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As nitrogen-containing compounds occupy a central role in
chemistry, improving the repertoire of methods to form C—N
bonds constitutes an important, ongoing issue.l!! Unfortu-
nately, “classical methods” for the generation of nitrogen-
containing compounds require a pre-functionalization of the
substrates, thus causing an increased synthetic complexity.?!
Consequently, catalytic direct C—H amination reactions
represent a formidable challenge,”! and the development or
improvement of C—N coupling methods employing NH; are,
because of its low price and the nearly unlimited availability,
of particular interest.®*¥ Although the activation of N—H
bonds corresponds to the key step in the derivatization of
amines and ammonia, there is only limited knowledge about
the elementary steps involved in the N—H bond activation in
solution.”** In contrast, quite a few gas-phase experiments,
which provide an ideal arena for probing mechanistic features
of a chemical process at a strictly molecular level,”” have been
performed to address various aspects of C—H®! and N-H
bond-activation processes.”) In particular, cationic metal
oxides as well as oxo clusters have been found to be versatile
reagents for the activation of C—H bonds.®**® Despite
promising results, related studies about the activation of
ammonia mediated by metal oxides and metal oxide clusters
are relatively scarce.*? Among them, systematic investiga-
tions have revealed that cationic first-row transition-metal
oxides [MO]* (Sc-Ni, Zn) react with ammonia mainly under
water elimination or hydrogen-atom transfer (HAT) [Eq. (1)
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and (2)].7%%*<] HAT was also observed for the alkaline-
earth-metal oxides [CaO]*, [BaO]", and [SrO]*.["

[MOJ* + NH; — [M(NH)]" + H,0O 1)
[MOJ* + NH; — [M(OH)]" + NH, (2)

In addition, the reactivity of transition-metal oxide cluster
ions with NH; has been studied in quite some detail:
Although  [0sO;]" P [Mo0O,]" (m=1-3)"Y and
[Mn,0,]"”" are not reactive, clusters such as [Co,0,,]* and
[Fe,O,.]" (n=3-6, m=0-3) react with ammonia in a size-
dependent fashion under 1) adduct formation [M,,0,,(NH;)]*,
2) atomic metal release to produce [M,,_;0,,(NH;)]"/M, and
3) dehydrogenation to form [M,0,,(NH)]*/H,.”¥ In the
context of catalytic reduction of nitric oxides by ammonia,
multi-collision experiments of neutral vanadium oxide clus-
ters with mixtures of NO and NH; revealed that both N, and
H,O are generated."”) Further, dehydration is observed when
NH; reacts with [0sO,]" (m=12)"1 and [Mo;O,]™
whereas [0sO,]* brings about HAT."! Cationic aluminum
oxide clusters are of special interest!'! because y-ALO; is
broadly used as a catalyst or catalyst support in many
industrial applications."” Several [(ALO,),]" species (x=1,
3-5) bring about HAT in their thermal reactions with
methane [Eq. (3)];!"*" moreover, [ALO;]"" shows another

[(ALO;),]" + CH, — [(ALO;),H]" + CHy’ 3)

remarkable reactivity, that is, the generation of [Al,O,H,]* by
liberation of neutral formaldehyde [Eq. (4)].""! Regarding

[ALO;]"" 4+ CH, — [ALO,H,]"" + CH,O 4)

the desired activation of ammonia, [Al,O;]"* combines two
interesting features: 1) the spin density is located at the
terminal oxygen atom and is thus beneficial for a HAT
process,*!"! and 2) the two aluminum centers in [ALO;]"
can act as a Lewis acid and can thus attract the nitrogen lone-
pair of NH;. Further, high catalytic activities are observed,
when Al,O; is used as a support for the decomposition of
ammonia,'¥ which may be important in the context of
hydrogen generation for fuel cells.'”! These findings raise the
question of the active site of the catalysts and the mechanistic
aspects of N—H bond activation by aluminum oxide. Thus, we
investigated the reactivity of [ALOs]"" towards NHj in
a combined experimental/computational study.

Figure 1a,b show the thermal reactions of mass-selected
[ALO;]* ions with NH; and ND;, respectively. As observed
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Figure 1. lon—molecule reactions of mass-selected [Al,O;]"" clusters
with a) NH; (p=3.5x107° mbar), and b) ND; (p=4.3x107° mbar) at
a reaction delay of 3 s; c) intensity profile of the parent and product
jons as a function of time for the reaction with NH;.

earlier for the [ALO;]"*/CH, couple,'™™ HAT takes place
resulting in the formation of [AL,O;H]* and a radical
[Eq- (5)]. In an additional pathway, double hydrogen abstrac-

[ALO;]"" + NH; — [ALO;H]" + NH," Q)
tion leading to [Al,O;H,]™" and nitrene is observed [Eq. (6)].
[ALO,]" + NH, — [ALO,H,]"* + NH" (6)

The nitrene is of particular interest, as NH" can react at room
temperature with hydrocarbons, such as ethylene, under C—N
coupling.'¥ That [Al,O;H,]* is formed in a primary reaction
is not only indicated by the slope of the time dependency of
the formation of [Al,OsH,]* (Figure 1c), but also validated
by double-resonance experiments!'”! of [AL,O,H]" in which
the production of [Al,O;H,]**" is not affected when [ALO;H]|*
is continuously ejected. Both processes take place with
a branching ratio of about 1:1 and they are confirmed by
labeling experiments with NDs;. As a result of facile H/D
exchange with background water, H-containing product ions
are detected as well (see Figure 1b). The rate constant
k([ALO,J"" +NH;) is 3.4x107"cm’s™ molecule™ with
+30% uncertainty; this corresponds to an efficiency of
19%, relative to the gas kinetic collision limit.!'®!

DFT calculations were performed to obtain mechanistic
insight into the details of the bond-activation processes
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according to Equations (5) and (6). As already described,!"’
the global minimum of [ALOs]* corresponds to a four-
membered, planar Al-O-Al-O ring with one of the Al atoms
(denoted as Al(1)) bearing a terminal oxygen atom (Fig-
ure 2a). Geometry optimization of the [Al,O5]*/NH; encoun-

a) b)

Figure 2. Calculated AI=O bond lengths [A] for a) [Al,O;] ", b) [Al-(u-
0),-Al(HONH,)I* (1), ) [ALO;H]", and d) [Al,O;H,]*. For the sake of

clarity, charges are omitted. Al , O @, N @, H 0.

ter complex with coordination of NHj to the terminal oxygen
atom (denoted as O(1)) leads directly and barrier-free to the
formation of the hydroxylamine complex [Al-(p-O),-Al-
(HONH,)]"" (1; Figure 2b), by insertion of O(1) into one of
the N—H bonds; this step is exothermic by —146.5 kJmol™
relative to the separated reactants. In proceeding from
[ALO;]""/NH; to 1 the (Mulliken) spin density is almost
completely transferred from O(1) (1.00) to Al(2) (0.84), that
is, the formal oxidation state of Al(2) is reduced from AI" to
AI", and the Al(2)—O bond lengths are increased by 0.12 A.
As was found for the [ALO;]""/CH, system,'™ no radical
complex (in this case: [Al,O;H]"(NH,’)) can be located on the
potential-energy surface (PES) as a minimum.

From intermediate 1, formation of the product couple
[AL,O;H]*/NH, is thermodynamically feasible by cleavage of
the O(1)—N bond; the reaction in Equation (5) is exothermic
by —93.4 kJmol™". In contrast, complete oxygen-atom trans-
fer to NH; to produce [ALO,]*/NH,OH or ALO,/[NH,OH]*
are endothermic by 89.4 kJmol ™! and 163.7 kJmol ™, respec-
tively. Further, [Al-(u-O),-Al-OH]*, bearing a terminal hy-
droxy group (Figure 2c¢), is the only ionic product which is
energetically accessible under the experimental conditions.
The formation of other conceivable isomers, that is, [Al-(u-
OH)(p-0O)-Al-O]* or [H-Al-(p-O),-Al-O]*, are endothermic
by 145.0 kJmol ™! and 360.5 kJmol ™, respectively. The elim-
ination of NH,' to generate [Al,OsH]" corresponds to an
oxidation of the Al-O-Al-O ring, or more precisely of Al(2).
As found for the [AL,O;]"" ion, both Al atoms in [ALO;H]"
have formal oxidation states of + 3; accordingly, the AlI-O
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bond lengths within the ring are similar to those calculated for
[ALO,]".

An initial HAT is further possible by the formation of the
Lewis acid/base complexes 2 and 5 (Figure 3); moreover,

E /kJ mol' =

E / kI mol' =

Figure 3. Potential-energy surfaces for the reactions of the [Al,O5]""/NH; couple via 2 (top)
and 5 (bottom). Energies [k) mol™']. For the sake of clarity, charges are omitted. Al

N e, Ho.

these intermediates serve as the starting points for the second
reaction channel found experimentally, that is, double hydro-
gen-atom transfer. Complex 5§ is more stable than 2 by
129.6 kI mol'; TS, for the intramolecular isomerization 225
(not shown) is located 29.0 kJmol™' below the separated
[ALOs]"*/NH; reactant pair.

The formation of intermediate 2, generated by coordina-
tion of NH; to the sterically less-accessible aluminum atom,
Al(1), is exothermic by —223.0 kImol™' (Figure 3, top).
Starting from 2, two alternative routes are accessible, that is,

Angew. Chem. Int. Ed. 2013, 52, 95139517
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the first hydrogen atom can either be transferred to the
terminal oxygen O(1) (PES in Figure 3, top, given in blue) or
to one of the two bridging oxygen atoms (PES given in red).
The barrier associated with the hydrogen transfer to O(1),
TS,3, is  energetically lower, by
55.0 kJmol !, than the barrier TS,;, lead-
ing to the p-hydroxo species 3a. This trend
continues for the two isomeric species of
[ALO,(OH)(NH,)]"*, with 3  being
99.8 kJmol~' more stable as compared to
3a.

Also the transition states associated
with the second HAT leading to [Al-(u-
OH)(u-O)-Al(OH)(NH)]™* (4) differ, that
is, TSy, is lower in energy than TS;,, by
21.3kJmol ™. Structure 4 is a common
intermediate for both pathways and gives
rise to [ALLO;H,]** by liberation of nitrene
in its triplet ground state; the formation of
singlet NH is, in line with literature data,
energetically much less favored. The most
stable structure of [ALO;H,|"" is given in
Figure 2d and corresponds to [Al-(u-OH)-
(u-0O)-Al-OH]"; the formation of other
conceivable isomers of [Al,O;H,]*" is endo-
thermic, that is, [H-Al-(u-O),-Al-OH]"*
(74kJmol™"),  [H-Al-(u-OH)(u-O)-Al-
O] (53.8 kJmol ™), and [Al-(p-OH),-Al-
O] (111.8kJmol™") and therefore not
accessible under thermal conditions. As
observed for 1, the spin density in
[ALO;H,]* is mainly located on Al(2)
(0.89); again, the reduction of Al(2) from
the formal oxidation state AI™ to AI" is
associated with a lengthening of the Al(2)—
O bonds (Figure 2d), as already mentioned
for the first reaction step [ALO;]™" +
NH;—1.

As outlined before, NH; can also
coordinate to the empty orbital of Al(2)
leading to the Lewis acid/base complex §;
this  process is  exothermic by
—352.6 kJmol™' (Figure 3, bottom). Next,
ahydrogen atom is transferred to a bridging
oxygen atom (TSg), forming the p-
hydroxo species 6 which can isomerize by
an intramolecular NH, transfer from Al(2)
to Al(1) via TSg3, to form complex 3a. The
formation of 3a via TS;4 and TSgs, is
energetically more favored than the route 2—TS,;,—3a,
because the associated transition structures are by at least
55.4 kJmol ™! lower in energy.

Despite the direct formation of [ALLO;H]" via [AlLO,-
(HONH,)]"" (1), [AL,O;H]" can also be formed by elimination
of NH," from intermediate 3 (Figure 3, top). However, in this
case the reaction has to compete with the energetically much-
less-demanding transition structure TSs,; in contrast, an
alternative pathway for a second N—H bond activation
starting from 1 could not be located on the PESs. Comparing

O,
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the thermochemistry for the formation of [ALO;H]" [Eq. (5)]
and [ALO;H,]* [Eq. (6)], the reaction in Equation (6) is
more favored by 49.6 mol ! than the reaction in Equation (5).
However, generation of [ALO;H,|"" is kinetically more
demanding; consequently, both thermodynamic and kinetic
factors affect the experimentally observed branching ratio of
1:1.

In this combined experimental/computational study, we
describe the first example of single and double N—H bond
activation of ammonia by a main-group oxo cluster which
results directly in the room-temperature generation of nitrene
from NH; in a primary reaction.!"!

Experimental Section and Computational Details
The reactions were performed with a Spectrospins CMS 47X FT-ICR
mass spectrometer equipped with an external ion source as described
elsewhere.” First, [Al,O,]"" was generated by laser ablation of an
aluminum target using a Nd:YAG laser operating at 1064 nm in the
presence of about 1% O, seeded in the carrier gas.''¥) By using
a series of potentials and ion lenses, the ions were transferred into the
ICR cell, which was positioned in the center of a 7.05T super-
conducting magnet. There, [Al,O;]"" was generated by collision-
induced dissociation of [AL,O,]* using xenon as a buffer gas, p(Xe) =
7 x 10~° mbar, with a collision time of 500 ms.!"'"*) After thermalization
by pulses of argon (ca. 2x 10~ mbar) and mass selection using the
FERETS ion-ejecting method,?! the reactions of mass-selected
[ALO;]"* were studied by introducing NH; or NDj; using leak
valves. The experimental second-order rate constants were evaluated
assuming the pseudo first-order kinetic approximation after calibra-
tion of the measured pressure and acknowledgement of the ion-gauge
sensitivities.””) For the thermalized cluster ions a temperature of
298 K was assumed.” To identify or to rule out possible reactive
intermediates as precursor ions, the ion—cyclotron double-resonance
technique was applied."”

Calculations were performed with the Gaussian09 program
package™ using TZVP basis sets™ and the unrestricted B3LYP
level of theory;®! this method proved reliable in previous studies of
[(ALO). " (x=1, 3-5),l"™ B [ALO,]* P and [ALO,]*.["" To verify
stationary points and transition states, frequency calculations were
performed. All energies (given in kJmol™') are corrected for
(unscaled) zero-point vibrational energy contributions. Intrinsic
reaction coordinate (IRC) calculations were performed to link
transition structures with the corresponding minima.”)
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