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Abstract: The zirconium-catalyzed oxidation of amines in the presence of hydro-
peroxides gives the corresponding nitro compounds in high yields. In the present
paper, we describe mechanistic details of this three-step oxidation, which was
investigated by means of DFT calculations. It is shown that N-oxides, hydroxyl-
amines, and nitroso derivatives are formed as intermediates. These compounds had
already been postulated on the basis of synthetic experiments. During the oxidation
process, the nitrogen atom changes its electronic character from a strong nucleophilic
center to a moderate electrophilic center; this is reflected by the geometry of the
transition states of the oxygen-transfer process.
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Introduction

The oxidation of phenols, alcohols, and amines with tert-butyl
hydroperoxide in the presence of transition-metal alkoxide
catalysts has been the subject of intense investigations during
the last years.[1] Particularly primary amines are oxidized to
the corresponding nitro compounds with high yields and high
selectivities, by reaction with a combination of [Zr(OtBu)4]
(catalyst) and tBuOOH (oxidizing agent).
The oxidation of amines to nitro compound requires the

transfer of three oxygen atoms per nitrogen atom (RNH2�
3 tBuOOH�RNO2� 3 tBuOH�H2O). It makes sense to
assume that there are three steps of oxygen transfer and,
therefore, at least two intermediates. This stepwise oxygen
transfer was investigated in a series of experiments on the
oxidation of primary aromatic amines A (Scheme 1; x� 0:
R� aryl).[2, 3]

The presence of hydroxylamines B as intermediates in the
oxidation of aromatic amines was proved indirectly by the
isolation of azoxy compounds, which were formed in a
coupling reaction with the nitroso compounds C. Aromatic
nitroso compounds C were isolated in up to 50% yields when
donor-substituted anilines were used as substrates. In kinetic
competition experiments with 4-methoxyaniline, aniline, and

R-(CH2)x-NH2

R-(CH2)x-NHOH

R-CH=NOH

R-(CH2)x-NO R-(CH2)x-NO2

R-CH2-N=N-CH2R

O

O

A

B

D

C F

E

x = 1

x = 1

x = 0: R = aryl
x = 1: R = aryl, alkyl

Scheme 1.

4-nitroaniline, the formation of 1,4-dinitrobenzene was ob-
served from the very beginning, while 4-methoxy-1-nitro-
benzene could be detected only after an induction period of
�30 min. Here, the first two oxygen-transfer reactions were
rapid and the last, which oxidized 4-methoxy-1-nitrosoben-
zene to 4-methoxy-1-nitrobenzene, was slow. This can be
explained with a fundamental change of the electronic
situation of the nitrogen atom with the progressive oxidation:
while amines and hydroxylamines act as nucleophiles, the
nitroso derivatives are electrophiles. Owing to its oxenoid
character, tBuOOH, activated by a transition metal center,
can follow these changes in electronic nature of the substrates.
Different side reactions may occur during the oxidation of

aliphatic amines (Scheme 1; x� 1: R� alkyl, aryl):[4] the
nitroso compounds C can tautomerize to the corresponding
oximes D or undergo a dimerization to give E.[3] Incomplete
oxidation was sometimes observed in the reaction with
MCPBA; this was caused by the formation of the nitroso
dimers E.[5] In contrast, when [Zr(OtBu)4] and tBuOOH are
applied, no intermediates can be isolated, and the yields of
aliphatic nitro compounds F are high. The only exceptions are
benzylic amines, in which the resulting C�H acidic benzylic
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nitro compounds are partly cleaved to give the corresponding
aldehydes.[6] C�N bonds of hydrazones can also be cleaved
oxidatively in good yields.[6] Even secondary mixed aliphatic ±
aromatic amines can be oxygenated to the corresponding
nitro compounds; [7] in this case, a C�N bond has to be broken.
Nitrones were postulated as the intermediates. While a whole
series of experiments has been undertaken to get a deeper
insight into this cascade oxidation reaction, nothing is known
up to now about the nature of the transition states of the
oxygen transfers.
On the other hand, detailed mechanistic studies on the

epoxidation of allylic alcohols with titanium catalysts and of
unfunctionalized olefins with molybdenum±peroxo com-
plexes were carried out in the last years.[8, 9] Here, the
activation of the oxidizing agent (e.g., tBuOOH) commences
with a ligand-exchange reaction, which leads to an �2

coordination of the resulting tBuOO� ligand (Scheme 2).
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It can be taken as a working hypothesis that the activation
of hydroperoxides at zirconium alcoholates should follow the
same principle. Additionally, it is known that, among all
zirconium ± alcoholato complexes, [Zr(OtBu)4] is by far the
best catalyst for the oxidation of amines to the corresponding
nitro derivatives with tBuOOH.[1] Its high activity was
explained by the steric demand of the tert-butanolato ligands,
which prevent this zirconium complex from undergoing
nucleation. The zirconium alcoholates of secondary and
primary alcohols have been found to be di- or oligonuclear
compounds, with the metal centers bridged by alcoholato
ligands. This feature reduces the Lewis acidity of the
zirconium centers and their accessibility for the substrates,
and, therefore, the activity of the oxidation system. The X-ray
structure analysis of [Zr(OtBu)4] has not yet been published;
however, the solid-state structure of the fluorinated com-
pound [Zr{OC(CH3)(CF3)2}4] was recently investigated. A

monomeric zirconium complex with a tetrahedrally coordi-
nated metal center was found.[10] From the series of zirconium
alkoxides with higher nucleation, [{Zr(OiPr)3(�2-OiPr)-
(HOiPr)}2], [{Zr(OiPr)2(iso-eugenolato)(�2-OiPr)}2], and
[{Zr(�2-OtBu)(OtBu)2}3(�3-O)(�3-OtBu)] were structurally
characterized.[11] The incorporation of a �3-bridging oxo
ligand in the last compound is an indication of the sensitivity
of zirconium alkoxides toward traces of water. This explains
the use of molecular sieves during catalytic oxidations with
these complexes.

Results and Discussion

In the present paper, we report the results of quantum
mechanical calculations on the primary amine/zirconium
alcoholate/alkyl hydroperoxide system with a special focus
on the nature of the catalytically active species and the
changes in the electronic situation of the substrate during its
oxidation. To keep the computing times acceptable, we used
[Zr(OMe)4] (1a) as the model catalyst, methyl amine as the
substrate, and methyl hydroperoxide as the oxygen source for
most of our calculations. Details of the quantum chemical
calculations are summarized in the Experimental Section.

Ligand-exchange reactions in the system [Zr(OMe)4] (1a)
and MeOOH : Ligand exchange of OR by OOR ligands
(Scheme 2) may give rise to the formation of mixed zirconium
alcoholato/alkylperoxo complexes. Calculations on the series
[Zr(OMe)x(OOMe)4�x] (1a ± e ; x� 4 ± 0) resulted the opti-
mized structures shown in Figure 1, which also presents the
reaction enthalpies and structural details of 1a ± e.
The calculated bond lengths of 1a are in good agreement

with the structural data of terminal Zr�OR units obtained
from the X-ray structure analysis of a series of zirconium
alkoxo complexes (d(Zr�O)obs: 1.90 ± 1.95 ä).[10, 11] The ex-
perimental data were quite independent of the nuclearity of
the complex. DFT calculations without additional polariza-
tion functions (see the Experimental Section) on nitrogen,
oxygen, and carbon lead to much longer Zr�O distances.
The successive ligand exchange of OMe against OOMe

ligands is exothermic with �2.2 kcalmol�1 for the series 1a�
1b� 1c� 1d. This is caused by an increasing stabilization of
the Lewis-acidic metal center by an increasing number of �2-
coordinating OOMe ligands. However, the final ligand
exchange reaction (1d� 1e) was almost thermoneutral. The
�2 coordination of OOMe and, therefore, activation for
oxygen transfer, is proved by short distances between the
zirconium centers and the carbon-substituted oxygen atoms of
the OOMe ligands (2.277 ± 2.357 ä) and small Zr-O-O angles
of about 80�. The calculated Mulliken charges at the
zirconium centers prove a decrease in the Lewis acidity in
the series 1a� 1b� 1c� 1d� 1e.
To include steric effects of the bulky tert-butanolato and

tert-butylperoxo ligands, the corresponding derivatives
[Zr(OtBu)4] (1atBu) and [Zr(OtBu)3(OOtBu)] (1btBu) were
calculated (Figure 1).[12] Owing to the bulky tBu units, the first
exchange of a tBuO by a tBuOO ligand is endothermic
([Zr(OtBu)4]� tBuOOH� [Zr(OtBu)3(OOtBu)]� tBuOH;

Abstract in German: Die zirkoniumkatalysierte Oxidation
prim‰rer Amine mit Hydroperoxiden liefert die entsprechen-
den Nitroverbindungen in hohen Ausbeuten. In der vorliegen-
den Arbeit wird der mehrstufige Reaktionsweg mithilfe von
DFT-Rechnungen nachvollzogen. Es kann belegt werden, dass
N-Oxide, Hydroxylamine und Nitrosoverbindungen als Inter-
mediate auftreten. Diese Verbindungen wurden bereits fr¸her
bei Synthesen als Zwischenstufen beobachtet. Im Verlauf der
Reaktion ver‰ndert das Stickstoffatom seinen elektronischen
Charakter von einem starken nukleophilen hin zu einem
moderat elektrophilen Zentrum. Dies zeigt sich deutlich in den
Geometrien der ‹bergangszust‰nde des Sauerstofftransfers.
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�HR: �10.8 kcalmol�1), which still allows the monohydro-
peroxo species to be formed during the catalysis. The steric
hindrance of the tBuOO ligand already forces one of tBuO
ligands to bend away from linearity (Zr-O4-C: 157.2�). As the
steric hindrance will further increase for the compounds
[Zr(OtBu)x(OOtBu)4�x] (x� 2 ± 0), we did not calculate these
species assuming that they will not play a prominent role in
the real catalytic system. Therefore, [Zr(OMe)3(OOMe)]
(1b) was used as the model system for oxygen transfer to
MeNH2 in the following investigations. This makes sense not
only with respect to steric considerations, but also because of
the decrease of Lewis acidity at zirconium, which is related to
the exchange of RO by ROO (as described above, Figure 1).

Interaction of methylamine with [Zr(OMe)4] (1a) and
[Zr(OMe)3(OOMe)] (1b): At the start of the catalytic amine
oxidation, high concentrations of the substrate are present in
the reaction mixture. Amines are versatile ligands, known to
coordinate to zirconium alcoholates.[13] Because of the bulky
substituents in the real system [Zr(OtBu)4]/[Zr(OtBu)3-
(OOtBu)], we only included the monoamine adduct in our
calculations. One equivalent of MeNH2 coordinates to the
model systems 1a and 1b in exothermic reactions
(�12.3 kcalmol�1 and �15.8 kcalmol�1, respectively) to give
the corresponding trigonal-bipyramidal zirconium complexes
[Zr(OMe)4(MeNH2)] (2a) and [Zr(OMe)3(OOMe)-
(MeNH2)] (2b); the amino ligand is in the axial position
(Figure 2). The calculated Zr�N bond lengths (2a : 2.456 ä;
2b : 2.455 ä) fit well with the data from X-ray structure
analyses (2.481 ± 2.517 ä).[13]

The isomers of 2a and 2b that bear the amino ligand in the
equatorial position (not shown in Figure 2), were less stable
than their axially substituted analogues and relaxed to the
latter compounds through a Berry-type rotation during the

Figure 2. Calculated molecular structures and reaction enthalpies �HR

[kcalmol�1] of the amine adducts 2a and 2b ; Mulliken charges at zirconium
and nitrogen in italics. Selected bond lengths [ä] and angles [�]: 2a : Zr�O1
2.002, Zr�O2 1.994, Zr�O3 1.996, Zr�O4 1.959, Zr�N 2.457, O4-Zr-N 177.5;
2b : Zr�O1 2.109, Zr�O2 1.963, Zr�O3 2.003, Zr�O4 1.963, Zr�O1a 2.389,
Zr�N 2.455, O�O 1.478, Zr-O-O 81.5, O4-Zr-N 170.0.

optimization procedure. This interconversion is supported
by the formation of intramolecular hydrogen bonds
(N�H ¥¥¥OMe). The stability of the equatorial isomers of
[Zr(OtBu)4(NH2R)] and [Zr(OtBu)3(OOtBu)(NH2R)] should
be even more reduced owing to the steric demand of both the
tBu groups and the substituent R at the amine.

Exchange of OR by NMeH : Since the oxygen transfer can be
considered as a nucleophilic attack of the amine at HOOR or
ZrOOR (see below), the decrease in the activation energy of
the catalytic reaction can either result from an enhanced
electrophilicity of the metal-coordinated oxygen atom or from
an increased nucleophilicity of the substrate (or from a
combination of both effects). Increasing the nucleophilicity of
the substrate could be performed by coordinating it as an
amide by the exchange of an OMe by a NHMe ligand.
However, it is known that metal alcoholates are obtained by
alcoholysis of appropriate amide precursors[14] as a conse-

Figure 1. Calculated molecular structures and reaction enthalpies �HR [kcalmol�1] of compounds 1a ± e, 1atBu, and 1btBu; Mulliken charges at zirconium in
italics. Selected bond lengths [ä] and angles [�]: 1a : Zr�O1 1.951, Zr�O2 1.951, Zr�O3 1.951, Zr�O4 1.951; 1b : Zr�O1 2.065, Zr�O2 1.942, Zr�O3 1.946,
Zr�O4 1.958, Zr�O1a 2.357, O�O 1.478, Zr-O-O 81.6; 1c : Zr�O1 2.068, Zr�O2 2.068, Zr�O3 1.955, Zr�O4 1.955, Zr�O1a 2.293; Zr�O2a 2.293, O�Oav 1.478,
Zr-O-Oav 78.7; 1d : Zr�O1 2.076, Zr�O2 2.068, Zr�O3 2.075, Zr�O4 1.939, Zr�O1a 2.300, Zr�O2a 2.277, Zr�O3a 2.349, O�Oav 1.478, Zr-O-Oav 79.2; 1e :
Zr�O1 2.075, Zr�O2 2.075, Zr�O3 2.076, Zr�O4 2.076, Zr�O1a 2.289, Zr�O2a 2.289, Zr�O3a 2.291, Zr�O4a 2.291, O�Oav 1.478, Zr-O-Oav 78.2; 1atBu:
Zr�Oav 1.953, Zr-O-Cav 176.7; 1btBu: Zr�O1 2.069, Zr�O2 1.943, Zr�O3 1.948, Zr�O4 1.969, Zr�O1a 2.336, O�O 1.482, Zr-O-O 80.4.
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quence of the higher acidity of alcohols compared to
secondary and primary amines.[15] This is confirmed by the
results of our calculations: starting from [Zr(OMe)4(ax-
NH2Me)] (2a) or [Zr(OMe)3(OOMe)(ax-NH2Me)] (2b),
aminolysis leads to [Zr(OMe)3(NHMe)] (3a) or
[Zr(OMe)2(OOMe)(NHMe)] (cis-3b) and methanol, which
is strongly endothermic by �30.9 kcalmol�1 and
�31.6 kcalmol�1, respectively (Figure 3); this makes this
reaction pathway quite unfavorable.

Figure 3. Calculated molecular structures and reaction enthalpies �HR

[kcalmol�1] of the amide complexes 3a and cis-3b, Mulliken charges at
zirconium and nitrogen in italics. Selected bond lengths [ä], angles [�], and
torsion angles [�]: 3a : Zr�O1 1.953, Zr�O2 1.956, Zr�O3 1.961, Zr�N 2.065,
H-N-Zr-O1 21.8; cis-3b : Zr�O1 2.061, Zr�O2 1.947, Zr�O3 1.961, Zr�O1a
2.400, Zr�N 2.058, O�O 1.480, Zr-O-O 83.6, H-N-Zr-O1 97.1.

However, there is one interesting feature of the structures
shown in Figure 3: while the proton of the amido ligand in
[Zr(OMe)3(NHMe)] (3a) is oriented almost parallel to one of
the N-Zr-O planes, indicating a weak Coulomb interaction
with the neighboring OMe ligand, the planar amido ligand in
cis-3b is nearly perpendicular to the Zr-O-O plane. On the
one hand, this prevents the formation of a hydrogen bond, but
on the other hand, it allows a donor± acceptor interaction
between the amido ligand (electron donor) and the methyl-
peroxo ligand (electron acceptor). We also calculated the
transition states TS-3bN1, TS-3bN2 (rotation around the Zr�N
bond) and TS-3bO (rotation around the O�O bond) of the
interconversion pathways between cis-3b and trans-3b, in
which the methyl groups at the amido and the OOMe
moieties have a trans orientation. The activation barriers
(�H�� 2.5 kcalmol�1 relative to cis-3b and trans-3b) show
that there is an almost free rotation around the Zr�N bond as
well as an almost free mobility of the OOMe methyl group
between two positions at ambient temperature.
To get an idea about the electronic influence of an aromatic

amine and the steric influence of bulky OtBu ligands of
[Zr(OtBu)4] in the real catalytic system, we calculated the
appropriate ligand-exchange reactions with aniline that give
the anilide complexes [Zr(OMe)3(NHC6H5)] (3aAnil). As
expected, the ligand exchange reaction is endothermic, with
a reaction enthalpy of �16.5 kcalmol�1 (�HR relative to
1a and not to the amine adduct). This value is slightly lower
than that calculated for the exchange of OMe against NHMe
(3a : �18.6 kcalmol�1). This correlates with the higher acidity
of aniline compared to MeNH2.[15] The Zr�N bond length
in 3a is �0.05 ä shorter than the Zr�N bond length in
3aAnil.

Oxidation of methylamine to N-methylhydroxylamine : The
primary oxygen transfer from MeOOH to MeNH2 can occur
at two different sites in the substrate: the oxygen may either
be transferred directly to nitrogen atom by an electrophilic
attack at the nitrogen lone-pair to give methylamine N-oxide
or an insertion into a N�H bond may take place to give N-
methyl hydroxylamine (Scheme 3).
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We attempted to investigate the transition states (for the
catalyzed as well as for the uncatalyzed reaction) for both
types; however, we did not find any indication of an insertion
reaction. This does not exclude such a mode of oxygen
transfer, but does indicate a higher activation barrier (com-
pared to the N-oxidation).
During the uncatalyzed oxidation ofMeNH2 byMeOOH to

give methylamineN-oxide and MeOH (electrophilic attack of
the oxenoid MeOOH at the lone pair of the MeNH2), one
oxygen atom and one proton are transferred. If this pathway is
considered to be a bimolecular reaction, the proton transfer is
somehow related to the tautomerism of the methylhydroper-
oxide. Formally, this tautomerism generates methanol O-
oxide in equilibrium, a highly reactive, electrophilic, oxygen-
transfer agent, which was the subject of a recent detailed DFT
study.[16] The transition state we found for the oxygen transfer,
TS1, reflects this situation almost perfectly (Figure 4, Ta-
ble 1): the nitrogen atom is attacked by the terminal oxygen
atom of MeOOH, while the proton already bridges the O�O
unit. This leads to an almost tetrahedral geometry around
nitrogen, and the former nitrogen lone-pair interacts with the
electron-deficient oxygen atom. An activation enthalpy of
�35.0 kcalmol�1 was calculated for this process.
The overall reaction leading to methylamine N-oxide and

methanol is slightly endothermic by �0.5 kcalmol�1; how-
ever, theN-oxide is not the final product of the first oxidation,
since it tautomerizes in a strongly exothermic reaction
(�21.3 kcalmol�1; relative to MeNH2/MeOOH) to give N-
methyl hydroxylamine (Figure 5). Since this tautomerization
will probably not proceed exclusively by a monomolecular
pathway in solution, we did not calculate its activation barrier
(usually bimolecular proton transfers are rapid in protic liquid
phases).
In the metal-catalyzed reaction, two different pathways,

denoted by the transition states TS1Zr and TS1Zr�, are possible.
The second pathway includes a preceding aminolysis reaction.
Starting from the amine adduct 2b (d(Zr�N): 2.455 ä), the
transition state TS1Zr is �22.0 kcalmol�1 higher in enthalpy
(only�6.3 kcalmol�1) relative to the starting compounds (1b/
MeNH2/MeOOH). In TS1Zr, the amine ligand is no longer
coordinated to the zirconium atom (d(Zr�N): 3.242 ä), but is
fixed to the catalytically active center by a NH ¥¥¥OMe
hydrogen interaction. The oxygen transfer results in the
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formation of [Zr(OMe)4(ONH2Me)] (4) in which the methyl-
amine N-oxide coordinates to zirconium through the oxygen
atom (d(Zr�O): 2.226 ä). There is also an additional
NH ¥¥¥OMe hydrogen bond. A shift of one of the NH protons
leads to the more stable tautomer [Zr(OMe)4(HONHMe)]
(6a) in which the zirconium center is coordinated by the

nitrogen atom (d(Zr�N):
2.519 ä) of a weakly bound
N-methyl hydroxylamine li-
gand which also forms an addi-
tional OH ¥¥¥OMe hydrogen
bond. The coordination geom-
etry at the nitrogen atom in
TS1Zr, which closely resembles
the geometry of TS1 (tetrahe-
drally coordinated nitrogen, al-
most linear N-O-O arrange-
ment), clearly proves that the
amine acts as a nucleophile.
The pathway to the transition

state TS1Zr� proceeds by a
strongly endothermic preami-
nolysis to generate cis-3b from
2b. The activation barrier
(�H�) for the oxygen transfer
from the methylperoxo to
the resulting methylamido li-
gand was calculated to be

�22.1 kcalmol�1 relative to cis-3b (�53.7 kcalmol�1 relative
to 2b ; Figures 4 and 5). This results in an activation enthalpy
of �37.9 kcalmol�1 relative to the starting compounds 1b/
MeNH2/MeOOH, which is even more than the barrier of the
uncatalyzed reaction. Because of the � donation to the metal
center, the nitrogen atom in TS1Zr� is coordinated by Zr, H,
andMe in an almost planar fashion. The oxenoid oxygen atom
of the ZrOOMe unit attacks this �-donating orbital, which
forces a coplanar orientation of the four atoms N, Zr, O, andO
as well as a strong bending of the N-O-O fragment in the
transition state.
After the oxygen transfer, [Zr(OMe)3(MeNHO)] (5) is

obtained which contains a �2-coordinating, N-methylated O-
hydroxylaminato ligand (d(Zr�O): 2.063 ä; d(Zr�N):
2.324 ä). This is the most stable molecule in this reaction
sequence. The tautomer [Zr(OMe)3(MeNOH)] (7a, not
shown in Figure 5), which bears a �1-coordinating, N-methyl-
ated N-hydroxylaminato ligand (d(Zr�O): 2.408 ä; d(Zr�N):
2.097 ä), was calculated to be 21.8 kcalmol�1 higher in
enthalpy than 5. These results suggest that the catalyzed
oxygen transfer to MeNH2 should not proceed via a coordi-
nated amide, mainly as a consequence of the energetically
unfavorable formation of the amide precursor.

Oxidation of N-methylhydroxylamine to nitrosomethane :
Analogously to the first oxidation of methylamine (see
above), the second oxygen atom can be formally transferred
either to the nitrogen atom of N-methyl hydroxylamine to
give N-methyl hydroxylamine N-oxide or inserted into the
N�H bond of the substrate to yield N-methyl dihydroxyl-
amine (Scheme 4). Again, we could not find any indication of
the insertion reaction.
The uncatalyzed oxidation of MeNH(OH) (Figure 6, Ta-

ble 2) proceeds via the transition state TS2, which closely
resembles the transition state TS1 of the oxygen transfer to
MeNH2 (parallel oxygen and proton transfer; see Figure 4).
Again, the tetrahedral coordination of the nitrogen atom

Figure 4. Calculated molecular structures of the molecules related to the transition states TS1, TS1Zr, and TS1Zr�.

Table 1. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS1, TS1Zr, and TS1Zr�. Mulliken charges are given in
italics.

Starting compounds Transition states Products

MeNH2/MeOOH TS1 MeN(O)H2/MeOH
N�O1 ± 1.851 1.354
O1�O2 1.456 1.981 ±
N-O1-O2 ± 160.7 ±
N � 0.625 � 0.494 � 0.211
O1 � 0.412 � 0.436 � 0.548
O2 � 0.201 � 0.476 � 0.535

2a TS1Zr 4
Zr�N 2.455 3.242 3.130
Zr�O1 2.109 2.063 2.226
Zr�O2 2.389 2.201 2.132
O1�O2 1.478 1.772 2.536
N�O1 2.828 2.041 1.404
O ¥¥¥H ± 2.113 1.458
N-O1-O2 ± 173.8 ±
Zr � 1.472 � 1.501 � 1.483
N � 0.705 � 0.573 � 0.253
O1 � 0.438 � 0.381 � 0.520
O2 � 0.235 � 0.391 � 0.666

3a TS1Zr� 5
Zr�N 2.058 2.173 2.324
Zr�O1 2.061 1.943 2.063
Zr�O2 2.400 2.213 1.952
O1�O2 1.480 1.866 3.066
N�O1 3.210 2.200 1.440
N-O1-O2 ± 133.9 ±
Zr � 1.452 � 1.480 � 1.493
N � 0.704 � 0.609 � 0.297
O1 � 0.494 � 0.358 � 0.495
O2 � 0.219 � 0.407 � 0.558
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proves the nucleophilic attack at the terminal oxygen atom of
MeOOH.
An activation enthalpy of �31.1 kcalmol�1 was calculated

for TS2, which is �3.8 kcalmol�1 lower than the barrier
related to TS1. This may be caused by a stabilizing interaction
of the OH proton of MeNH(OH) with the HO oxygen atom
of the oxidizing agent (d(OH ¥¥¥O): 2.077 ä; bond an-
gle(O�H ¥¥¥O): 104.3�), which slightly reduces the N ¥¥¥O
distance in TS2 relative to that found in to TS1 (TS2,
d(N ¥¥ ¥O): 1.847 ä; TS1, d(N ¥¥¥ 1.851 ä). Again, the N-oxide
is only an intermediate of the oxidation. In a first exo-
thermic step, it tautomerizes to N-methyl dihydroxylamine
(CH3NH(O)OH�CH3N(OH)2, �HR: �10.7 kcalmol�1),
which then eliminates water to give nitrosomethane
(CH3N(OH)2�CH3NO�H2O, �HR: �6.3 kcalmol�1). The
overall reaction from N-methyl hydroxylamine to nitroso-
methane is exothermic by �36.0 kcalmol�1 (Figure 7).
As mentioned for the first zirconium-catalyzed oxygen-

transfer step, there are also two different pathways for the
second oxygen transfer; they are related to two transition
states TS2Zr and TS2Zr�. The hydroxyl amine adduct 6a
(Figure 5), which is the most stable intermediate in the first
oxidation sequence, can either undergo a ligand exchange
(OMe vs. OOMe) to yield the hexacoordinate complex 6b, or

perform a hydroxylaminolysis
to give complex 7a, which then
is transformed into the corre-
sponding hexacoordinate com-
plex 7b (N-oxidation of a coor-
dinated hydroxylamido ligand
requires the OH and not the
NH tautomer).
Following the first sequence

and starting from 1a/Me-
NH(OH)/MeOOH, results in
TS2Zr, with an activation en-
thalpy of �1.2 kcalmol�1 (rela-
tive to 1a�MeNH(OH)�
MeOOH�TS2Zr�MeOOH;
�18.3 kcalmol�1 relative to
6b�TS2Zr). This is far below
the barrier of the uncatalyzed
reaction (�31.1 kcalmol�1).
The MeNH(OH) ligand is de-
coordinated from the zirconium
center (d(Zr�N): 3.375 ä) as

Figure 5. Calculated pathways for the oxidation of MeNH2 to MeNH(OH); –– uncatalyzed reaction, ����

catalyzed reaction without zirconium amide intermediate, - - - - catalyzed reaction with zirconium amide
intermediate.

Table 2. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS2, TS2Zr and TS2Zr�. Mulliken charges are given in
italics.

Starting compounds Transition states Products

MeNH(OH)/MeOOH TS2 MeNH(O)OH/MeOH
N�O1 1.450 1.404 1.536
N�O2 ± 1.847 1.291
O2�O3 1.456 1.971 ±
N-O2-O3 ± 162.4 ±
N � 0.264 � 0.106 � 0.089
O1 � 0.517 � 0.473 � 0.536
O2 � 0.412 � 0.474 � 0.463
O3 � 0.201 � 0.469 � 0.535

6b TS2Zr 8
Zr�N 2.535 3.375 3.292
Zr�O2 2.077 2.064 2.273
Zr�O3 2.461 2.194 1.977
O2�O3 1.469 1.774 3.102
N�O1 1.432 1.417 1.422
N�O2 2.693 2.048 1.361
O ¥¥¥H 1.707 1.692 1.451
N-O2-O3 ± 178.7 ±
Zr � 1.482 � 1.530 � 1.506
N � 0.316 � 0.174 � 0.087
O1 � 0.517 � 0.526 � 0.508
O2 � 0.446 � 0.407 � 0.503
O3 � 0.194 � 0.388 � 0.575

7b TS2Zr� 9
Zr�N 2.110 2.183 2.860
Zr�O1 2.319 3.075 2.490
Zr�O2 2.071 1.921 2.068
Zr�O3 2.304 2.216 1.939
O2�O3 1.477 1.928 3.079
N�O1 1.513 1.404 1.503
N�O2 2.950 2.547 1.401
N-O2-O3 ± 126.4 ±
Zr � 1.443 � 1.432 � 1.464
N � 0.309 � 0.216 � 0.134
O1 � 0.533 � 0.441 � 0.537
O2 � 0.400 � 0.393 � 0.521
O3 � 0.232 � 0.395 � 0.553
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was the MeNH2 fragment in TS1Zr, but stays connected to the
catalyst through a hydrogen bond between the OH group of
MeNH(OH) and one of the methanolato ligands (d(N�OH ¥¥¥
OMe): 1.692 ä; bond angle(O�H ¥¥¥O): 168.6�). The oxygen
transfer finally yields the pentacoordinate complex 8, an
adduct of N-methyl hydroxylamine N-oxide (MeNH(O)-
(OH)) to 1a, in which the N-oxide unit coordinates to
zirconium (d(Zr�O): 2.273 ä). This is supported by a hydro-
gen bond between the OH group of MeNH(O)(OH) and one
of the OMe ligands on zirconium (d(N�OH ¥¥¥OMe): 1.451 ä;

bond angle(O�H ¥¥¥O): 168.7�).
Splitting off MeNH(O)(OH), tau-
tomerization, and dehydration will
give nitrosomethane, as described
for the uncatalyzed reaction. The
geometry of TS2Zr agrees with the
postulation of an electrophilic at-
tack at the nitrogen atom.

TS2Zr�, which closely resembles
the transition state TS1Zr�, can only
be reached by means of a strongly
endothermic hydroxylaminolysis
which generates 7b from 6b (Fig-
ure 7; �HR: �30.8 kcalmol�1). The
calculated activation enthalpy is
� 23.8 kcalmol�1 relative to 7b�
TS2Zr� and �37.5 kcalmol�1 relative
to 1a�MeNHOH�MeOOH�
TS2Zr��MeOH, respectively. The
reaction product of this pathway is
the pentacoordinate compound 9,
which bears a monodeprotonated
N-methyl dihydroxylamino ligand,
�2-coordinated to zirconium by two
oxygen atoms (d(Zr�O1): 2.068 ä;
d(Zr�O2): 2.490 ä). Ligand ex-
change of [MeN(OH)O]� by MeO�

will regenerate 1a and liberate N-
methyl dihydroxylamine (MeN-
(OH)2) or N-methyl hydroxylamine
N-oxide (MeNH(O)(OH)), which
will then loose water to yield
MeNO.
As a result of these calculations it

is clear that the second oxygen
transfer does not require a zirconi-
um-coordinated amide (TS2Zr�) as
has already been demonstrated for
the first oxygen-transfer step. The
oxygen atom is transferred directly
to a noncoordinated N-methyl hy-
droxylamine molecule.

Oxidation of nitrosomethane to ni-
tromethane : In contrast to the first
and second oxidation, there is only
one single site for the third oxygen-
transfer step: the nitrogen atom.
The uncatalyzed reaction proceeds

via the transition state TS3, with an activation enthalpy of
24.0 kcalmol�1 (Figure 8, Table 3), which is 7.1 kcalmol�1

lower in energy than the barrier related to TS2. The reaction
CH3NO�CH3OOH�CH3NO2�CH3OH was found to be
strongly exothermic (�HR: �51.7 kcalmol�1).
However, while MeNH2/MeNH(OH) are negatively polar-

ized substrates (Mulliken charges: �0.625 and �0.264 at
nitrogen), the nitrogen atom of MeNO carries a positive
charge (�0.077). This means that this compound will no
longer act as a nucleophile but as an electrophile. Therefore,

Figure 6. Calculated molecular structures related to the transition states TS2, TS2Zr, and TS2Zr�. Mulliken
charges in italics.

Figure 7. Calculated pathways for the oxidation of MeNH(OH) to MeNO; –– uncatalyzed reaction, ����

catalyzed reaction without zirconium amide intermediate, - - - - catalyzed reaction with zirconium amide
intermediate.
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the geometry at nitrogen in TS3 is trigonal-pyramidal (sum of
bond angles: 341.2�) with the free electron pair not mainly
interacting with the oxidizing agent. Additionally, the OH
proton of MeOOH in TS3 is not mainly bridging the O�O
unit as it did in TS1/TS2 (bond angle O-O-H: 43.4� and 44.8�).
It is located in a position for which its function can be
interpreted as a combination of bridging the O�O fragment
(bond angle O-O-H: 83.2�) and forming a weak H bridge to
the MeNO oxygen atom (dihedral angle H�O ¥¥¥N�O: 31.7� ;
distance O�H ¥¥¥O�N: 2.423 ä). The bending of the N-O-O
unit (145.7�) is more pronounced than in TS1 and TS2.
Nitrosomethane is also directly oxidized during the zirco-

nium-catalyzed reaction. Its coordination to [Zr(OMe)3-
(OOMe)] is only weak ([Zr(OMe)3(OOMe)]�CH3NO�
OMe)3(OOMe)(CH3NO); �Hf : �3.9 kcalmol�1); only coor-
dination by the oxygen atom gives a stable intermediate. We
found a barrier (�H�) for the oxygen transfer (TS3Zr) of only
�8.6 kcalmol�1 for the reaction starting from [Zr(OMe)3-

(OOMe)(CH3NO)] (10), which is only �4.7 kcalmol�1 rela-
tive to the starting materials. This implies that nitroso
derivatives should generally be oxidized rapidly to the
corresponding nitro compounds and agrees with the observa-
tion that the isolation of nitroso compounds from a catalytic
reaction mixture requires special conditions.[4] Additionally,
the difference between the activation barriers of the uncata-
lyzed and the catalyzed reaction has become smaller. This
agrees with the observation that electron-poor nitroso deriv-
atives can be oxidized without a catalyst to give the
corresponding nitro compounds. The donor potential of the
final product CH3NO2 is even weaker than that of CH3NO,
which prevents the formation of a stable adduct to the
zirconium center. Optimization of the system [Zr(OMe)4]/
CH3NO2 gives complex 1a ¥ (MeNO2) in which the nitro group
is very weakly bonded to two hydrogen atoms of two OMe
ligands (�HR: �1.4 kcalmol�1). This complex should evident-
ly dissociate immediately in solution. Figure 9 gives an
overview of the two pathways of the MeNO oxidation.

Conclusion

Figure 10 presents a graphical summary of our investigations.
The stepwise oxidation of amines in the presence of zirconium
alkoxides is energetically favored in all three steps compared
to the metal-free procedure. A formation of intermediate
zirconium amides is not required in the catalyzed sequences.
Owing to a subsequent lost of electron density parallel to

the oxidation of the nitrogen atom, a switch in the oxygen-
transfer mechanism takes place: MeNH2 and MeNH(OH) are
oxidized by an electrophilic attack of the hydroperoxide
(MeOOH or ZrOOH), while for MeNO, a nucleophilic attack
was proved. This confirms with experimental data of amine
oxidations.

Experimental Section

Methods : Quantum chemical calculations were performed with the
program Gaussian98W[17] and the B3LYP gradient-corrected exchange-
correlation functional[18] in combination with the Los Alamos effective-
core potentials on zirconium atoms together with a Gaussian valence basis

Figure 8. Calculated molecular of molecules related to the transition states TS3 and TS3Zr.

Table 3. Calculated bond lengths [ä] and angles [�] of molecules related to
the transition states TS3 and TS3Zr. Mulliken charges are given in italics.

Starting compounds Transition states Products

MeNO/MeOOH TS3 MeNO2/MeOH
N�O1 1.219 1.229 1.234
N�O2 ± 1.608 1.234
O2�O3 1.456 1.864 ±
N-O2-O3 ± 145.9 ±
N � 0.077 � 0.183 � 0.367
O1 � 0.196 � 0.253 � 0.277
O2 � 0.412 � 0.373 � 0.277
O3 � 0.201 � 0.343 � 0.535

10 TS3Zr 1a ¥ (MeNO2)
Zr�O1 2.690 ± ±
Zr�O2 2.075 2.122 ±
Zr�O3 2.384 2.219 ±
O2�O3 1.477 1.764 ±
N�O1 1.220 1.212 1.234
N�O2 3.398 1.827 1.234
N-O2-O3 ± 164.7 ±
O1 ¥¥¥H ± ± 2.665, 2.692
Zr � 1.446 � 1.553 � 1.545
N � 0.143 � 0.210 � 0.378
O1 � 0.167 � 0.189 � 0.277
O2 � 0.432 � 0.434 � 0.280
O3 � 0.215 � 0.368 � 0.569
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set of double zeta quality (LanL2DZ).[19] The orbital basis sets of carbon,
nitrogen, and oxygen atoms were augmented by a single set of polarization
functions.[20] Full geometry optimizations were carried out in C1 symmetry
with analytical gradient techniques, and the resulting structures were
confirmed to be true minima or transition states by diagonalization of the
analytical Hessian Matrix. The reaction enthalpies and the activation
enthalpies given are corrected to a temperature of 298.150 K and a pressure
of 1.000 atm.
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