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ABSTRACT: Reaction mixtures, containing Al atoms and
methylethyl ether (MEE) or diethyl ether (DEE) in an ada-
mantane matrix, were prepared with the aid of a metal-atom
reactor known as a rotating cryostat. The EPR spectra of the
resulting products were recorded from 77−260 K, at 10 K
intervals. Al atoms were found to insert into methyl-O, ethyl-
O, and C−C bonds to form CH3AlOCH2CH3, CH3OAl-
CH2CH3, and CH3OCH2AlCH3, respectively, in the case of
MEE while DEE produced CH3CH2AlOCH2CH3 and
CH3AlCH2OCH2CH3, respectively. From the intensity of
the transition lines attributed to the Al atom C−O insertion
products of MEE, insertion into the methyl-O bond is preferred. The Al hyperfine interaction (hfi) extracted from the EPR
spectra of the C−O insertion products was greater than that of the C−C insertion products, that is, 5.4% greater for the DEE
system and 7% greater for the MEE system. The increase in Al hfi is thought to arise from the increased electron-withdrawing
ability of the substituents bonded to Al. Besides HAlOH, resulting from the reaction of Al atoms with adventitious water, novel
mixed HAlOH:MEE and HAlOH:DEE complexes were identified with the aid of isotopic studies involving H2

17O and D2O. The
Al and H hfi of HAlOH were found to decrease upon complex formation. These findings are consistent with the nuclear hfi
calculated using a density functional theory (DFT) method with close agreement between theory and experiment occurring at
the B3LYP level using a 6-311+G(2df,p) basis set.

■ INTRODUCTION
Zerovalent organoaluminum products formed by reacting Al
atoms with organic substrates have been the focus of research
for some time. The organic substrates studied are varied and
include benzene,1 1,3-butadiene,2 methane,3 allene,4 cyclo-
propylamine,5 cyclic,6 and acyclic7 alcohols and ethers.8−12

Of particular relevance to the present study is the spon-
taneous reaction of Al atoms with dimethyl ether (DME),9−11

under matrix isolation conditions, to form an Al atom C−O
insertion product. In an Ar matrix,11 both the cis and trans
isomers of the C−O bond insertion product were detected; the
magnetic parameters extracted from EPR spectra were gx/gy/gz =
2.000/2.000/1.997 and aAl(x/y/z) = 1145/999/998 MHz for the
cis isomer and gx/gy/gz = 2.000/2.000/1.997 and aAl(x/y/z) =
999/854/852 MHz for the trans isomer. In the Ne matrix
isolation experiment,11 only a sextet with magnetic parameters
(gx/gy/gz = 2.000/2.000/1.997 with aAl(x/y/z) = 969/826/
825 MHz) corresponding to the trans C−O bond insertion
product was observed. The lack of the cis C−O insertion
product in the Ne experiment was rationalized as a drop in the
cis to trans conversion energy barrier; only the more stable trans
conformer formed. The isotropic Al hfi, estimated by averaging
ax, ay and az, is 902 MHz (Ar) and 873 (Ne) for the trans
isomer and 1047 MHz (Ar) for the cis isomer. In adamantane,9

aAl for the major Al-centered radical (1002 MHz) falls between

those estimated for the cis and trans isomers of the C−O inser-
tion product in Ar.
Fan̈gström et al.10 and Kasai11 have completed comprehen-

sive theoretical studies on the reaction of Al atoms with DME.
In the first study,10 DFT calculations were completed by
optimizing the geometry of Al(DME), Al(DME)2, C−O, and
C−H insertion products with the B3LYP/6-311+G(2df,p)//
B3LYP/6-31G(d,p) or the BP86/6-311G(2df,p)//B3LYP/
6-31G(d,p) method. The authors proposed a reaction path
for the formation of the C−O insertion product. The mono-
ligand complex was identified as an essential intermediate
species. More specifically, as the Al atom approaches the DME
molecule, a monoligand complex, associated with a 4.9 kcal/
mol drop in energy, forms. The C−O insertion product was
determined to be 62.1 kcal/mol lower in energy than the
reactants, with a 6.0 kcal/mol energy barrier, and an aAl(calc) of
799 MHz. The C−H insertion product was determined to be
7.4 kcal/mol lower in energy than the reactants, with a 25.7
kcal/mol energy barrier, an aAl(calc) of 858 MHz and an aH(calc)
of 161 MHz . As for the diligand complex, it was determined
to be 10.9 kcal/mol lower in energy than the reactants.
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Both complexes were determined to be spontaneous products,
with no energy barrier.
In a subsequent study,11 Kasai used the SCF semiempirical

AM1 method to propose a mechanism for Al atom C−O
insertion in DME, Scheme 1. Formation of a monoligand

complex, Al(DME), lowers the energy of the system by
21 kcal/mol. The proposed dissociation of the complex, forming
the methyl radical, CH3, and Al-OCH3, lowers the energy rela-
tive to the reactants by 32 kcal/mol. The energy calculated for
the recombination of the two reactive species to form the cis
C−O insertion product, CH3−Al-OCH3 is 71 kcal/mol lower
than that of the reactants. The cis C−O insertion product can
rearrange to the more stable (1 kcal/mol) trans isomer. The
energy barrier associated with the isomerization step was calcu-
lated to be 4 kcal/mol.
The products of the Al/diethyl ether (DEE) reaction carried

out in adamantane at 77 K were also characterized by EPR
spectroscopy.9 More specifically, the C−O insertion product,
CH3CH2AlOCH2CH3 with the magnetic parameters g =
1.9991 and aAl = 1027 MHz and the C−C insertion product,
CH3AlCH2OCH2CH3 with g = 1.9995, aAl = 957 MHz and
aH(5) = 7 MHz were detected. A third Al-centered radical with
g = 2.0004, aAl = 840 MHz, and aH(1) = 151 MHz led the
authors to propose the formation of a C−H insertion product,
i.e., HAlCH2CH2OCH2CH3 and or CH3CH(AlH)OCH2CH3.
However, somewhat puzzling was the fact that no evidence
for the formation of the corresponding C-D insertion pro-
duct was found in repeating the experiment with diethyl ether-d10
(DEE-d10).
In addition to transitions corresponding to the DME trans

C−O insertion product, Kasai observed six weaker satellite lines
with a Al hfi that was 4% smaller.11 He attributed the satellite
lines to the trans C−O insertion product datively complexed to
a DME molecule, CH3AlOCH3:DME. Other Al atom insertion
products have since been shown to complex with molecules
containing lone pairs, namely, (HAlNH2):NH3

13 and CpNH-
(AlH):CpNH2.

5 In these cases, the Al hfi decreases relative to
the uncomplexed insertion product.
In an effort to obtain a better understanding of the nature of

Al−C, Al−O, and Al−H bonds in organoaluminum compounds,
we have extended the work to include the asymmetric ether,
CH3OCH2CH3 (MEE), and its isotopomers, CH3OCD2CD3

(MEE-d5), CH3O
13CH2CH3 (MEE-1-13C), and 13CH3OCH2-

CH3 (MEE-1′-13C). Experiments were also carried out with
CH3CH2OCH2CH3 (DEE) and its isotopomers CH3CD2O-
CD2CH3 (DEE-d4), CD3CH2OCH2CD3 (DEE-d6), and CD3-
CD2OCD2CD3 (DEE-d10) to resolve the issue concerning the
C−H insertion product.

■ EXPERIMENTAL SECTION
Materials. Al atoms, generated by the resistive heating of Al

wire (Fisher, >99.9%), were co-condensed with adamantane
(Aldrich, >99%) and a number of different substrates diluted in
helium (Praxair, >99%). The substrates used in the study were
D2O (Cambridge Isotopes Laboratories, D ≈ 99.9%), H2

17O
(Cambridge Isotopes Laboratories, 17O ≈ 70%), diethyl ether
(DEE, Aldrich, >99%), diethyl ether-d10 (DEE-d10, Cambridge
Isotopes Laboratories, D > 99%), diethyl ether-1,1,1′,1′-d4
(CH3CD2OCD2CH3, DEE-d4), diethyl ether-2,2,2,2′,2′,2′-d6
(CD3CH2OCH2CD3, DEE-d6), methylethyl ether (MEE, TCI
America, 99.4%), methylethyl ether-1,1,2,2,2-d5 (CH3OCD2-
CD3, MEE-d5), methylethyl ether-1-13C (CH3O

13CH2CH3,
MEE-1-13C), and methylethyl ether-1′-13C (13CH3OCH2CH3,
MEE-1′-13C). The methods used to prepare DEE-d4, DEE-d6,
MEE-d5, MEE-1-13C, and MEE-1′-13C are outlined in the
Supporting Information. With the exception of DEE, the sub-
strates obtained commercially, as well as adamantane, were not
purified prior to being degassed using a freeze−thaw process.
DEE was purified by distillation over sodium metal (Fisher)
and benzophenone (Fisher) under a nitrogen (Praxair, >99%)
atmosphere.

Preparation of Substrate/Helium and Substrate/H2O/
Helium Mixtures. MEE and its isotopomers, MEE-d5, MEE-
1-13C, or MEE-1′-13C were diluted with He, such that the
MEE/He ratio was ∼1:2.4. Similarly, DEE/He (1:2) and DEE-
d10/He (1:2) mixtures were prepared. Mixtures of DEE and
MEE with H2O, D2O, or H2

17O diluted in He were prepared
with the following compositions: 1:3:33 H2O/DEE/He, 1:3:25
D2O/DEE/He, 1:4:32 H2

17O/DEE/He, and 1:4:32 H2
17O/

MEE/He.
Al Atom Reactions. The Al atom reactions were carried

out in a metal-atom reactor known as a rotating cryostat. The
device consists of a stainless steel drum held in the center of a
reaction chamber that is maintained at <1.3 × 10−6 mbar. The
design and operation of the rotating cryostat has been des-
cribed in detail elsewhere.14 Al wire (about 30 mg) was placed
in a tungsten basket (No. 12070, Ernest F. Fullam, Schenectady,
NY) suspended between two electrodes of a furnace. The
atoms were generated when the wire was resistively heated to
approximately 800 °C. Typically, 10−1 mbar of the reactant
mixture (MEE or DEE containing mixtures) was introduced
through a porthole in the outer housing of the cryostat via a
needle valve assembly coupling the vessel containing the
substrate(s) to the cryostat. Similarly, adamantane was
introduced into the reaction chamber of the cryostat. A water
bath set at 80 °C was used to maintain the adamantane vapor
pressure at 1.3 mbar. In a typical experiment, Al atoms and the
reactants were co-condensed, along with adamantane, onto the
cold surface (77 K) of the rotating drum for approximately
10 min. A sample of the reaction mixture was scraped off the drum
into a quartz Suprasil EPR tube, under vacuum, at 77 K. Once
sealed, the EPR spectra of the sample were recorded from 77 to
290 K, at 10 K intervals, on a Varian E 109 EPR spectrometer
operating at X-band. The spectra were calibrated using a Varian
Gaussmeter and a Systron Donner frequency meter.

Scheme 1. Proposed Mechanism11 for the Formation of the
Al Atom C−O Insertion Product of DMEa

a(a) DME reacts with an Al atom to produce a mono-ligand complex,
Al(DME). (b) The complex dissociates into AlOCH3 and •CH3.
(c) The radicals recombine to form the cis C−O insertion product.
(e) Isomerization gives the trans isomer.

The Journal of Physical Chemistry A Article

dx.doi.org/10.1021/jp210425g | J. Phys. Chem. A 2012, 116, 2439−24522440



Data Analysis and Computer Simulation. The nuclear
hfi, g-value, and the corresponding standard deviations for the
species observed in the Al atom reactions were determined by
solving the electronic spin Hamiltonian with the aid of the
ESRLSQ software.15 The simulations of specific regions of the
EPR spectra presented in the Results were generated using the
computer program ISOPLOT.15

Computational Methods: Calculation of the Geome-
try and Nuclear Hyperfine Interactions (hfis) of Organo-
aluminum Radicals. The nuclear hfi of a number of Al atom
insertion products were calculated using a density functional
theory (DFT) method. The geometry of several isomers of
possible insertion products was optimized using the B3LYP
functional16−18 and the split valence 6-31G (d,p) basis set. All
of these isomers were characterized as minimum energy con-
formers using frequency analysis to distinguish them from
transition-state geometries. The energies and nuclear hfi of the
isomers were calculated using the B3LYP functional with the
6-311+G (2df,p) basis set. The above-mentioned functional
and basis sets were available in the Gaussian 09W software
package.19

The zero-point potential energy (E1) of the conformers was
calculated from the potential energy of the conformers in kcal/
mol (E0) using eq 1,
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=
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where h is Planck’s constant, ntot is the number of calculated
vibrational normal modes, νn is a normal frequency (cm−1)
calculated using the B3LYP functional with the 6-31G (d,p)
basis set, c is the speed of light (3 × 1010 cm/s), and NA is
Avogadro’s number.

■ RESULTS

Al/MEE/Adamantane. Al atoms were co-condensed with a
1:2.4 MEE/He mixture in an adamantane matrix at 77 K, using
a metal-atom reactor maintained at <1.3 × 10−6 mbar. The
paramagnetic products, detected by EPR spectroscopy (27Al,
I = 5/2; 1H, I = 1/2), at 77 K, include Al3 (g ≈ 2.0, aAl ≈
108 MHz)20 and HAlOH (g = 2.0011 ± 0.0001, aAl = 914.2 ±
0.02 MHz, and aH = 286.0 ± 0.8 MHz).21 In addition, three
sextets, labeled MEE-1, MEE-2, and MEE-3 in Figure 1, were
observed. The magnetic parameters, extracted from the EPR
spectra of these mononuclear aluminum species, are g = 2.0018 ±
0.0001 and aAl = 1027.5 ± 0.2 MHz (MEE-1); g = 2.0013 ±
0.0001 and aAl = 1007.1 ± 0.2 MHz (MEE-2); g = 2.0016 ±
0.0001 and aAl = 937.3 ± 0.3 MHz (MEE-3).
Upon warming the sample to 180 K, the HAlOH sextet

disappeared. By 200 K, an additional sextet, with the magnetic
parameters g = 2.0020 ± 0.0001 and aAl = 847.0 ± 0.1 MHz
(MEE-4) appeared, Figure 2. At this temperature, the transition
lines of species MEE-3 and MEE-4 revealed further hfi. The
MI = 1/2 transition line of MEE-3 is presented in Figure 3,
along with a simulation that assumes the interaction of the
unpaired electron with two equivalent H nuclei with a triplet
splitting of 8 MHz and three equivalent H nuclei with a quartet
splitting of 6 MHz. A doublet splitting of 159.4 ± 0.3 MHz was
observed for MEE-4 indicating the unpaired electron in this
species interacts with a single H nucleus. A summary of the
EPR magnetic parameters for species MEE-1 to MEE-4 is
found in Table 1.

Al/MEE-d5/Adamantane. The Al-atom experiment was
repeated with a MEE-d5/He mixture. As in the case of MEE,
several overlapping spectra developed on annealing the sample
in the cavity of the EPR spectrometer (27Al, I = 5/2; 1H, I = 1/2;
2H, I = 1; Supporting Information, Figure S1). Besides
HAlOH and Al3, species with magnetic parameters identical,
within experimental error, to those determined for MEE-1,

Figure 1. EPR spectrum recorded at 77 K of the sample collected from the reaction of Al atoms with a 1:2.4 MEE/He mixture in an adamantane
matrix (v = 9.1390 GHz; microwave power (m.p.) = 2 mW; ratio of the receiver gain at low field to high field (L/H) = 0.2; center omitted).
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MEE-2, and MEE-4 were found, Table 1. Although the
values for aAl and g of 935.3 ± 0.6 MHz and 2.0014 ± 0.0001
(MEE-d5-3), respectively, are similar to those obtained for
MEE-3, isotopic substitution causes the superhyperfine

interaction (superhfi) to collapse, Figure 3c. The transitions
were simulated assuming two D with aD = 1.2 MHz and 3 D
with aD = 0.75 MHz interact with the unpaired electron on Al,
Figure 3d.

Al/MEE/H2
17O/Adamantane. The Al-atom reaction was

repeated with a 4:1 MEE/H2
17O mixture diluted in He. At

77 K, Al3 dominated the EPR spectrum (27Al, I = 5/2; 1H, I =
1/2; 17O, I = 5/2). A sextet of doublets with magnetic
parameters corresponding to HAlOH was also observed. As in
the case of the experiment involving MEE-d5, warming the
sample to 220 K in the cavity of the spectrometer resulted in
the resolution of additional sextets (Supporting Information,
Figure S2) with magnetic parameters similar to those found for
MEE-1 to MEE-4, Table 1.
Multiple scans of the transition lines pertaining to MEE/

H2
17O-4 revealed weak features attributable to 17O superhfi. In

Figure 4, the MI transitions for MEE/H2
17O-4 have been

stacked and aligned. The weak features (MEE/H2
17O-4′) on

either side of each transition line can be interpreted as a sextet
of doublets of sextets centered at g = 2.0022 ± 0.0001. The
sextet (aAl) and doublet (aH) spacings, 846.9 ± 0.2 and
158 ± 2 MHz, respectively, coincide with those found for
MEE/H2

17O-4, while the 17O (I = 5/2) superhfi producing the
second sextet was found to be 25.7 ± 0.5 MHz.

Al/MEE-1-13C/Adamantane. Several overlapping sextets
were found in the EPR spectrum (27Al, I = 5/2; 1H, I = 1/2;
13C; I = 1/2) of the products resulting from the reaction of
Al atoms with a 1:2.3 MEE-1-13C/He mixture (Supporting
Information, Figure S3). The magnetic parameters of MEE-
1-13C-1 and MEE-1-13C-4 are identical, within experimental

Figure 2. EPR spectrum recorded at 200 K of the sample collected from the reaction of Al atoms with a 1:2.4 MEE/He mixture in an adamantane
matrix (v = 9.1189 GHz; mp = 2 mW; L/H = 0.64; center omitted).

Figure 3. (a) MI = 1/2 region of species MEE-3 recorded at 220 K
(v = 9.1188 GHz; mp = 2 mW); (b) Simulation of the MI = 1/2
transition line of MEE-3 assuming 2 H with aH = 8 MHz and 3 H with
aH = 6 MHz interact with the unpaired electron on Al. (c) MI = 1/2
region of species MEE-d5-3 recorded at 220 K (v = 9.1217 GHz; mp =
2 mW); (d) Simulation of the MI = 1/2 transition line of MEE-d5-3
assuming 2 D with aD = 1.2 MHz and 3 D with aD = 0.75 MHz
interact with the unpaired electron on Al.
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error, to those obtained for MEE-1 and MEE-4, Table 1.
Although the g and aAl values of the features labeled MEE-
1-13C-3 best matched those of MEE-3, the superhfi differed,
Figure 5. MEE-1-13C-3 is a sextet of doublets of triplets of
quartets centered at g = 2.0009 ± 0.0003 with an aAl value of
939.7 ± 0.7 MHz, a13C = 130.8 ± 2.3 MHz, aH(2H) = 8 and
aH(3H) = 6 MHz. The two sextet of doublets, MEE-1-13C-2
and MEE-1-13C-2′, centered at g = 2.0008 ± 0.0003 both have
an aAl value of 1010.0 ± 0.1 MHz. They differ only in the
doublet splitting (13C, I = 1/2). While a13C for MEE-1-13C-2 is
11.0 ± 0.3 MHz that for MEE-1-13C-2′ is 129.0 ± 1.0 MHz,
Figure 5.
Al/MEE-1′-13C/Adamantane. EPR analysis (27Al, I = 5/2;

1H, I = 1/2; 13C, I = 1/2), Figure 6, of the Al atom-MEE-1′-13C

reaction mixture indicated that at least three paramagnetic
organoaluminium species formed. The magnetic parameters for
MEE-1′-13C-3 and MEE-1′-13C-4 correspond closely to those
obtained for MEE-3 and MEE-4, respectively, Table 1. The
sextet, MEE-1′-13C-2, centered at g = 2.0008 ± 0.0003, has an
aAl (1013.7 ± 0.7 MHz) similar to that of MEE-2; however, it
displays superhfi consistent with the interaction of the unpaired
electron with the 13C-labeled carbon nucleus (a13C = 132.7 ±
2.2 MHz). There is no EPR evidence for the formation of a
radical analogous to MEE-1 found in the Al/MEE/adamantane
reaction.

Al/DEE/Adamantane. A 1:2.3 DEE/He mixture was
prepared and subsequently reacted with Al atoms in an
adamantane matrix at 77 K using the rotating cryostat. The
EPR spectrum (27Al, I = 5/2; 1H, I = 1/2) of the products of

Table 1. Magnetic Parametersa Extracted from the EPR Spectra of the Species Produced in the Reaction of Al Atoms with
MEE/He, MEE-d5/He, MEE/H2

17O/He, MEE-1-13C/He, and MEE-1′-13C/He in Adamantane at 77 K

species MEE MEE-d5 MEE/H2
17O MEE-1-13C MEE-1′-13C

1 g 2.0018 ± 0.0001 2.0023 ± 0.0005 2.0020 ± 0.0001 2.0016 ± 0.0002
aAl 1027.5 ± 0.2 1027.6 ± 0.7 1027.7 ± 0.3 1025.7 ± 0.2 MHz

2(2′)b g 2.0013 ± 0.0001 2.0016 ± 0.0004 2.0014 ± 0.0001 2.0008 ± 0.0003
(2.0008 ± 0.0003)

2.0008 ± 0.0003

aAl 1007.1 ± 0.2 1007.2 ± 0.1- 1007.2 ± 0.1 1010.0 ± 0.1
(1010.0 ± 0.1)

1013.7 ± 0.7

a13C 11.0 ± 0.3
(129.0 ± 1.0)

132.7 ± 2.2

3 g 2.0016 ± 0.0001 2.0014 ± 0.0001 2.0017 ± 0.0001 2.0009 ± 0.0003 1.998 ± 0.005
aAl 937.3 ± 0.3 935.3 ± 0.6 937.9 ± 0.4 939.7 ± 0.7 943 ± 5
aH
c 8 [2H];

6 [3H]
1.2 [2D];
0.75 [3D]

8 [2H];
6 [3H]

8 [2H];
6 [3H]

8 [2H];
6 [3H]

a13C 130.8 ± 2.3
4 (4′)b g 2.0020 ± 0.0001 2.0019 ± 0.0002 2.0020 ± 0.0001

(2.0022 ± 0.0001)
2.0026 ± 0.0009 2.0007 ± 0.0006

aAl 847.0 ± 0.1 847.3 ± 0.6 847.2 ± 0.1
(846.9 ± 0.2)

847.4 ± 5.6 849.7 ± 1.6

aH
c 159.4 ± 0.3 [1H] 159.8 ± 0.8 [1H] 159.4 ± 0.3 [1H]

(158 ± 2 [1H])
151 ± 8 [1H] 151 ± 5 [1H]

a17O (25.7 ± 0.5)
aThe nuclear hfi in MHz. bSpecies 2′ and 4′ have g and aAl values identical to those of 2 and 4, respectively. They differ only in superhfi. The
magnetic parameters for 2′ and 4′ appear in parentheses. cThe number of H nuclei involved is found in square brackets.

Figure 4. Stacked plot of the five visible Al transition lines of species MEE/H2
17O-4 and MEE/H2

17O-4′ recorded at 220 K (v = 9.1181−9.1187
GHz; mp = 2 mW). The intense doublets of MEE/H2

17O-4 have been aligned. The dotted lines show the transition lines of MEE/H2
17O-4′.
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this reaction was dominated by Al3 (g ≈ 2.0 and aAl ≈ 108 MHz)
and by a strong signal at approximately 3030 G at 77 K. As the
sample was annealed to 100 K, a weak sextet of doublets
belonging to HAlOH (g = 1.9991 ± 0.0001, aAl = 912.7 ±
0.2 MHz and aH = 286.7 ± 1.0 MHz) became evident. Three
new sextets with the magnetic parameters g = 2.0055 ± 0.0013
and aAl = 1006 ± 4 MHz (DEE-1), g = 2.0016 ± 0.0001 and
aAl = 951.3 ± 0.2 MHz (DEE-2), and g = 2.0021 ± 0.0001 and
aAl = 840.9 ± 0.1 MHz (DEE-3) resolved by 210 K, Figure 7. In
addition, a doublet splitting of 155.3 ± 0.3 MHz was observed
for DEE-3 most probably due to the interaction of the unpaired
electron with a H nucleus. Additional hfi was observed for the
transition lines of DEE-2, Figure 8a. A simulation of the MI = 1/2
transition line of DEE-2, which assumes that two equivalent

hydrogen atoms with aH = 7.9 MHz and three equivalent
hydrogen atoms with aH = 6.6 MHz interact with the unpaired
electron on Al, is presented in Figure 8b. A summary of the
EPR magnetic parameters for the Al containing radicals is found in
Table 2.

Al/DEE-d10/Adamantane. At 77 K, Al3 dominates the
poorly resolved EPR spectrum (27Al, I = 5/2; 1H, I = 1/2;
2H, I = 1) of the products formed in the reaction between Al atoms
and a 1:2 DEE-d10/He mixture. Annealing the sample to 100 K
revealed a weak sextet of doublets corresponding to HAlOH.
Three sextets, DEE-d10-1, DEE-d10-2, and DEE-d10-3, appeared
as the sample was annealed to 210 K (Supporting Information,
Figure S4). The magnetic parameters of DEE-d10-1 and DEE-
d10-3 are identical, within experimental error, to those found for

Figure 5. MI = 5/2 transition lines of MEE-1-13C-1, MEE-1-13C-2, MEE-1-13C-2′, MEE-1-13C-3, and MEE-1-13C-4 recorded at 210 K (ν = 9.1180
GHz; m.p.= 2mW).

Figure 6. EPR spectrum recorded at 180 K of the sample collected from the reaction of Al atoms with a 1:2.3 MEE-1′-13C/He mixture in an
adamantane matrix (v = 9.1216 GHz; mp = 2 mW; L/H = 1.0; center omitted).
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DEE-1 and DEE-3, Table 2. Although the g and aAl values of DEE-
d10-2 match those of DEE-2, the superhfi differs. The
MI = 1/2 transition is presented in Figure 8c along with a
simulation which assumes the interaction of the unpaired electron
with two equivalent deuterons with aD = 1.2 MHz and three
equivalent deuterons with aD = 1.0 MHz, Figure 8d.

Al/DEE-d4/Adamantane. When the Al-atom reaction was
repeated with DEE-d4, three mononuclear aluminum species
(DEE-d4-1, DEE-d4-2, and DEE-d4-3), besides HAlOH and Al3,
were detected. The EPR parameters, Table 2, of these species
were identical, within experimental error, to those for DEE-1,
DEE-2 and DEE-3 with the exception of the superhfi observed
for DEE-d4-2, Figure 8e. A good simulation of the MI = 1/2
transition of species DEE-d4-2, Figure 8f, was obtained assum-
ing the unpaired electron interacts with three hydrogen nuclei
where aH = 6.6 MHz and two deuterium nuclei with aD = 1.2 MHz.

Al/DEE-d6/Adamantane. A pale brown deposit was
obtained when Al atoms were reacted with DEE-d6 at 77 K
in an adamantane matrix. The three overlapping sextets, DEE-
d6-1, DEE-d6-2 and DEE-d6-3, observed in the EPR spectrum at
250 K, have aAl and g values similar to those of DEE-1, DEE-2,
and DEE-3, respectively, Table 2. However, as observed in
the experiment with DEE-d4, isotopic substitution resulted in a
change in the superhfi of the transition lines of species DEE-
d4-2. The MI = 1/2 transition of DEE-d6-2, Figure 8g, was
simulated, Figure 8h, assuming the unpaired electron interacts
with three deuterium nuclei with a hfi of 1.0 MHz and two
hydrogen nuclei with a hfi of 7.0 MHz.

Al/DEE/D2O/Adamantane. The Al-atom reaction was
repeated using a 3:1 DEE/D2O mixture diluted in He. EPR
analysis of the reaction mixture between 77 and 220 K indi-
cated that Al3, HAlOH and 4 mononuclear aluminum species
form. (Supporting Information, Figure S5). The magnetic
parameters of DEE/D2O-1, DEE/D2O-2, (Supporting In-
formation, Figure S6) and DEE/D2O-3, Table 2 were identical,
within experimental error, to those observed for DEE-1, DEE-2
and DEE-3, respectively, indicating that the same paramagnetic
products form. The magnetic parameters for DEE/D2O-4 are
close to those of DEE/D2O-3, i.e., g = 2.0018 ± 0.0001 and
aAl = 840.6 ± 0.1 MHz compared to g = 2.0019 ± 0.0001 and
aAl = 837.5 ± 0.1 MHz, but the superhfi on the Al transition

Figure 7. EPR spectrum recorded at 210 K of the sample collected from the reaction of Al atoms with a 1:2.3 DEE/He mixture in an adamantane
matrix (v = 9.1197 GHz; mp = 2 mW; L/H = 0.8; center omitted).

Figure 8. MI = 1/2 region of the EPR spectrum (mp = 2 mW) of
species 2 found in the Al atom reaction of DEE and its isotopomers.
(a) DEE-2 recorded at 210 K (v = 9.1198 GHz); (c) DEE-d10-2
recorded at 210 K (v = 9.1209 GHz); (e) DEE-d4-2 recorded at 250
K (v = 9.1148 GHz); (g) DEE-d6-2 recorded at 250 K (v = 9.1185
GHz). Simulation of the MI = 1/2 transition line of (b) DEE-2
assuming the interaction of the unpaired electron with 2 H where
aH = 7.9 MHz and 3 H where aH = 6.6 MHz; (d) DEE-d10-2
assuming the interaction of the unpaired electron with 2 D where
aD = 1.2 MHz and 3 D where aD = 1.0 MHz; (f) DEE-d4-2 assuming
the interaction of the unpaired electron with 2 D where aD = 1.2
MHz and 3 H where aH = 6.6 MHz; (h) DEE-d6-2 assuming the
interaction of the unpaired electron with 2 H where aH = 7.0 MHz
and 3 D where aD = 1.0 MHz.
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lines differ, Figure 9; the triplet splitting of 23.5 ± 0.1 MHz is
due to the interaction of the unpaired electron with a single

deuterium nucleus. The ratio of the superhfi for species DEE/
D2O-3 and DEE/D2O-4 is 155.2/23.5 or 6.6.
Al/DEE/H2

17O/Adamantane. A 4:1 DEE/H2
17O mixture

diluted in He was prepared and reacted with Al atoms. As in all
the Al atom reactions mentioned above, Al3 and HAlOH were
detected in the EPR spectrum of the reaction mixture. Four
sextets, labeled DEE/H2

17O-1, DEE/H2
17O-2, DEE/H2

17O-3
and DEE/H2

17O-4 appeared by 210 K (Supporting Informa-
tion, Figures S7 and S8) with magnetic parameters similar to
those observed in the DEE/D2O experiment, Table 2. The only
difference being the sextet splitting of 25.6 ± 0.3 MHz due to
the interaction of the unpaired electron with a 17O nucleus,
Figure 10, observed for DEE/H2

17O-4.

■ DISCUSSION
Al Atom C−O Insertion Products of MEE and DEE. In

previous studies, Al atoms were found to insert into the C−O
bonds of acyclic ethers,9−11 Table 3. In the present study,
magnetic parameters, similar to those previously reported9 (g =
1.9991 and aAl = 1027 MHz) for the Al atom-DEE C−O
insertion product, were extracted from the EPR spectra labeled
DEE-1, DEE-d10-1, DEE-d4-1, DEE-d6-1, DEE/D2O-1, and
DEE/H2

17O-1 for the samples collected from the reaction of Al

atoms with DEE, DEE-d10, DEE-d4, DEE-d6, DEE/D2O, and
DEE/H2

17O, respectively. The average g-value of 2.0029 ±
0.0014 and aAl of 1013 ± 5 MHz differ from the reported values
by 0.2 and 1.4%, respectively. This small discrepancy in the g
and aAl values is not surprising as the experimental conditions
used to prepare the C−O insertion product were not identical.
In the present study, the DEE was diluted in He while the study
carried out by Chenier et al.9 used neat DEE.
The unpaired electron that resides on the Al atom in the

C−O insertion product does not interact significantly with the
H nuclei on the neighboring methylene group.9 This was con-
sistent with our findings, in that the use of DEE-d10, DEE-d4,
and DEE-d6 did not markedly alter the spectrum obtained for
the Al atom C−O insertion product.
The nuclear hfi, for two isomers of the Al atom C−O

insertion product, were calculated using DFT (Supporting
Information, Table S1). The calculated aAl values are smaller
than the experimental aAl value of 1013 MHz. More specifically,
the aAl calculated for the trans and cis isomers (Chart 1), using
the B3LYP/6-311+G(2df,p)//B3LYP/6-31G(d,p) method,
were 725.1 and 889.2 MHz, respectively. It is important to
note that this represents the two extreme cases. There are many
other isomers with Al hfi values that are intermediate in magni-
tude. Previous theoretical studies of small straight chain organo-
aluminum radicals showed that the DFT methods consistently
underestimate the aAl by approximately 8−10%6,7,22 while
larger deviations of 16 − 20%12 were observed for alumina-
oxetanes. The aAl of the trans and cis isomers of the C−O
insertion product deviates from the experimental value by
approximately 28 and 12%, respectively. The calculated H hfi
are variable and dependent on the conformation of the radical.
The trans C−O isomer was determined to be 1.6 kcal/mol
more stable than the cis C−O isomer. Because this is a small
difference in energy the spectral features assigned to the Al
atom C−O insertion product, in our study, are most probably
due to the weighted average of several conformations. It is
important to note that the theoretical study was not intended
to be an exhaustive investigation of all the possible isomers but
rather an indication of the magnitude of the aAl for Al atom
C−O insertion products of DEE relative to other divalent
aluminum radicals such as the C−C insertion product.
Because the MEE molecule has two different C−O bonds,

the formation of two different C−O insertion products, namely,
the methyl-O (CH3AlOCH2CH3, CMe-O) and the ethyl-O

Table 2. Magnetic Parametersa Extracted from the EPR Spectra of the Species Produced in the Reaction of Al Atoms with DEE/
He, DEE-d10/He, DEE-d4, DEE-d6, DEE/D2O/He, and DEE/H2

17O/He in Adamantane at 77 K

species DEE DEE-d10 DEE-d4 DEE-d6 DEE/D2O DEE/H2
17O

1 g 2.0055 ± 0.0013 2.0020 ± 0.0001 2.0022 ± 0.0001 2.0018 ± 0.0002 2.0034 ± 0.0017 2.0020 ± 0.0001
aA 1006 ± 4 1011.4 ± 0.3 1019.2 ± 0.1 1019.9 ± 0.4 1012 ± 4 1012.0 ± 0.2

2 g 2.0016 ± 0.0001 2.0017 ± 0.0001 2.0017 ± 0.0003 2.0013 ± 0.0001 2.0013 ± 0.0001 2.0013 ± 0.0001
aAl 951.3 ± 0.2 949.7 ± 0.3 944.0 ± 0.6 946.7 ± 0.2 951.9 ± 0.2 951.0 ± 0.4
aH
b 7.9 [2H];

6.6 [3H]
1.2 [2D];
1.0 [3D]

1.2 [2D];
6.6 [3H]

7.0 [2H];
1.0 [3D]

7.9 (2H);
6.6 (3H)

7.9 (2H);
6.6 (3H)

3(4)c g 2.0021 ± 0.0001 2.0021 ± 0.0001 2.0025 ± 0.0002 2.0026 ± 0.0004 2.0018 ± 0.0001
(2.0019 ± 0.0001)

2.0022 ± 0.0001
(2.0024 ± 0.0001)

aAl 840.9 ± 0.1 840.3 ± 0.1 843.3 ± 0.5 845.1 ± 0.9 840.6 ± 0.1
(837.5 ± 0.1)

841.1 ± 0.1
(840.6 ± 0.1)

aH 155.3 ± 0.3
[1H]

155.6 ± 0.4 [1H] 155 ± 1 [1H] 152 ± 7 [1H] 155.2 ± 0.3 [1H]
(23.5 ± 0.1 [1D])d

153.8 ± 1.2 (1H)
(154.0 ± 0.3 (1H))

a17O (25.6 ± 0.3)
aThe nuclear hfi in MHz. bThe number of H nuclei involved is found in square brackets. cSpecies 4 has g and aAl values identical to those of 3. They
differ only in superhfi. dThis is due to D hfi.

Figure 9. MI = −5/2 transition lines of DEE/D2O-3 and DEE/D2O-4
recorded at 210 K (v = 9.1189 GHz; mp = 2 mW).
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(CH3OAlCH2CH3, CEt-O) insertion products are expected. To
distinguish between these two possibilities, Al atoms were
reacted with MEE-1-13C and MEE-1′-13C, respectively. In the
experiment with MEE-1-13C (CH3O

13CH2CH3), the two
sextets, labeled MEE-1-13C-2 and MEE-1-13C-2′, have an aAl
value (1010 MHz) that is consistent with the values reported
for Al atom C−O insertion products9,11 and superhfi that
suggests the unpaired electron interacts with 13C. The a13C for
MEE-1-13C-2 is 11.0 ± 0.3 MHz, while that for MEE-1-13C-2′ is
129.0 ± 1.0 MHz. This suggests that both the CMe−O and
CEt−O insertion products form. CH3AlO

13CH2CH3 is assigned
to MEE-1-13C-2 and CH3OAl

13CH2CH3 is assigned to MEE-
1-13C-2′, assuming that the magnitude of the a13C depends
on the proximity of the 13C nucleus to the Al atom. From the
intensity of the MI = 1/2 transition lines, the concentration of
CH3AlO

13CH2CH3 is much greater than that of CH3OAl
13-

CH2CH3. When MEE-1′-13C was used as a substrate, the sextet
with an aAl closest (1013.7 MHz) to that of the C−O insertion
product is labeled MEE-1′-13C-2. The a13C of 132.7 MHz is

consistent with 13CH3AlOCH2CH3. We were not able to detect
the CEt−O insertion product. However, as this was found to be
the minor product it may be that its concentration was below
the detection limit of the EPR spectrometer. Experiments
carried out with MEE-d5 and MEE/H2

17O did not provide any
new information on the C−O insertion products.
As in the case of the C−O insertion product of DEE, the

nuclear hfi of the CMe−O and CEt−O insertion products were
calculated using the B3LYP/6-311+G(2df,p)//B3LYP/6-31G-
(d,p) method, Chart 1 (Supporting Information, Tables S2 and S3).
The calculated Al hfi ranged from 969 to 798 MHz and
from 893 to 726 MHz for the CMe−O and CEt−O insertion
products, respectively. The deviation associated with the
calculated aAl, in best agreement with the experimental value,
is ≈4%, for the CMe−O insertion product and ≈12% for the
CEt−O insertion product. The calculated 13C hfis for the CMe−O
and CEt−O insertion products are also consistent with the
values obtained experimentally. For CH3AlOCH2CH3, the
calculated 13C hfi for C1 and C1′ were 12.0 and 138.6 MHz,

Figure 10. Stacked plot of the five visible Al transition lines of species DEE/17O-3 and DEE/17O-4 recorded at 210 K (v = 9.1191 to 9.1192 GHz;
mp = 2 mW). The intense doublets of DEE/17O-3 have been aligned. The dotted lines show the transition lines of DEE/17O-4.

Table 3. Experimental and Theoretical aAl Values for the Al Atom C−O Insertion Products of Methanol, DME, DEE, MEE, and
1,2-Epoxybutane

species experimental aAl (MHz) theoretical aAl (MHz) % deviation level of theory ρ3s(Al)
a

CH3AlOH 844b 792b 6 B3LYP/6-311+G(2df,p) 0.22
cis-CH3OAlCH3 1047c 972b 7 B3LYP/6-311+G(2df,p) 0.27
trans-CH3OAlCH3 902c 800b 11 B3LYP/6-311+G(2df,p) 0.23
CH3OAlCH3 1002d 972 (cis) 3 B3LYP/6-311+G(2df,p) 0.26

800 (trans)b 20
CH3CH2AlOCH2CH3 1027d 889−725e 13−29 B3LYP/6-311+G(2df,p) 0.26

1013e 12−28 0.26
CH3AlOCH2CH3 1010e 969−798e 4−21 B3LYP/6-311+G(2df,p) 0.26
CH3OAlCH2CH3 1010e 893−726e 12−28 B3LYP/6-311+G(2df,p) 0.26

CH3CH2CHCH2AlO 855 f 721f 16 MPW1PW91/6-311+G(2df,p) 0.22
720 f 16 B3LYP/6-311+G(2df,p)

CH3CH2CHCH2OAl 739 f 591f 20 MPW1PW91/6-311+G(2df,p) 0.19
592 f 20 B3LYP/6-311+G(2df,p)

aEstimate of the Al 3s spin population. ρ3s(Al) = aAl/AAl(3s), where AAl(3s) is the calculated isotropic hfi for an electron in the 3s orbital of Al (3911
MHz).23 bData taken from ref 7. cData taken from ref 11. dData taken from ref 9. eThis work. fData taken from ref 12.
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respectively, for the cis isomer and 1.5 and 132.6 MHz,
respectively, for the trans isomer, which can be compared to the
values obtained experimentally, namely, 11.0 and 138.8 MHz.
In the case of CH3OAlCH2CH3, the calculated 13C hfi for C1

was 122.2 and 127.8 MHz, while the experimental value was
found to be 129.0 MHz. These are within the range of devia-
tions reported in similar theoretical studies.7,10 It is interesting
to note that the calculated zero-point energy of the CMe−O
insertion product is lower than that of the CEt−O insertion
product by ≈7 kcal/mol, while the energy difference between
the cis and trans conformers is <2 kcal/mol.
Al Atom C−C Insertion Products of MEE and DEE. Past

work8,9 involving Al atom reactions of acyclic ethers provided
EPR evidence for the production of C−C insertion products. It
has also been reported that Al atoms react at 77 K with DEE to
produce a C−C bond insertion product.8,9 The EPR spectrum
of this reaction product is described as a sextet of sextets
centered at g = 1.9995 with aAl = 957 MHz and aH = 7 MHz. In
the current experiments involving DEE, species with similar aAl
values to that of the C−C insertion product were found,
namely, DEE-2, DEE-d10-2, DEE-d4-2, DEE-d6-2, DEE/D2O-2,
and DEE/17O-2. The average g-value of 2.0016 ± 0.0002 and
aAl of 949 ± 3 MHz differ from the reported values by 0.1 and
0.8%, respectively. In the case of the H superhfi interaction, the

spectra were simulated assuming an interaction of the unpaired
electron with two equivalent hydrogen nuclei with aH = 7.9
MHz and three equivalent hydrogen nuclei with aH = 6.6 MHz.
Additional support for these assignments was found in the
experiment involving DEE-d10, DEE-d4, and DEE-d6. Deuteration
causes the expected modification in the spectrum for the Al atom
C−C insertion product because the unpaired electron interacts
with D nuclei (I = 1) instead of the H nuclei (I = 1/2), Figure 8.
The values of the nuclear hfi for a trans and cis isomer, Chart 2

(Supporting Information, Table S4), of the Al atom C−C
insertion product, calculated using DFT, were 710.1 (trans) and
566.2 (cis) MHz. The calculated aAl values are smaller than the
experimental aAl value of 951 MHz. The smallest deviation
between the calculated and experimental value occurs for the
trans isomer, at 25.3%, while the cis isomer deviates from the
experimental aAl, by 40.5%. These deviations are larger than
that obtained for the C−O insertion product. Attempts were
made to obtain C−C insertion product geometries of DEE with
larger aAl values. However, no such structures have been
discovered during this limited investigation. The reason for this
large discrepancy remains an interesting problem as this has not
been observed for other organoaluminum radicals (Table 3).
In the case of the H hfi, the values also depend on the structure
of the conformers. In all cases, however, the methyl and the

Chart 1. Al Atom C−O Insertion Products
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methylene hydrogens are not equivalent. It is important to note
that the theoretical study was not intended to be an exhaustive
investigation but rather an indication of the magnitude of
the aAl for Al atom−C-C insertion products of DEE relative to
the C−O insertion product. The calculated aAl of the C−O
insertion product is greater than that of the C−C insertion
product as was observed experimentally. Finally, the trans
isomer is more stable than the cis isomer by 0.8 kcal/mol.
The EPR spectrum of the species labeled MEE-3, MEE/17O-

3 and MEE-1′-13C-3 can be described as a sextet of triplets of
quartets resulting from the interaction of the unpaired electron
with the Al nucleus (aAl ≈ 939 MHz), two equivalent hydrogen
nuclei (aH = 8 MHz), and three equivalent hydrogen nuclei
(aH = 6 MHz). This is most consistent with the C−C insertion
product, CH3OCH2AlCH3. Confirmation for this assignment
was obtained from the experiment repeated with MEE-d5 as the
superhfi of the transition lines of MEE-d5-3 changed and was best
explained as resulting from the interaction of the unpaired electron
with both the methylene and methyl deuterium nuclei. Similarly,
the 13C hfi of 130.5 MHz observed for MEE-1-13C-3 supports the
fact that the Al atom has inserted into the 13C−C bond.
The nuclear hfi calculated using DFT for two isomers of the

Al atom-MEE C−C insertion products, Chart 2, are 713.6

(trans) and 622.1 MHz (cis), respectively. The deviation from
the experimental value (937.3 MHz) is large, that is, 24 and
34%, respectively (Supporting Information, Table S5).
Finally, the MEE and DEE C−C insertion products are very

similar in nature. The aAl of the MEE C−C insertion product is
only 1.5% smaller than that of the DEE C−C insertion species,
while the H hfi of the methylene and methyl group differ by 1.3
and 10%, respectively.
Complexes of the Al Atom HO Insertion Product of

H2O. The Al atom HO insertion product of H2O, HAlOH, is a
common side product observed in Al atom reactions. The
HAlOH radical is characterized by a sextet of doublets with the
EPR magnetic parameters g = 2.0011, aAl = 914.2 MHz, and
aH = 286.0 MHz.
The EPR spectra of the Al-centered radicals labeled DEE-3,

DEE-d10-3, DEE-d4-3, DEE-d6-3, DEE/D2O-3, and DEE/17O-3
can be described as a sextet of doublets reminiscent of the
interaction of the unpaired electron with the Al and H nuclei as

in the case of HAlOH. The average g, aAl, and aH values are
2.0017 ± 0.0008, 840.6 ± 0.5, and 154.2 ± 1.9 MHz,
respectively. The Al and H hfis are smaller than that reported
for HAlOH by 8 and 46%, respectively.
The decrease in the magnitude of the nuclear hfi upon

complexation was observed for the products of the Al atom−
NH3 reaction.

13 The study showed that the aAl (949 MHz) and
the aH (51 MHz) of a divalent aluminum radical, HAlNH2, was
reduced to 778 MHz (18%) and 37 MHz (27%), respectively,
when complexed by an NH3 molecule, forming the (HAlNH2):-
NH3 complex. Similarly in the Al atom reaction of cyclo-
propylamine,5 the aAl (962 MHz) and aH (216 MHz) of the
divalent N−H insertion product, CpNH(AlH) was reduced to
801 (17%) and 133 MHz (38%), respectively, by complexation
with a CpNH2 molecule, forming CpNH(AlH):CpNH2.

5 This
observation was further supported by DFT calculations of the
aAl for CpNH(AlH) and CpNH(AlH):CpNH2. The calcu-
lations predicted that complexation of CpNH(AlH) to a
CpNH2 molecule decreased the aAl and aH by 11 and 47%,
respectively.5 It follows that HAlOH:ROR complexes, where
ROR is a lone pair donating molecule like diethyl ether, would
be characterized by aAl values that are less than that of HAlOH.
We therefore assign DEE-3, DEE/D2O-3, and DEE/H2

17O-3 to
HAlOH:DEE, and DEE-d10-3, DEE-d4-3, and DEE-d6-3 to
HAlOH:X, where X = DEE-d10, DEE-d4, or DEE-d6.
Support for this assignment comes from the experiments

involving the Al atom reactions of the DEE/D2O and DEE/
H2

17O mixtures. By doping the DEE with isotopomers of H2O,
it was possible, from the spectral changes, to confirm the
involvement of HAlOH. The species labeled DEE/D2O-4, a
sextet of triplets centered at g = 2.0019 with aAl = 837.5 MHz
and aD = 23.5 MHz, and the species labeled DEE/17O-4, a
sextet of doublets of sextets centered at g = 2.0024 with aAl = 840.6
MHz, aH = 154 MHz, and a17O = 25.6 MHz are isotopic analogues
of the HAlOH:DEE complex, DAlOD:DEE and HAl17OH:DEE,
respectively. In the case of DEE:D2O-4, the change in the EPR
spectrum, as a result of introducing deuterium, that is, the doublet
becoming a triplet with a hfi 6.4 times smaller than the aH of
HAlOH:DEE, confirms that the unpaired electron residing on the
Al nucleus interacts with deuterium. Similarly, species DEE/17O-4
was noted to have 17O nuclear hfi which infers that the isotope is
interacting with the unpaired electron residing on the Al nucleus
and confirms the involvement of HAl17OH. The aAl and aH of this
HAl17OH:DEE complex were smaller than that of HAlOH by 74
and 132 MHz, respectively.
The values of the nuclear hfi of a cis and a trans HAlOH:DEE

complex, Chart 3, were calculated using DFT (Supporting
Information, Table S6). More specifically, the aAl and aH,
determined with the B3LYP/6-311+G(2df,p)//B3LYP/6-31G-
(d,p) method, were 802.5 and 170.9 MHz, respectively, for the
trans isomer, and 949.3 and 173.8 MHz, respectively, for the cis
isomer. The calculated aAl values deviate from the experimental
values (840.6 MHz) by 4.5% for the trans isomer and 12.9% for the
cis isomer. The deviation of the calculated aH from the experimental
value (154.2 MHz) is 10.8% for the trans isomer and 12.7% for the
cis isomer. This close agreement between the calculated and
experimental nuclear hfi values supports the spectral assignment.
It is worth mentioning that an Al-centered radical with g =

2.0004, aAl = 840 MHz, and aH = 151 MHz was observed in an
earlier study by Chenier et al.9 and assigned to a C−H insertion
product, that is, HAlCH2CH2OCH2CH3 or CH3CH(AlH)-
OCH2CH3. However, we have ruled out this possibility as the
experiments involving DEE-1,1,1′,1′-d4, DEE-2,2,2,2′,2′,2′-d6,

Chart 2. Al Atom C−C Insertion Products
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and DEE-d10 did not provide evidence for a C-D insertion
product of DEE, that is, a sextet with a triplet spacing of 156/
6.5 or 24 MHz.
In the MEE experiments, the Al-centered radicals labeled

MEE-4, MEE-d5-4, MEE/17O-4, MEE-1-13C-4, and MEE-
1′-13C-4 were detected with similar magnetic parameters (g ≈
2.0018, aAl ≈ 847.7 MHz, and aH ≈ 156.1 MHz) to those of the
HAlOH:DEE complex. It is, therefore, reasonable to propose
that the species formed in the Al atom−MEE reaction is the
HAlOH:MEE complex. Support comes from the reaction of Al
atoms with an MEE/H2

17O mixture. The spectrum labeled
MEE/17O-4′, a sextet of doublets of sextets centered at g =
2.0022 with aAl = 846.9 MHz, aH = 158 MHz, and a17

O = 25.7 MHz,
belongs to the isotopic analogue HAl17OH:MEE. The 17O nuclear

hfi clearly shows that the isotope interacts with the unpaired electron
residing on the Al nuclei, hence, the Al atom inserts into the H−17O
bond of the water molecule, forming HAl17OH. The aAl and aH of
the HAlOH:MEE complex are 67 and 128 MHz smaller than those
of HAlOH, respectively.
With this information, the DFT calculations of the

HAlOH:MEE complex were carried out (Supporting Information,
Table S7). The nuclear hfi of two isomers of the HAlOH:MEE
complex, Chart 3, were calculated using the B3LYP/6-311+
G(2df,p)//B3LYP/6-31G(d,p) method. The calculated aAl values
are 851.1 and 952.9 MHz for the trans and cis isomers, respectively.
This represents a deviation from the experimental value of about
0.4 and 12.4%, respectively. The aH calculated for the isomers are
161.6 and 178.5 MHz. These are larger than the experimental value
by 3.5 and 14.3%, respectively. The deviations for the aAl and aH
are similar to those found for HAlOH:DEE. The magnitude of the
aAl values calculated within this limited investigation therefore
supports the assignment of the HAlOH:MEE complex. In
summary, MEE-4 and MEE/17O-4 are assigned to the
HAlOH:MEE complex and MEE/H2

17O-4′ to the 17O analogue,
HAl17OH:MEE. MEE-d5-4, MEE-1-13C-4 and MEE-1′-13C-4 are
assigned to HAlOH:MEE-d5, HAlOH:MEE-1-13C and HAlOH:-
MEE-1′-13C, respectively.
In the EPR spectrum of the Al atom−dimethyl ether (DME)

reaction mixture, Chenier et al.9 observed a sextet of doublets
with aAl = 826 MHz and aH = 165 MHz. We now believe that
this belongs to the HAlOH:DME complex instead of the C−H
insertion product.9 We calculated the nuclear hfis for two
conformers of the HAlOH:DME complex using the B3LYP/
6-311+G(2df,p)//B3LYP/6-31G(d,p) method described above
(Supporting Information, Table S8). The aAl of the cis isomer
differs from the experimental value by 106.1 MHz (12.8%),
while that for the trans isomer differs by 42.3 MHz (5%). The
aH corresponding to the trans and cis isomers differ from the
experimental value by 9 (5.5%) and 13.3 MHz (8.1%), res-
pectively. Although the cis isomer is the most stable confor-
mation, it only differs from the trans conformation by 1.1 kcal/
mol. The magnitude of the aAl values, calculated within this limited
investigation, support the assignment of the HAlOH:DME
complex.
Comparing the magnetic parameters of HAlOH to that of its

complexes, one observes a trend, Table 4. The H hfi corre-
sponding to the interaction of the unpaired electron with the
hydrogen nucleus directly bound to the Al atom of the HAlOH
molecule decreases as the size of the ligand increases. The aH
decreases from 286.0 MHz, for HAlOH, to 155.3 MHz, in the
case of its complexation with DEE, the largest of the ligands
studied. Among the complexes the aH decreases by 6% in going
from DME to MEE to DEE, Table 4. The aAl varies by ≈2.5%.

Chart 3. HAlOH Complexes

Table 4. Comparison of the Magnetic Parameters Extracted from EPR Spectra of Al Atom Reactions that Lead to the
Production of HAlOH and HAlOH:Ether Complexes

species g value aAl (MHz) aH (MHz) ρ3s(Al)
a ρ1s(H)

a Σ(ρ3s(Al) + ρ1s(H))

HAlOH 2.0011 914.2 286.0 0.23 0.20 0.43
HAlOH:DMEb 2.0007 826.0 165.0 0.21 0.12 0.33
HAlOH:MEEc 2.0020 847.0 159.4 0.22 0.11 0.33
HAlOH:DEEc 2.0021 840.9 155.3 0.22 0.11 0.33

aEstimate of the Al 3s and H 1s spin populations. ρ3s(Al) = aAl/AAl(3s) and ρ1s(H) = aH/AH(1s), where AAl(3s) and AH(1s) are the calculated isotropic
hfis for an electron in the 3s orbital of Al (3911 MHz) and the 1s orbital of H (1420 MHz), respectively. bData for the Al atom C−H bond insertion
product of dimethyl ether taken from Chenier et al.9 cData taken from this work.
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■ SUMMARY

Three different types of mononuclear Al species were detected
in the reaction of Al atoms with MEE and DEE. These include
the Al atom C−O insertion product, the Al atom C−C
insertion product and HAlOH:ether complexes. In the case of
MEE, two different C−O insertion products were detected
resulting from insertion into the CMe−O and CEt−O bonds.
Insertion into the CMe−O bond was favored.
We found that the aAl(C−O insertion product) > aAl(C−C

insertion product) > aAl(HAlOH:ether). The “s” character on
Al (ρ3s(Al)), estimated by dividing the experimental aAl
insertion products by the calculated aAl for an electron in the
3s orbital of Al (3911 MHz),23 was found to be 0.26 for the C−O
insertion products (Table 3) and 0.24 for the C−C insertion
products. Knight et al. have suggested21 that an increase in the
electronegativity and, thus, the electron-withdrawing ability of
the ligands attached to Al leads to an increase in the aAl value.
Transferring electron density from the Al atom to the ligands
results in unpairing the electrons in the 3s orbital. As a result,
the semioccupied molecular orbital (SOMO) will have con-
siderable “s” character and, thus, cause a large aAl. The fact that
the Al hfi of the C−O is greater than that of the C−C insertion
products of acyclic ethers supports this hypothesis because the
alkoxide group (RO) is more electron withdrawing than the
ROCH2 group.
The HAlOH has been found to complex with MEE and

DEE. Complexation of the Al atom HO insertion product
causes the aAl and aH to decrease by about 7−8 and 44−46%,
respectively. The ρ3s(Al) and ρ1s(H) values of the complexes
are approximately 0.22 and 0.11, respectively, while HAlOH has
a ρ3s(Al) = 0.23 and a ρ1s(H) = 0.20, Table 4.

The relative nuclear hfis of the C−O, C−C, and HAlOH:ether
complexes calculated at the B3LYP/6-311+G(2df,p)//B3LYP/6-
31G(d,p) level of theory were in good agreement with the
experimental values hence supporting the spectral assign-
ments. The reactants, products, and the calculated reaction enthal-
pies are summarized in Scheme 2.
Finally, we were unable to assign the mononuclear aluminum

species MEE-1, due to the lack of additional superhfi. This was
a minor product and was not observed in the Al-MEE-1′-13C
experiment.

■ ASSOCIATED CONTENT

*S Supporting Information
Tables S1−S8 contain the optimized geometries, calculated
nuclear hfi and the potential energy of the Al atom C−O and
C−C insertion products of DEE and MEE, HAlOH:DEE,
HAlOH:MEE, and HAlOH:DME. In addition, EPR spectra for
the Al atom reactions of MEE-d5, MEE/H2

17O, MEE-1-13C,
DEE-d10, DEE/D2O, and DEE/H2

17O are presented, Figures
S1−S8. The methods used to prepare DEE-d4, DEE-d6, MEE-
d5, MEE-1-13C, and MEE-1′-13C. This material is available free
of charge via the Internet at http://pubs.acs.org.
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