coupling (for I > ¥2) affecting the
line broadening. These principal components can nowadays be also determined by DFT
calculations with typically good accuracy along with the chemical shielding tensor (CST)
orientation with respect to the molecular structure.[38]

For nuclei with I > 2, the Cq is associated with an electric field gradient (EFG) tensor

(eq. 2), which in its diagonalized form consists of three components following the notation

V33| = [Vaa| = Vil
Vi, 0 0
V:(o V,, 0) (2)

0 0 Vi3

The tensor is traceless (Vi1 + V22 + V33 = 0) and can be represented by two independent
variables: 1) the Cq which is linearly dependent on V33 (eq. 3) with e being the electron charge,
Q the quadrupole moment of the nuclei and 4 the Planck constant, and 2) the asymmetry
parameter nQ (eq. 4), which describes the symmetry of the electric field gradient around the
nucleus.

Co=(e- Q- |Vs3|)/h 3)

ne= (V11— V22)/ Va3 4)
The Cq is highly sensitive to the environment and is associated with the charge distribution
around the nucleus, which vanishes to zero for isotropic charge distributions.[39-40] Important
factors influencing the Cq are thus the geometry and the ligands linked to the observed nuclei.
Herein, we investigate the origin of 27A1 NMR parameters for a representative set of molecular
chloromethyl aluminum compounds through the analysis of the chemical shielding and
quadrupolar coupling constant, relating them to the relative energies and orientation of frontier

orbitals, and charge distribution, respectively.



2 Results and Discussion
2.1 27A1 NMR for Aluminum Alkyls and Chlorides.

The NMR parameters of all aluminum monomers and dimers with methyl (-Me) and
chloride (-Cl) as substituents are calculated. While the monomers display trigonal aluminum
sites (Figure la), the most stable dimers have four-coordinated pseudo-tetrahedral aluminum

sites with two bridging and two terminal ligands (Figure 1b).
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Figure 1. Calculated aluminum monomers (a) and dimers (b) with Me- or Cl-substituents for

27A1 NMR calculation.

The calculated NMR parameters are plotted in Figure 2 in the form of isotropic
chemical shifts vs Cq, whose values are consistent with previous reports.[20, 22, 511 For the
monomers, the 27Al chemical shift and Cq values decrease almost linearly as the Me-ligands
are substituted by CI groups (Figure 2 and Table 2), starting at diso = 319 ppm and Cq = 46
MHz for AlMes to reach diso = 149 ppm and Cq = 26 MHz for AICI3. With dimers, the chemical
shift and Cq are in general lower than in the corresponding monomers (AlMes vs. Al2Mes,
AICIMe: vs. Al2Cl2Me4 and AICI3 vs. Al2Cls). However, when substituting the bridging ligands
from p2-Me to p2-Cl (from Al2Mes to Al2Cl2Me4), the chemical shift (diso) and in particular the
Cq increase from 160 to 184 ppm and from 24 to 35 MHz, respectively. Changing the terminal
ligands to chlorides while having chlorides as bridging ligands (going from Al2ClsMe2 to
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Al2Cle) decreases diso and the Cq to 138 ppm and 24 MHz for Al2ClsMe2 and 101 ppm and 14
MHz for Al2Cle. This data set shows that depending on the coordination number and ligand
position (bridging vs. terminal), diso and Cq can change in different directions when substituting
the Me- with Cl-ligands even with relatively simple model structures of aluminum monomers

and dimers.
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Figure 2. Plot of chemical shift (3is0) and Cq for aluminum monomers (black) and aluminum
dimers (red and green). The arrows are indicating the change in chemical shift upon substituting
the Me- with the Cl-groups of aluminum monomers (black) and the bridging (red) and terminal

(green) ligands of aluminum dimers.

In order to understand the observed trends of 27A1 NMR parameters (0iso and Cq), we
carried out a detailed analysis of the origin of the associated principal components. The three
principal components of the chemical shift tensors (311 > 822 > 833) associated with the chemical
shielding tensor (11 < 622 < 633) have a specific orientation with respect to the molecular frame.
For AlMes, 633 is along the C3 axis perpendicular to the plane containing the ligands (referred
to as z-axis for all monomeric molecules thereafter — Figure 3). The other two components 22
and o11 lie in the onh plane with 622 pointing along one 6-bond and the x-axis while c11 is along
the y-axis. The orientation of the chemical shift tensor (c11, 622 and 633) changes with respect
to the x-, y- and z-molecular axis when substituting methyl by chloride ligands (Figure 3a).

This is particularly evident for the component along the z-axis, which is the most shielded o33



component for AlMes, the most deshielded one (c11) for AlCI3, and 22 for AICIMe2 and
AlCloMe (Figure 3b).

Worthy of note is that the component along the z-axis remains relatively constant for
different monomers (Figure 3b). For the aluminum dimers, the z-axis is defined as the axis
perpendicular to the plane containing the two aluminum atoms and the two p2-briding ligands;
the x-axis is co-linear with the axis containing the two aluminum atoms and the y-axis is
perpendicular to it (Figure 3c). The principal components of the chemical shielding tensor (c11
< 022 < 633) also adopt specific orientations with respect to the x-, y- and z-axes. For Al2Mes,
c11 and o22 lie along the y- and x-axes, respectively. The component 633 points always along
the z-axis and is significantly more shielded than 11 and 22 (Figure 3d), which have similar
values; hence their orientation with respect to x- and y- axis readily changes depending on the
ligands. This orientation is general for all aluminum dimers except for Al2CIMes where 11 and
622 are oriented almost 45° with respect to the x- and y-axis and along the Al-ligand bond. For
all the aluminum dimers, c11 and 622 are following the same trend as Giso, while ©33 is rather
constant indicating that c11 and o22 are mainly responsible for influencing the change in

chemical shift (Figure 3d).
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Figure 3. Orientation of the principal components of the chemical shielding tensor for
aluminum monomers (a) and the evolution of ciso, o11, 622 and 633 (b). Orientation of the
principal components of the chemical shielding tensor for aluminum dimers (c) and the

evolution of Giso, G11, 622 and 633 (d).

In order to understand the origin of the variation in chemical shielding as a function of
ligand set, each component is further divided in its diamagnetic contribution (cdia) and its
paramagnetic contribution that includes spin-orbit coupling (Gpara).

0 = Ogia t+ Opara )
The opara term, which mostly leads to deshielding, relates to the coupling between virtual and
occupied molecular orbitals according to eq. 6. The nominator describes the coupling of
occupied (occ) and virtual (virt) orbitals via action of the angular momentum operator Zi =
X, y, and z). The denominator (AE,;+_,.c) describes the energy difference between the coupled
orbitals, thus indicating that the orbitals closest in energy — the frontier molecular orbitals —
mostly contribute to the paramagnetic term, hence relating electronic structure to chemical

shielding and chemical shift.

WvirelLilYocc X Pvire|Li/r3[Wocc)
Upara ~ Zochvirt virtlki oAcbf virt|Li occ (6)
virt—occ

In the case of main group elements like aluminum, paramagnetic shielding/deshielding will
arise from the coupling of p-orbitals; its magnitude can be readily evaluated by a simple

examination of the molecular orbital diagram and in a pictorial way by examining the overlap



between p-orbitals in occupied and virtual orbitals upon a rotation of 90° around the axis

associated with the specific angular momentum operators, L, Zy and L, (vide infra).

2.2 Natural Chemical Shielding Analysis for 27A1 Monomers.

Since the principal components of the chemical shielding tensor (c11 < 622 < 633) change
their orientation with respect to the molecular axis for different aluminum monomers (Figure
3a), it is easier to compare them by their relative orientation to the molecular axis and use the
corresponding Gxx, Gyy and 6zz component. This approach also facilitates a comparison between
them because of their similar structure and associated frontier molecular orbitals (vide infra).
For all calculated aluminum monomers, the changes in chemical shielding can be solely

interpreted in terms of variation of Gpara, because Gdia is similar in all cases
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Figure 4. Contribution from natural localized molecular orbitals (NLMO) to the paramagnetic
part of the chemical shielding for (a) oxx and (b) oyy of the aluminum monomers with the total
paramagnetic chemical shielding (red), the contribution of the Al-core (yellow), the summed
Al-X c-orbital (X=Me or Cl) (blue) and their individual contribution (lightblue). Effect of the
angular momentum operator on Al-C c-orbitals of (c) L, (d) L, and (e) fy. (f) Orbital diagram
of Al-C and AIl-Cl o-bond with the blue arrow indicating the main interaction leading to

deshielding in 27A1 NMR.



(Figure 7- 10 and Table 3). The evolution of the paramagnetic contribution (Gpara) of the
principal components (Gxx-para, Gyy-para and Gzz-para) Shows that Gzz-para (Figure 11 and Table 4)
is relatively constant and that the changes are dominated by these of Gxx-para (Figure 4a) and
Gyy-para (Figure 4b) on going from AlMes to AICIs. Note that the evolution of Gxx-para and Gyy-
para are complementary (Figure 12) due to the symmetry of the molecules and are best discussed
concomitantly. In order to understand how Gii-para (1 = X, y and z) change along the series (AlMe3
to AlCI3), a natural chemical shielding (NCS) analysis is carried out to identify which orbitals
contribute to shielding/deshielding (Figure 4a- 4b). From AlMes to AICIMe2, with Cl along
the x-axis the term oxx-para (Figure 4a) remains the same, but Gyy-para (Figure 4b) becomes
significantly less deshielded due to a lower contribution of the Al-X1 c-orbital as the Al-Me1
bond is replaced by an Al-Cli bond (Figure 4b).

Upon replacing one more Me- by a Cl-ligand in AICI2Me, Gxx-para is now reduced greatly
due to reduced Al c-orbital contributions (Figure 3a and 4a), while the term Gyy-para lies in
between these found in AlMe3 and AICIMe: (Figure 4b). Finally, replacing the last Me-ligand
on going from AICI2Me to AICI3, Gyy-para is now further reduced. Overall, the replacement of
each Me by Cl decreases oxx-para and Gyy-para.

The origin of this trend can be understood by analyzing which occupied and virtual

orbitals couple upon action of the angular momentum operator L; (L, Ey and L, related to xx-

para, Gyy-para and Gzz-para). This can be illustrated by using AIMes as an example. The operator L,
allows coupling between Al-C c-orbitals and neighboring AI-C c*-orbitals (Figure 4c), but
since the Me-Al-Me angles are 120° while an optimal overlap is achieved when the orbitals are
perpendicular to each other, coupling between them will only be partial. The operators L, and
fy allow coupling between the Al-C c-orbital and the empty p-orbital on aluminum. Due to the
Cs axis, the Al-C bonds are not always oriented perpendicular to L, (Figure 4d) or f,y (Figure
4e) making the coupling between the Al-C c-orbital and the empty p-orbital not optimal.
Similar coupling partners for each individual component are found for all aluminum
monomers (Figure 3), but their contribution is modulated by the change from the Me- to the
more electronegative Cl-ligands. Substituting Me- with the more electronegative Cl-ligands
lowers the energy of the Al-X c-orbital and also slightly increases the energy of the p-orbital
due to interactions of the empty Al p-orbital with Cl-lone pairs (Al-Cl n*-orbital) as illustrated
in a qualitative orbital diagram in Figure 4f. As a consequence, oxx and oyy undergo a lower
deshielding with increasing number of Cl-ligands consistent with the observed upfield chemical

shift on going from AlMes to AlICls.
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Figure 5. Contribution from natural localized molecular orbitals (NLMO) to the paramagnetic
part of the chemical shielding for (a) oxx and (b) oyy of the aluminum dimers with the total
paramagnetic chemical shielding (red), the contribution of the Al-core (yellow), the summed
terminal Al-Xt c-orbital (XT=Me or Cl) (lightblue) and bridging Al-XB c-orbital (XB=Me or
Cl) (blue) with their individual contribution. (c) Effect of the angular momentum operator on
Al-Cl c-orbitals of L, and Ey illustrated by Al2Mes. (d) Orbital diagram of orbitals which are
mainly contributing to the change in chemical shift of aluminum dimers (Al-X ¢ and Al-X c*

(X=C or Cl)) indicated by a blue arrow of Al2Mes to Al2Cl2Me4 and Al2Cl2Me4 to Al2Cls.

2.3 Natural Chemical Shielding Analysis for 27Al Dimers.

Similar to what is observed for the aluminum monomers, the change of chemical
shielding is mostly due to the paramagnetic term for aluminum dimers. These changes in
chemical shielding are mainly related to Gxx-para (Figure 5a) and Gyy-para (Figure 5b), while Gz
para 18 relatively constant across the series (Figure 13- 15 and Table 5). NCS analysis reveals
that the change of Gpara is mostly related to the terminal Xt group, as the contributions from the
bridging Al-XB c-orbitals are generally small (Figure 5a- 5b and Table 6). The terminal Al-
X 6-bonding orbitals are coupled through the angular momentum operators L, and Zy to the
Al-XB c*-orbital of the bridging ligands (Figure 5c). Therefore, substituting the bridging
ligands of Al2Mes with chlorides (Al2Cl2Mes) increases the Al-Xt G-orbital contribution due to

the lower lying c*-orbitals in the bridging Al-CI bond (Figure 5d). Substituting the terminal



Me- with Cl-ligands (on going from Al2Cl2Me4 to Al2ClsMe2 and from Al2ClsMez to Al2Cle)
provides lower lying Al-Xt c-orbitals and thereby decreases the Al-Xt o-orbital contribution

leading to less deshielding (Figure 5d).

2.4 Quadrupolar Coupling in 27A1 NMR.

For all aluminum monomers, AlMes displays the largest V33 (1.4) that is directed along
the empty p-orbital of aluminum, and Cq (46 MHz) with nqequal to 0.0 consistent with its axial
symmetry. The large Cq highlights the large charge imbalance that originates from the presence
of anionic ligands in the on plane leading to a negative tensor component shown in orange in
Figure 6a and to the presence of empty p-orbital along the z-axis leading to a positive tensor
component (blue region in Figure 6a). Replacing one Me- with a Cl-ligand decreases V33 (1.2)
and the Cq (39 MHz), and increasing the number of Cl-ligands in AICl2Me or AICI3 further
decreases V33 and Cq to 1.0 and 32 MHz for AlCI2Me, and to 0.8 and 26 MHz for AICI3,
respectively (Figure 6a and Table 7). The decrease of Cq value with increasing number of
more electron accepting Cl-ligands is consistent with the expected reduced electron density
around Al in the x,y-plane containing these ligands. In addition, the Cl-ligand can also donate
electron density to the empty p-orbital perpendicular to the plane by interaction with its lone
pair (m-interaction), which further leads to a more isotropic charge distribution around
aluminum. This is shown by a reduced positive contribution from the AI-Cl bond and a negative
contribution from the Cl-lone pair after decomposing V33 in individual NLMO contributions
and consistent with what is reported for AlMe3 and AlCl3j40, 51] (Figure 6a).

All aluminum dimers have significantly lower Cq than the monomers, in line with the
pseudo-tetrahedral geometry of Al and the associated more uniform distribution of charges. The
orientation of V33 is along the z-axis for all dimers except Al2ClsaMez that is slightly off the z-
axis. In contrast to the aluminum monomers, V33 corresponds to a negative EFG tensor
component.

From Al2Mes to Al2-(p2-Cl)2Me4, V33 is decreasing from -0.7 to -1.1, which corresponds
to a Cq of 24 MHz and 35 MHz (Figure 6b and Table 8). Changing the terminal ligands
(Al2Cl2Me4 to Al2Cls), V33 is going from -1.1 to -0.4 and the associated Cq decreases from 35
MHz to 14 MHz. The trends in V33 are associated to how the charge imbalance is evolving with
respect to the ligands. For Al2Mes the coplanar region around the bridging ligands and
aluminum is associated to a positive charge imbalance. Therefore substituting the bridging Me-
ligands with more electron accepting Cl-ligands will lead to an increased positive charge (larger

charge imbalance) around aluminum and an increase in Cq. On the other hand, the region along
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the terminal ligands is associated to a negative charge imbalance and having more electron
accepting Cl-ligands at this position leads to a decrease in Cq. In addition, the AI-X (X = Me
or Cl) bond lengths only have a minor influence on the Cq (Table 9), showing that altering all
the bond lengths at the same time does not generate a large charge imbalance compared to
changing the ligands. Overall the EFG tensor (with the associated Cq) can thus sensitively probe

the charge imbalance i.e. regions with increased positive and negative charge.
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Figure 6. Polar plot and orientation of the EFG tensor of aluminum monomers (a) and dimers
(b) and the individual contribution to V33 (black) from natural localized molecular orbitals
(NLMOs) corresponding to the Al-core (green), the summed Al-X bond (X=Me or CI) (blue)
their individual contribution (light blue), contributions from the Cl-lone pair (grey) and the
remaining contributions (yellow). For the dimers, the ligand contributions are further divided
into summed terminal Al-Xt bond (XT=Me or Cl) (blue) with their individual contribution (light
blue) and the summed bridging Al-XB bond (XB=Me or Cl) (red) with their individual
contribution (light red).

3 Conclusion

DFT calculation of 27A]1 NMR of aluminum monomers and dimers bearing Me- or CI-
ligands show peculiar trends between the chemical shift and Cq with the ligand set and
geometry, which can be understood at the molecular level upon analysis of their principal
components. The chemical shift and Cq decrease for trigonal planar aluminum with substitution
of Me- with Cl-ligands, whereas for the dimers, depending on whether the terminal or bridging

ligands are substituted from Me- to Cl-ligands, the inversed trend is observed (increase in
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chemical shift and Cq when substituting Me- with Cl-ligands for bridging ligands and decrease
for terminal ligands). First, a natural chemical shielding analysis shows that all the observed
trends in chemical shift can be explained by the small changes in energy of c-bonding Al-X
orbitals, the empty p-orbital for the monomers or the *-orbitals for the dimers: 1) the increasing
number of Cl ligands in the monomer decreases the energy of the c-orbitals and raises this of
the empty p-orbital, hence the decrease of chemical shift in this series and ii) the presence of
Cl as bridging ligand lowers the energy of the 6*, hence the increase of chemical shift upon
going from Al2Mes to Al-(u2-Cl)2Mes, before decreasing with increasing number of Cl-
terminal ligands due to the lowering of the Al-X c-orbital energies. In case of the Cq for 27Al,
where a similar trend as for the chemical shift is observed, it can be rationalized by the charge
distribution, where a more uniformly distributed charge distribution leads to a lower Cq. In
particular, for trigonal planar aluminum less G-donating ligands (Me vs. Cl) and ligands with
lone pair donating electron density into the empty p-orbital (Cl) lead to a reduced Cq, while for
four coordinated aluminum dimers a lower Cq is observed when placing more c-donating
ligands (Me-ligands) at the bridging position and less o-donating ligands (Cl-ligands) at the
terminal position. This chemical shift and charge distribution analysis implies that chloroalkyl
aluminum compounds would be more reactive among the dimers as it shows very polarizable
bonds. This may explain why such reagents are preferred as activators in homogeneous

catalysis.[52]

4 Epilogue

Chloroalkyl aluminums display specific reactivity patterns depending on the number of CI-
ligands. First, the Lewis acidity of AlCIxMes-x increases with the number of Cl atoms (Table
10). This contrasts with what is observed for chemical shift principal components lying along
the on plane and the quadrupolar coupling constant, which all decrease with increasing number
of Cl atoms in part because of the associated vacant p-orbital. This illustrates that Lewis acidity
is not correlated with the energy of the vacant p-orbital as one may have anticipated. This is
also in sharp contrast to what is observed for both the 15N and 27Al1 NMR for the pyridine
adducts, whose upfield NMR chemical shift (Figure 16) directly parallels the increase of Lewis
acidity.[s3) Worthy of note, Al2-(n2-Cl)2Me4 is often a better co-catalysts by comparison with
Al2Mes for oligomerization catalysts.[52] This pattern correlates well with the highest Cq value

among all dimeric species. In fact, the high Cq value describes the polarization of this dimeric
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species, which is probably critical as the proposed role of these dimeric alkyl aluminium species

is to transfer an alkyl group, but also to capture and stabilize the associated aluminum species.

5 Computational Details

Geometry optimization and frequency calculations were performed with the B3LYPs1
functional in combination with the 6-31g(d)i42] basis set using the Gaussian0943] program suite.
Chemical shift calculations were performed with the ADF 2014(44) code using a TZPj4s] basis
set with the all-electron relativistic zeroth-order regular approximation (ZORA)[46-47] in its spin-
orbit two-component form. EFGs were calculated using a TZP basis set.i40; For all the
calculations with ADF 2014 the revised Perdew-Burke-Entzerhof (revPBE)48-491 functional
was used. For the natural localized molecular orbitals (NLMO) analysis of the chemical
shielding principal components and V33, the NBO 6.01501 code is used as implemented in ADF
2014 with the revPBE functional and TZP basis set. The chemical shift of 27Al is referenced to
Al(acac)s (0.0 ppm). Using two experimentally measured compoundsisij, namely Al(Mes)3 and
AI(NTMS)3 as benchmark calculations shows that the methodology in use is able to accurately

calculate the trends in Cq of three coordinated aluminum centers (Table 1).
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