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The reaction between aluminium and dimethyl ether
Comparative study of density functional theory and EPR results

Torbjo� rn Fa� ngstro� m,a Adam Kirrander,a Leif A. Erikssona,b* and Sten Lunella
a Department of Quantum Chemistry, Uppsala University, Box 518, S-751 20 Uppsala, Sweden
b Department of Physics, Stockholm University, Box 6730, S-113 85 Stockholm, Sweden

Stationary points on the surface describing the reaction between aluminium and dimethyl ether (DME) have been located using
density functional theory at the B3LYP level with a 6-31G(d,p) basis set. HyperÐne coupling constants (HFCC) of Al and the
proton attached to it, as well as total energies, were computed at all stable structures using the B3LYP and BP86 functionals and
the 6-311 ] G(2df,p) basis. Compared to earlier theoretical studies, additional stable conformers have been identiÐed. An initial
addition complex is formed between Al and located 4È9 kcal mol~1 below the free reactants in energy, depending onCH3OCH3 ,
computational method. A Ðrst transition state connects the addition complex with a structure in which one hydrogen has
migrated to the Al atom, whereafter a more stable CwH insertion structure is reached through a second transition state. A
second reaction path leading to two CwO insertion products, starting from the addition complex, is also described. The most
stable products are the cis and trans conformers of an open chain CwO insertion product which lie 58È65 kcal mol~1 below the
reactants in energy. Among the CwH insertion products the most stable ones are cyclic cis and trans structures, which are found
to lie 9È10 kcal mol~1 below the reactants.

Several experimental investigations of reactions between alu-
minium atoms and small organic molecules such as ethyl-
ene,1h3 acetylene,2,4 buta-1,3-diene,5 propyne,6 benzene7 and
several ethers8h10 have been presented during the last 25
years. Also a number of theoretical works on the above-
mentioned reactions and/or its products have been performed,
cf. ref. 11È16.

Recently, Chenier et al. studied the reaction of ground-state
aluminium atoms with dimethyl ether on inert hydrocarbon
surfaces at 77 K, using EPR techniques.10 From the Al hyper-
Ðne coupling constants (HFCC) obtained, they suggest an
assignment to four possible products (IÈIV) : (i) a mono-ligand
complex between Al and a DME molecule, with Al binding to
the DME oxygen atom; (ii) a di-ligand complex between one
Al atom and two DME, similar to (i) ; (iii) a reaction product
formed by the insertion of an Al atom into a CwO bond of
the ether ; and Ðnally (iv) a second insertion product resulting
from Al insertion into a CwH bond. Chenier et al. reported
one proton HFCC for only one of the suggested products, for
the other three products no proton HFCC were resolved. The
most and second most intense sextets observed in the EPR
spectra were tentatively assigned to the CwO insertion
product and the mono-ligand complex, respectively.

A subsequent theoretical investigation of the reaction, using
ab initio calculations at the HartreeÈFock and MP2 levels has
been reported by Sakai.11 In this study a mono-ligand
complex, a complex where one of the hydrogens has migrated
to the Al atom, an open chain CwO insertion product and
one cyclic and one open chain CwH insertion product were
found. However, to our knowledge no comparison between
the experimental HFCCs and theoretical data has so far been
carried out, in order to reveal the detailed nature of the
observed reaction products.

The aim of the present work is to compare calculated iso-
tropic HFCCs for the possible products of the described reac-
tion with experimental EPR data, to locate stationary points
on the potential-energy surface (PES) and to extend the theo-
retical framework by including density functional theory
(DFT).

Methods
Geometries

In all calculations the program systems Gaussian 9217 and
Gaussian 9418 were used. The functional used in the opti-
mizations, referred to as B3LYP, is based on BeckeÏs three-
parameter adiabatic connection method (ACM) approach,19
and consists of a combination of Slater,20 HartreeÈFock21
and Becke22 exchange, and the Vosko, Wilk and Nusair
(VWN) local23 and Lee, Yang and Parr (LYP)24 non-local
correlation functional. The split valence 6-31G(d,p)25,26 basis
set was used in all optimizations.

Energies

To obtain more reliable total energies at the di†erent station-
ary points on the PES, single point calculations were carried
out using the 6-311 ] G(2df,p)27h31 basis set, using the
B3LYP and the BP86 functionals. The latter functional is con-
structed from the non-local exchange functional by Becke22
together with PerdewÏs gradient corrected correlation func-
tional.32
Isotropic hyperÐne coupling constants

Magnetic interactions between the nuclear spin and the(IŠ )
electronic magnetic moments, caused by the electron spin (SŠ ),
give rise to hyperÐne splittings in molecular EPR spectra. The
splittings can be divided into an isotropic and an anisotropic
part, where the isotropic part is given by a contact interaction
term (Fermi contact)33,34 in the spin Hamiltonian :

HŒ spin(1) \ A
N
(iso)(IŒ É SŒ ) (1)

For a particular nucleus N (assuming a doublet radical) A
N
(iso)

is :

A
N
(iso)\

8n
3

gbg
N

b
N

o(a~b)(r
N
) (2)

where o(a~b) is the spin density at the position of the(r
N
)

nucleus, b is the Bohr magneton, is the nuclear magnetonb
Nand g and are the electronic and nuclear g values, respec-g

Ntively.
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The isotropic hyperÐne coupling constants (HFCCs) are
thus related to the spin density at a particular nucleus, which
can be acquired from a calculated wavefunction. Hence, com-
parisons with measured hyperÐne splittings give a good indi-
cation of the quality of the calculated wavefunction and the
ability of the method in question to accurately describe the
system under study. Here, were report HFCCs for the Al atom
and the hydrogens, at those points on the potential-energy
surface believed to represent possible reaction products.
Results are presented from the B3LYP and BP86 calculations,
using the 6-311 ] G(2df,p) basis set.

Results
Potential-energy surface

The PES turned out to be extremely corrugated and a large
number of stationary points were found at the computational
level presently employed.

Altogether 23 points of interest have been located on the
potential-energy surface : one addition complex (AC), one di-
ligand complex, eleven transition states, eight CwH insertion
products and two CwO insertion products. Table 1 lists the
relative energies of the B3LYP/6-31G(d,p) optimized struc-
tures, obtained from single point calculations using the
B3LYP and BP86 functionals in conjunction with the larger
6-311 ] G(2df,p) basis. Fig. 1È4 depict the geometries of the
optimized stationary points.

The products and transition states were veriÐed to be true
energy minima and saddle points of Ðrst order, respectively, in
frequency calculations performed at the B3LYP/6-31G(d,p)
level.

To verify the relevance of the transition states found, intrin-
sic reaction coordinate IRC35,36 calculations were performed
starting from the di†erent transition states.

Addition complexes. In both complexes the structures of the
DME fragments di†er only slightly from the geometry of the
free DME molecule (cf. Fig. 1 and 2). The weak interaction

Table 1 Energies in kcal mol~1 given relative to the reactants
dimethyl ether and the aluminium atoma

Method

B3LYP/6-311] (2df,p) BP86/6-311] (2df,p)
structure //B3LYP/6-31G(d,p)b //B3LYP/6-31G(d,p)c

addition complex [4.9([4.1) [9.1([8.3)
di-ligand complex [10.9 [13.3
TS1 25.8(20.7) 21.3(16.2)
C1-cis 21.6(17.0) 21.2(16.6)
C1-trans 21.4(17.0) 20.6(16.2)
TS2 (cis) 23.2(18.4) 21.9(17.1)
TS2 (trans) 25.7(21.2) 19.6(15.1)
C2-cis [7.4([10.2) [10.5([13.2)
C2-trans [6.8([9.7) [9.9([12.8)
TS2 (cisÈtrans) [2.9([6.1) [6.3([9.5)
TS3 (cisÈcis) [3.6([7.0) [6.8([10.2)
TS3 (transÈtrans) [2.9([6.5) [6.3([9.9)
TS3 (cisÈtransp) [4.3([8.0) [6.7([10.4)
TS3 (transÈtransp) [2.7([6.6) [5.4([9.3)
TS3 (cisÈcisp) [4.8([8.5) [7.1([10.8)
C3-cisp [4.9([8.7) [7.4([11.2)
C3-transp [5.4([9.1) [7.9([11.6)
C3-cis [4.2([7.6) [7.4([10.8)
C3-trans [4.4([7.9) [7.7([11.2)
TS4 6.0(4.1) 0.1([1.8)
C4-cis [60.7([62.6) [61.7([63.6)
C4-trans [62.1([63.9) [63.3([65.1)
TS4 (cisÈtrans) [60.5([62.7) [61.2([63.4)

a ZPE corrections, calculated at the B3LYP/6-31G(d,p) level, are
included for the values in parentheses. b Energy of reactants : Al(Eh)[242.386 697, DME [155.084 672, total [397.471 369. c Energy (Eh)of reactants : Al [242.383 618, DME [155.077 005, total
[397.460 623.

Fig. 1 Calculated (B3LYP/6-31G(d,p)) structures of the di-ligand
complex and the free DME molecule

between the constituents can also be seen in the rather large
AlwDME bond distances, around 2.2 for the mono-ligandÓ
and 2.4 for the di-ligand complexes. In the additionÓ
complex the aluminium, oxygen and carbon atoms are all in
one plane. The di-ligand complex is non-planar, close to C2vsymmetry, with an OwAlwO angle of 87¡ (cf. Fig. 1).

The energies of the addition complex and the di-ligand
complex are 5È9 and 11È15 kcal mol~1 below that of the free
reactants, respectively, depending on method used. This corre-
sponds reasonably well with the experimentally determined
gas phase value of the binding energy for the mono-ligand
complex of 9.2 kcal mol~1.8

CwH Insertion products. In the eight CwH insertion com-
pounds the aluminium atom binds to the oxygen and one
hydrogen atom (C1-cis and C1-trans) ; to the oxygen, one of
the carbon and one of the hydrogen atoms (C2-cis and C2-
trans) ; and to one of the carbon and one of the hydrogen
atoms, in the last case forming both planar (C3-cisp, C3-
transp) and non-planar compounds (C3-cis and C3-trans), cf.
Fig. 2, 3 and 4.

A transition state (TS1), in which a hydrogen has started to
migrate to the aluminium atom, connects the addition
complex with C1-trans. This transition state is 21.3È25.8 kcal
mol~1 above the reactants giving a barrier for the insertion of
the aluminium atom into the CÈH bond of 30.4È32.9 kcal
mol~1, with the largest barrier observed at the B3LYP/6-
31G(d,p) level and the lowest at the BP86 level (cf. Fig. 2 and
Table 1). C1-trans, on the other hand, is a very high lying
metastable minimum.

C1-trans is also connected with the more stable compound
C2-trans through a second transition state (TS2-trans) in
which the aluminium atom interacts also with one of the
carbon atoms, cf. Fig. 2. TS2-trans is located 20È26 kcal
mol~1 above the reactants in energy giving an energy barrier
of a few kcal mol~1 for the passage to C2-trans, cf. Fig. 2. This
compound together with the corresponding cis conformer
(C2-cis) are the most stable CwH insertion products, 6.2È10.5
kcal mol~1 below the reactants in energy, with the cis com-
pound slightly lower in energy of the two (Fig. 3 and Table 1).
A transition state similar in shape to the C2 product struc-
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Fig. 2 Energy reaction proÐle for the CwH and CwO insertion reactions as well as geometrical structures of the CwH and CwO insertion
products and transition states, optimized at the B3LYP/6-31G(d,p) level

Fig. 3 Reaction proÐle for isomerization between di†erent CwH insertion products and optimized structures of products and transition states

Fig. 4 Reaction proÐle for isomerization between di†erent CwH insertion products and optimised structures of products and transition states
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Table 2 Isotropic HFCC in gauss for possible products in the reaction between dimethyl ether and an aluminium atom.a Method: BP86/6-
311 ] G(2fd,p)//B3LYP/6-31G(d,p)

compound Al H1 H2 H3 H4 H5 H6

addition complex [21.9 0.0 0.4 0.4 0.4 0.4 0.0
di-ligand complex [22.6 0.0 0.6 0.1 0.6 0.1 0.1
C1-cis 1.3 0.2 [9.6 [13.2 2.7 3.6 [0.5
C1-trans 4.5 6.1 [9.2 [12.4 3.4 1.8 [0.3
C2-cis 306.5(II) 57.6(II) 3.3 [1.4 0.7 0.4 0.2
C2-trans 287.6 58.6 3.8 0.1 [0.2 [0.2 0.0
C3-cis 195.4 43.3 [0.5 [1.5 0.1 0.3 1.0
C3-trans 205.0 40.9 6.0 3.1 1.1 2.7 [0.1
C3-cisp 220.2 52.4 [1.9 [1.9 [0.3 [0.3 0.9
C3-transp 253.1 50.9 1.9 1.9 0.1 0.1 0.3
C4-cis 333.9 [3.0 1.9 1.4 [0.7 [0.7 [0.4
C4-trans 269.8(IV) 5.0 [2.7 [2.3 [0.1 0.0 0.6

a The roman numbers correspond to the experimentally observed species (cf. Table 4).

Table 3 Isotropic HFCC (in G) for possible products in the reaction between dimethyl ether and an aluminium atom.a Method: B3LYP/6-
311 ] G(2fd,p)//B3LYP/6-31G(d,p)

compound Al H1 H2 H3 H4 H5 H6

addition complex [15.8 0.0 0.1 0.1 0.1 0.1 0.0
di-ligand complex [18.1 0.0 0.6 0.1 0.6 0.1 0.1
C1-cis 0.9 0.4 [10.8 [14.6 2.2 3.0 [0.4
C1-trans 0.5 3.9 [10.2 [14.2 2.9 1.5 [0.3
C2-cis 324.2(II) 66.0(II) 3.2 [1.6 0.7 0.5 0.2
C2-trans 304.2 67.3 4.0 [0.3 [0.1 [0.1 0.0
C3-cis 217.1 54.5 [1.1 [1.8 0.1 0.1 0.6
C3-trans 229.5 52.1 5.3 2.9 0.7 2.2 [0.1
C3-cisp 235.2 62.7 [1.9 [1.9 [0.3 [0.3 0.9
C3-transp 271.1 60.9 1.8 1.8 0.1 0.1 0.4
C4-cis 346.5 [3.4 1.2 1.8 [0.4 [0.4 [0.4
C4-trans 285.5(IV) 5.2 [3.1 [2.6 0.0 0.1 0.3

a The roman numbers correspond to the experimentally observed species (cf. Table 4).

tures but with the aluminium, oxygen and the two carbon
atoms in one plane (TS2-cisÈtrans) connects the cis and trans
forms of C2 (cf. Fig. 3). The barrier corresponding to this cisÈ
trans interconversion is 3.6È4.7 kcal mol~1, with the largest
barrier again obtained at the B3LYP/6-31G(d,p) level and the
lowest at the BP86 level. The same trend was also observed
for the low barrier between C1-trans and C2-trans, which van-
ishes at the BP86/6-311 ] G(2df,p)//B3LYP/6-31(d,p) level (cf.
Table 1 and Fig. 2).

The local minima where the aluminium atom binds solely
to the transferred hydrogen and one of the carbons
(compounds denoted C3) are reached from C2-cis and -trans.
The planar trans compound, C3-transp, is connected with
C2-cis through an open chain transition state (TS3 cisÈtransp)
in which the AlwO bond is broken. C3-trans is reached from
C2-trans through TS3 transÈtrans in which again the AlwO
bond is broken (cf. Fig. 3). The C2 and C3 structures are
observed to be separated by small energy barriers of 2.6È4.7
kcal mol~1.

Finally, two of the C3 compounds, C3-transp and C3-trans,
are connected through TS3 transpÈtrans with an energy
barrier varying between 2.5 and 3.0 kcal mol~1 depending on
method (Fig. 3).

The remaining energy minima, C1-cis, C3-cis and C3-cisp
can all be reached from C2-cis (cf. Fig. 4). Breaking the AlwC

Table 4 Experimental isotropic HFCC (in G) for the reaction
between dimethyl ether and an aluminium atoma

Species Al H1 H2 H3

I 357.5 È È È
II 294.7 58.9 È È
III 318.6 È È È
IV 269.4 È È È

a The experimental values are from the work by Chenier et al.10

bond in C2-cis, C1-cis is reached through TS2-cis with an
energy barrier of about 30 kcal mol~1. Finally, breaking the
AlwO bond C3-cis and C3-cisp are reached from C2-cis
through two open chain transition states TS3 cisÈcis and TS3
cisÈcisp. The energy barriers are in the order of 2.6È4.7 kcal
mol~1 with the barrier leading to the C3-cisp structure slight-
ly lower (cf. Fig. 4).

The di†erent C3 compounds are all found at 2.7È7.9 kcal
mol~1 below the reactants, and hence lie a few kcal mol~1
above the two C2 compounds (cf. Table 1).

CwO Insertion products. Two CwO insertion products, one
cis (C4-cis) and one trans (C4-trans), were located (cf. Fig. 2).
The addition complex is connected to the cis form of the
CwO insertion compounds (C4-cis), which is 56.5È61.7 kcal
mol~1 below the reactants in energy, through a transition
state (TS4) with an elongated OwC bond. TS4 is located 0.1È
6.4 kcal mol~1 above the reactants in energy giving a barrier
for the CwO insertion ranging from 9.2 to 13.5 kcal mol~1
depending on the method. Just as for the Al insertion into the
CwH bond, the B3LYP/6-31(d,p) method predicts the highest
and BP86 the lowest energy barrier. C4-cis is further con-
nected to the most stable stationary point encountered at the
PES, the trans CwO insertion product (C4-trans), through a
transition state with a close to linear CwOwAl fragment
(TS4 cisÈtrans), cf. Fig. 2. C4-trans is 58.1È63.3 kcal mol~1
more stable than the reactants, depending on method. The
small barrier separating the cis from the trans conformers is
calculated to be between 0.2 and 0.8 kcal mol~1.

Zero point vibrational energy corrections. Zero point vibra-
tional energy corrections (ZPE) were calculated for all station-
ary points at the B3LYP/6-31(d,p) level. The corrections
stabilize all transition states and product structures by 1.8 to
5.1 kcal mol~1 and destabilize the addition complex by ca. 0.8
kcal mol~1. All energy barriers are thus lowered somewhat,
from a few tenths of a kcal mol~1 up to 2.7 kcal mol~1, when
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the ZPE corrections are included. The one exception is the
barrier separating the addition complex from C1-trans for
which a somewhat larger lowering of ca. 6 kcal mol~1 is
observed when the correction is included. Owing to the small
basis set superposition errors observed in a previous study of
the Al ] propene system, using similar methods as those
employed here,37 no such corrections were calculated in the
present paper.

HyperÐne coupling constants

The isotropic HFCC are reported for the hydrogens and the
aluminium atom of the addition complex, the di-ligand
complex and the insertion products from single point calcu-
lations employing the larger basis set. The calculated and
experimentally observed couplings are presented in Tables
2È4.

Very good agreement with the experimental spectrum (II) is
observed at the BP86 level for the cis structure of the most
stable CwH insertion product (C2-cis) [cf. Fig. 3 and Tables 2
and 4]. The deviations between calculated and experimental
values for the aluminium atom and the migrated proton, H1,
are less than 4.5%. Also at the B3LYP level good agreement
between experimental and calculated values is observed, with
deviations between calculated and experimental values of less
than 10.5% for the Al HFCC and less than 12.5% for the
proton HFCC. The agreement between experimental and cal-
culated values is even somewhat better for the trans com-
pound. However, the assignment that the cis conformer of C2
corresponds to the observed CwH insertion product is sup-
ported by the calculated energetic stability of the products,
with C2-cis 0.5È3.8 kcal mol~1 more stable compared to the
other CwH insertion products. The calculated HFCC for the
remaining protons, H2ÈH6, for both the cis and trans con-
formers of compound 2 are less than 4.5 G irrespective of
method used, which suggests why no b proton HFCCs were
resolved in the experimental EPR spectra.

The experimentally observed sextet with a splitting of 269.4
G (IV) was previously assigned to either an addition or a di-
ligand complex.10 Considering the extremely poor agreement
with the calculated HFCC for the complexes, cf. Tables 2È4,
we suggest a reassignment of the observed splitting to one of
the CwO insertion products. The observed experimental
value agrees excellently with the calculated Al HFCC for
the most stable CwO insertion product, C4-trans, at the
BP86/6-311 ] G(2df,p)//B3LYP/6-31G(d,p) level. The calcu-
lated value deviates 0.2 and 6% from the experimental value
at the BP86 and B3LYP levels, respectively. The maximum
calculated proton HFCC for the CwO insertion products was
again very small ; 5.2 G (cf. Tables 2 and 3 and Fig. 2). The
calculated energetic stability of the products supports the
assignment of C4-trans to one of the experimentally observed
species.

The assignment of the observed proton and Al HFCC for
C2-cis and C4-trans using the HFCC calculated at the BP86/
6-311 ] G(2df,p)//B3LYP/6-31G(d,p) level and, shown in par-
entheses, at the B3LYP/6-311] G(2df,p)//B3LYP/6-31G(d,p)
level, are as follows (cf. Fig. 2 and 3 and Tables 2È4). cis Struc-
ture of the CwH insertion product (C2-cis) : Al : experimental
value 294.7 G, computed 306.5 G (324.2 G) ; H1 : experimental
value 58.9 G, computed 57.6 G (66.0 G) ; trans structure of the
CwO insertion product (C4-trans) : Al : experimental value
269.4 G, computed 269.8 G (285.5 G).

The two remaining sextets observed experimentally, with
splittings of 318.6 and 357.5 G can not be uniquely assigned
to any of the stationary points found. From the very poor
agreement between the calculated values for the two addition

complexes and the two experimentally observed splittings we
conclude that neither of the latter corresponds to an addition
or di-ligand complex. Both the calculated relative energies and
the calculated HFCC clearly exclude the possibility that
C1-cis and -trans have been observed in the experiment.
Neither of the remaining C2 or C3 compounds could clearly
be identiÐed with the two unassigned species because of their
large calculated proton HFCC.

Discussion and Summary
Stationary points have been located for the reaction between
aluminium and dimethyl ether at the B3LYP and BP86 levels.
Both methods give qualitatively the same results although the
barriers di†er slightly depending on method. In general the
relative energies are predicted to be lowest at the BP86/6-
311 ] G(2df,p)//B3LYP/6-31G(d,p) level with the one excep-
tion of the di-ligand complex which is observed to be lowest
in energy at the B3LYP/6-31G(d,p) level.

Possible reaction paths for both the Al CwH and CwO
insertion reactions are outlined. Based on the results in this
theoretical investigation, the Al atom breaks a CwH bond in
the methyl group to eventually form a (H)Al product in which
the aluminium atom binds to both the carbon and oxygen
atoms. The reaction path involves an AlwO addition
complex, a Ðrst transition state leading to a structure in which
one hydrogen has migrated to the Al atom, whereafter a more
stable CwH insertion structure is reached through a second
transition state. When the CwO insertion product is formed,
the Al atom instead breaks one of the CwO bonds to form
the insertion product. This second reaction path involves,
except for the addition complex, a Ðrst transition state leading
to a cis form of an open chain CwO insertion structure,
whereafter the more stable trans form is reached through a
second transition state. The ZPE corrected barriers for the
CwH and CwO insertion reactions were calculated to be
24.5È27.0 and 6.5È10.8 kcal mol~1, respectively, depending on
method. Both barriers were calculated to be lowest at the
BP86/6-311]G(2df,p)//B3LYP/6-31G(d,p) level and highest
at the B3LYP/6-31G(d,p) level.

The hyperÐne coupling constants for the possible products
have been determined using the 6-311]G(2df,p) basis in con-
junction with the B3LYP and BP86 functionals. There is good
agreement between the computed and experimental HFCC for
two of the products found, namely the cis structure of the
most stable CwH insertion product and the trans-CwO
insertion product. This supports the two suggested reaction
paths towards a complex as one of theHAlCH2CH2CH3OÐnal products and the CwO insertion product CH3AlOCH3as a second. Best overall agreement between calculated and
experimental HFCC is obtained at the BP86/6-311]G(2df,p)
//B3LYP/6-31G(d,p) level of theory in which the calculated
values di†er at most 4.5% and at average 2.2% from the
experimental values. Two experimentally observed sextets
with splittings of 318.6 and 357.5 G were not possible to
uniquely assign to any of the stationary points found. None of
the points located in the present paper was clearly possible to
identify as the carrier of the two experimentally observed
sextets, either due to calculated relative stability and energy
barriers and/or due to poor agreement between calculated and
experimental HFCC values.

The unassigned sextets might correspond to complex for-
mation between DME and some of the found product struc-
tures.
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