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Abstract: The chemistry of molybdenaoxaziridines is investigated. Oxo(/V-phenylhydroxylamido-O,N)(pyridine-2,6-
dicarboxylato) (hexamethylphosphortriamide)molybdenum(VI) complexes 3 are prepared in high yields by different
procedures, either by a reaction between anilines and oxoperoxo(pyridine-2,6-dicarboxylato)(hexamethylphos-
phortriamide)molybdenum(VI) (4) or by an oxidative addition reaction of nitrosobenzenes to oxo(pyridine-2,6-
dicarboxylato)(hexamethylphosphortriamide)molybdenum(IV) (6). The kinetics of the reactions of a series of para-
substituted anilines and 4 are studied, and a Hammett plot showed a correlation between log(k/k,) and o, with a p
value of =2.29. A mechanism for the formation of 3 is proposed. The electronic structure of 3 is investigated using
extended-Hiickel calculations. Based on the frontier orbitals of the system, a brief discussion of the chemical properties
of 3 is presented. Complex 3 decomposes to mainly azoxybenzene and dioxo(pyridine-2,6-dicarboxylato)(hexame-
thylphosphortriamide)molybdenum(VI) (5). A variable-temperature study leads to an Arrhenius plot for this
decomposition with a AG value of 16.1 kcal'mol!. Based on the detected decomposition products and on the observed
nitroso ligand exchange reaction, a mechanism for the decomposition of 3 is proposed. Treatment of 3 with hydrogen
peroxide leads to a selective formation of nitrosobenzenes and 4. This reaction is further developed toa catalytic process
for the selective oxidation of various substituted anilines to the corresponding nitrosobenzenes in high yields. The
influences of different solvents and of the temperature on the yields of the oxidation are also examined. Based on the

kinetic experiments, mechanisms for the stoichiometric and the catalytic oxidation reactions are suggested.

Introduction

Organotransition-metal complexes have been used for the
activation of small as well as large molecules but can also provide
a deeper insight into the reactions of enzymes. Compared to the
considerable interest in understanding the activation and use of
molecular oxygen and other oxygen-donating substrates by
transition-metal complexes, the activation and use of molecular
nitrogen and nitrogen-containing compounds has been offered
only little attention. The chemistry of transition-metal peroxo
and peroxide complexes is beginning to be well-understood from
numerous studies,! and therefore it is tempting to take advantage
of this knowledge from the oxygen—transition-metal chemistry
and try to develop a similar nitrogen—transition-metal chemistry.

The mononitrogen-containing analogues of the studied tran-
sition-metal peroxo and peroxide complexes are the metallaox-
aziridines, outlined in 1 and 2, which are three-member ring
systems, with formally one of the oxygen atoms of the similar
peroxo/peroxide complexes replaced by a nitrogen fragment. A

main reason for the increasing interest in metallaoxaziridines 1
has been the discussion of the mechanism of the reduction of

@ Abstract published in Advance ACS Abstracts, November 1, 1993.
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N-oxides.? Complex 1 can be viewed as a [R;NO]- fragment
bound to a transition metal in a bidentate fashion by an oxygen—
metal bond and a nitrogen-to-metal lone-pair donation. This
type of complex is isoelectronic with transition-metal peroxide
complexes. Various examples of complexes 1 with different
ligands and transition metals, and either one or two [R,NO]-
functionalities have been prepared and characterized.? In complex
2,a [RNO]? fragment is coordinated toa transition-metal center
also in a bidentate fashion by an oxygen-metal bond and a
nitrogen—metal bond. Complexes of type 2 have been prepared
and characterized in very few cases,® and their chemistry is
virtually unknown. The type 2 complexes are isoelectronic with
transition-metal peroxo complexes, which are well-studied.!

The chemistry of molybdenaoxaziridines is described in this
paper. New synthetic routes for the preparation of some type 2
complexes containing a molybdenum atom as the metal, as well
as their chemical properties, are presented. Furthermore, a new
synthetic methodology for selective oxidation of anilines to
nitrosobenzenes is presented. The complex of concern is oxo-
(N-phenylhydroxylamido-O,N)(pyridine-2,6-dicarboxylato)-
(hexamethylphosphortriamide)molybdenum(VI) (3) and its para-
substituted phenyl counterparts.

Results and Discussion

I. Preparationof Oxo(N-phenythydroxylamido-O,N)(pyridine-
2,6-dicarboxylato) (hexamethylphosphortriamide) molybdenum-
(VD) (3). Oxo(N-phenylhydroxylamido-O,N)(pyridine-2,6-
dicarboxylato)(hexamethylphosphortriamide)molybdenum-
(VI) (3) can be prepared by different methods. To the best of
our knowledge, the only procedure for the preparation of 3 has
been the reaction of dioxo(pyridine-2,6-dicarboxylato)(hexa-
methylphosphortriamide)molybdenum(VI) (5) with phenyl hy-
droxylamine, route B in Scheme I.3>¢ However, we have found
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that 3 can be prepared either from anilines 7 and oxoperoxo-
(pyridine-2,6-dicarboxylato)(hexamethylphosphortriamide)-
molybdenum(VI) 44 (route A in Scheme I) or by reaction of §
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A.F.de C. T,; Duarte, M. T. L. S,; Pessoa, J. C,; Silva, J. A. L.; da Silva,
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Table I. Results of the Reaction of Oxoperoxo(pyridine-2,6-
dicarboxylato)(hexamethylphosphortriamide)molybdenum(VI) (4)
with Para-Substituted Anilines 7a-k, Giving Oxo(N-phenyl-
hydroxyamine-O,N)(pyridine-2,6-dicarboxylato)(hexamethyl-
phosphortriamide) molybdenum(VI) 3a—k

entry p-R-CeHs-NH; (7), R reaction time (h)  yields of 3 (%)
1 H,7a 22 87
2 CH;0, 7b 6 65
3 CH;, 7¢ 18 86
4 F,1d 24 86
5 Cl, 7e 24 84
6 Br, 7f 24 86
7 C(0)OC3Hs, 7g 45 91
8 C(G)CH;, 7Th 45 74
9 CF;, Ti 48 88
10 CN, 7j 90 74
11 NO;, 7k 115 68

with triphenyl phosphine or triethyl phosphite followed by an
oxidative addition of the appropriate nitroso compound 8 as
depicted in route C of Scheme I.

The procedure for the synthesis of 3 using route A in Scheme
Iis a convenient method compared to B or C, since substituted
anilines are more accessible and stable than the substituted
phenylhydroxylamines and the substituted nitrosobenzenes. Pro-
cedure A for formation of 3 involves an initial reaction of § with
hydrogen peroxide, giving 4 in a high yield. Complex 4 reacts
smoothly with 7 at room temperature, producing 3, also in a good
yield. The results for the formation of various molybdenaox-
aziridines 3a—k obtained by reaction of 4 with different para-
substituted anilines 7a—k are presented in Table I (for the
experimental conditions, see the Experimental Section).

It appears from the results in Table I that 3a—k are obtained
in high yields from 7a—k with either electron-donating substituents,
7h,c, or electron-withdrawing substituents, 7d-k. The latter
requires a longer reaction time than the former. The molyb-
denaoxaziridines 3a-k are reasonably air-stable compounds and
are characterized by spectroscopic methods (see the Experimental
Section).

The formation of 3 can also be performed asa “one-pot reaction”
by reacting § with hydrogen peroxide for 1 h, followed by addition
of 7. However, this method can cause trouble for some substrates
due to unreacted hydrogen peroxide, which can further oxidize
3 (vide infra).

The kinetics of reaction 1, where 4 reacts with a series of para-
substituted anilines, 7a—f, h, i, k, have been investigated (in the
remaining drawings, dipic will be used as an abbreviation for the
pyridine-2,6-dicarboxylato ligand). The rates of the disappear-

R
ol
q'E/C,’ - (dil)M"/ri‘ (1)
dipic)Mo HN—O—R pic)Mo
(dipic) *\O + M2 H0 ’\o
HMPA HMPA
4 7 3

R = H, OCHj, CHj, F, Cl, Br, C(O)CHj, CF3, NO;

ance of 4 and 7a—f, h, i, k, as well as the rate of formation of 3,
have been determined, and the reaction rate is found to be of
second order, first order in each reactant.

The variation of log(k/k,) for the disappearance of 4 in the
reaction with 7a—f, h, i, k (reaction 1) correlates well with the
Hammett o, values, as shown in Figure 1.

The p value for the Hammett plot in Figure 1 is calculated to
be —2.29 with a correlation coefficient of 0.97. This shows that
7 having electron-donating substituents reacts faster with 4 than
does 7 having electron-withdrawing substituents. Different
mechanisms for the reaction of 7 with 4 can be envisaged; two
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Figure 1. Hammett plot for the disappearance of 4 by the reaction with
different para-substituted anilines 7a—f, h, i, k.
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approaches areoutlined in Scheme II. The firststepinmechanism
A of Scheme II is a nucleophilic attack of the aniline nitrogen
atom at one of the peroxygen atoms of 4 which are known to be
electrophilic.® The peroxygen—peroxygen bond is broken by the
attack. Proton transfer, followed by a nucleophilic attack of the
aniline nitrogen atom on the molybdenum atom and elimination
of water, leads to the formation of the 3. In reaction mechanism
B of Scheme I, the aniline nitrogen atom attacks the molybdenum
atom, leading to a cleavage of the molybdenum~-peroxygen bond,®
followed by proton transfer. In the final step in path B, the
aniline nitregen atom attacks the a-oxygen atom of the hydro-
peroxide ligand, cleaving the peroxygen—peroxygen bond, and
produces 3 and water. The p value (-2.29) is consistent with
both reaction mechanisms. The similar oxidation of substituted
anilines with peracetic acid gave a p value of —1.9,” which is
comparable to the present p value. This similarity supports a

(5) (a) Sharpless, K. B.; Townsend, M, J.; Williams, D. R. J. Am. Chem.
Soc. 1972, 94, 295. (b) Jeorgensen, K. A_; Hoffmann, R. Acta Chem. Scand.
1986, B40, 411, (c) Jorgensen, K. A.; Wheeler, R. A,; Hoffmann, R. J. Am.
Chem. Soc. 1987, 109, 3240, (d) Bach, R. D.; Wolber, G. J.; Coddens, B. A.
J. Am. Chem. Soc. 1984, 106, 6098.

(6) Direct attack of a nucleophile on molybdenum has been proposed to
be a prerequisite for oxygen transfer to occur. See, e.g.: Mimoun, H. In
Comprehensive Coordination Chemistry, Wilkinson, G., Ed.; Pergamon
Press: Oxford, 1987; Vol. 6, and references therein.

(7) Ibne-Rasa, K. M.; Edwards, J. O. J. Am. Chem. Soc. 1962, 84, 763.
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direct attack of the aniline nitrogen atom at one of the oxygen
atoms of the peroxygen unit (reaction mechanism A in Scheme
IT). Itshould also be noted that epoxidation of alkenes with early
transition-metal peroxo complexes has been suggested to proceed
via direct interaction between the alkene and one of the oxygen
atoms of the peroxygen unit.’

The molybdenaoxaziridines 3 can also be prepared by a third
method, as outlined in route C of Scheme I. If § is treated first
with 1 equiv of phosphite or phosphine, the corresponding
phosphate/phosphine oxide and probably oxo(pyridine-2,6-di-
carboxylato)(hexamethylphosphortriamide)molybdenum(IV) (6)
are formed. Unfortunately, 6 seems to combine with 5§, giving
a dimeric u2-oxomolybdenum(V) complex (9) (which we not yet
have been able to characterize), as outlined in reaction 2.

0 0 0
) ) flv) i (v
(dipic)Mo==0 + (dipic)Mo == (dipic)Mo—o—Mo?dipic) @
HMPA HMPA HMPA  HMPA
5 6 9

Analogues of the proposed dimeric intermediate 9 are known
from the literature.® The putative complex 9 or 6 then reacts
with 8 in an oxidative addition reaction, giving a 1:1 mixture of
3and 5. The equilibrium of the dimerization reaction 2 must be
to the right, since the use of several equivalents of phosphite/
phosphine also afforded a 1:1 mixture of 3 and 5.

A comparison of routes A and C in Scheme I reveals that the
former represents the best methodology for the synthesis of 3, as
the latter procedure gives a maximum yield of 50% of 3.

II. Electronic Structure of Oxo(N-phenythydroxylamido-O,N)-
(pyridine-2,6-dicarboxylato) (hexamethylphosphortriamide)-
molybdenum(VI) (3a). The electronic structure of 3a can be
understood from an interacting diagram using a fragment
molecular orbital analysis, where the fragments are [(dipic)-
MoO-HMPA]?* and [PhNO]?-. The extended Hiickel method
is applied for this purpose.® An interaction diagram is shown in
Figure 2, where the important orbitals of the molybdenum
fragment are shown to the left and those of the nitrosyl fragment
to the right.

The HOMO of the [(dipic) MoO-HMPA]?** fragment is found
at the dipic part at —=12.51 eV and is not shown in Figure 2. The
[(dipic)MoO-HMPA]?* fragment to the left is a distorted square
pyramid, which causes the well-known four-under-one splitting
of the d orbitals at the metal. The LUMO of this fragment is
the d,, orbital at —9.87 ¢V, and the rest of the empty d-orbitals
are the d,,, d,), d;2and d,2_2, located at -9.37,-9.24, -8,51, and
-5.45 eV, respectively. The interacting frontier orbitals of the
[PhNOQ]?- fragment are outlined to the right of Figure 2, with
the three shown orbitals being different combinations of the p,
orbitals. The HOMO, found at—11.78 eV, is antibonding between
the nitrogen and oxygen atoms and also antibonding between the
nitrogenatomand the carbonatomin the phenylring. Anorbital,
antibonding between the nitrogen and oxygen atoms but bonding
between the nitrogen atom and the phenylring, is found at —13.49
eV. The bonding orbital between all three atoms is located at
-15.54 eV. The result of the interaction of the two fragments
is shown in the middle of Figure 2. The strongest interaction is
between the LUMO of the [(dipic)MoO-HMPA]** fragment,
the d,, orbital, and the two w*x_o orbitals of p, character of
the [PhNO]* fragment. The d, orbital of the [(dipic)-
MoO-HMPA)?* fragment interacts with an empty orbital on the
[PhNO]?- fragment, not shown. It should be emphasized that
the o*Nn_o orbital in 3a is located high in energy, as it is found

(8) (a) Holm, R. H. Chem. Rev. 1987, 87, 1401. (b) Craig, J. A.; Harlan,
E. W.; Snyder, B. S.; Whitener, M. A.; Holm, R. H. Inorg. Chem. 1989, 28,
2082. (¢) Arzoumanian, H.; Pétrignani, J.-F.; Pierrot, M.; Ridouane, F;
Sanchez, J. Inorg. Chem. 1988, 27, 3377.

(9) (a) Hoffmann, R. J. Chem. Phys. 1963, 39, 1397. (b) Hoffmann, R.;
Lipscomb, W. N. J. Chem. Phys. 1962, 36, 2179; 1962, 37, 177, 2872.
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Figure 2. Interaction diagram for [(dipic)MoO-HMPA]** to the left
interacting with [PhNO]? to the right.

at-1.54 eV. If the energy of the o*n_p orbital in 3a is compared
to the energy of the o*o o orbital of 4, a significant difference
is found: although the [PhNO]? and [O,]* fragments can be
considered isoelectronic, the o*y_o orbital in 3a is located at
—1.25 eV, whereas in 4 the ¢*o o orbital is found § eV lower in
energy, at —9.25 eV. This difference in energy could indicate a
difference in the reaction patterns of 3a compared with 4, as 3a
is not as well set-up for interaction with a donor system as is 4
(vide infra).

In the interaction diagram outlined in Figure 2, only a small
charge transfer (0.37 €) from the [PhNO]? fragment to the
[(dipic)MoO-HMPA]?* fragment takes place. However, re-
garding the formation of 3a as an oxidative addition reaction of
8ato 6 (route Cin SchemeI), nearly two electrons are transferred
from 6 to the m*n_o orbital of nitrosobenzene, in principle leading
to a two-electron reduction of the latter. The m*y-o orbital of
nitrosobenzene has a larger amplitude at the nitrogen atom than
at the oxygen atom; therefore a negative charge is accumulated
on the nitrogen atom as a result of the addition. A negative
charge (—0.45) on the nitrogen atom in the molybdenaoxaziridine
ring in 3a is calculated, compared to the calculated small positive
charge (0.05) on the nitrogen atom for the free nitroso ligand.

ITI. Stability of Oxo( N-phenylhydroxylamido- O,N) (pyridine-
2,6-dicarboxylato)(hexamethylphosphortriamide)molybdenum-
(VI) (3). An investigation of the stability of 3 in solution has
been performed. At 25 °C, 3a is reasonable stable and only a
few percentage has decomposed after 100h. However, increasing
the temperature to 75 °C or higher causes decomposition of the
complex. The kinetics of the decomposition of 3a is found to be
a second-order relation and has been studied as a function of
temperature. An Arrhenius plot of the decomposition of 3a is
presented in Figure 3, and AG for the decomposition is calculated
from the data to be 16.1 kcal-mol .

The products obtained form the decomposition of 3 are
investigated. The main organic product is azoxybenzene 11,
Interestingly, nitrosobenzene (8) is not detected, although it is
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observed during the kinetics measurements. The dioxo complex
S is the main detectable molybdenum complex. A proposed
reaction pathway for the decomposition of 3 is shown in Scheme
IIT.

The first step in Scheme III is a reductive elimination of
nitrosobenzene (8) from 3, forming 6. Then, the nitrosobenzene
formed reacts with another molybdenaoxaziridine complex (3),
probably through an insertion of the nitroso functionality into
the molybdenum-—nitrogen bond, resulting in a 5-membered ring
complex, (10). Extrusion of 11 from 10 gives the detected dioxo
complex 5. However, several attempts toisolate and characterize
the proposed intermediate have unfortunately failed. Both the
extended-Hiickel calculation of 3 presented above and an ab initio
calculation of Pt(PH;),CF;NO!? have shown that the metal atom
of the metallaoxaziridines possesses a partly positive charge, while
the nitrogen atom is negatively charged. The N=0 bond in
nitrosobenzene has a positively charged nitrogen atom and a
negatively charged oxygen atom,'' and therefore an addition of
the N—0O bond across the molybdenum-—nitrogen bond of the
molybdenaoxaziridine ring sounds plausible. Tt should be noted
that it has been proposed that alkenes can be inserted into the
metal-nitrogen bond of a metallaoxaziridine!? and that the
reaction is suggested to take place via a 5-membered ring
intermediate.

(10) Fantucci, P.; Pizzotti, M.; Porta, F. Inorg. Chem. 1991, 30, 2277.

(11) Wagniére, G. H. In The Chemistry of the Nitro and Nitroso Groups;
Patai, S., Ed.; Wiley Interscience: New York, 1969; Chapter 1.

{12) Cenini, 5.; Porta, F.; Pizzotti, M.; La Monica, G. J. Chem. Soc.,
Dalton Trans. 1984, 355,
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Several observations further support the mechanism proposed
inSchemeIII: (i) thedecomposition or equilibrium that produces
nitrosobenzene has been observed for other types of nitroso
complexes;!? (ii) identification of a complex with a S-membered
ring structure by X-ray crystallography similar to 10 supports
this intermediate;!* and (iii) addition of 8a to the methyl-
substituted molybdenaoxaziridine 3¢ at room temperature caused
a ligand exchange, as outlined in reaction 3.

CHa CHj
OO0 OO0
n_N n_N N

(dpic)Mo |+ ﬁ‘ a—_, dpcoMo{l + ®
o o {70 o
HMPA HMPA
3¢ 8a 3a 8¢

Addition of 8a to 3h, which has a trifluoromethyl substituent,
at room temperature did not cause any ligand exchange. This
observation, together with reaction 3, indicate that electron-
withdrawing substituents stabilize 3, whereas electron-donating
substituents destabilize it. Furthermore, small amounts of § are
observed inreaction 1 when aniline is substituted with an electron-
donating substituent. The formation of § can be explained as
follows: complex 3 decomposes to 6 and 8 according to Scheme
111, followed by reaction of 6 with 4, the substrate in reaction 1,
to give § as outlined in reaction 4.

o}

i_0 11 oo
(dipic)M$\c|) + (dipic)Mo —— 2 x (dipic)Mo=0 (4)
HMPA HMPA HMPA

4 6 5

We have tried to take advantage of the higher stability of
molybdenaoxaziridines 3 with electron-withdrawing substituents
relative to those with electron-donating substituents in the
synthesis of unsymmetric azoxybenzenes from nitrosobenzene
and 3 with a different nitroso ligand. The reaction is performed
using 3h and 8a in refluxing dioxane, as it has been observed that
the p-(trifluoromethyl)phenyl nitroso ligand is not replaced by
nitrosobenzene at room temperature. Based on GC-MS and the
typical MS patterns of azoxybenzenes,'* it is concluded that the
reaction leads to all four possible azoxybenzenes in a ratio of
about 1:1:1:1. The formation of four azoxybenzenes can only be
explained by ligand-exchange reactions.

IV. Stoichiometric and Catalytic Oxidations of Para-Substi-
tuted Anilines. Reaction of 3 with 1 equiv of hydrogen peroxide
leads to the formation of nitrosobenzenes 8 and a 1:1 mixture of
3and 4, reaction 5. This indicates that hydrogen peroxide reacts

R R
o [e] ;
0 _N 2 HyO, i _0 N
dipiciMoC | —_— M1+ (5)
(dipicMO. & <2 H,0 (oMo S g
HMPA HMPA
3 4 )

more willingly with § than with 3. A complete conversion of 3
to 8 and 4 can be achieved using 2 equiv of hydrogen peroxide,
as outlined in reaction 5.

The reaction taking place in route A of Scheme I can be
combined with reaction 5, leading to a new selective method for

(13) Watkins, J. J.; Balch, A. L. Inorg. Chem. 1975, 14, 2720.

(14) Fochi, G.; Floriani, C.; Chiesi-Villa, A.; Gaustini, C. J. Chem. Soc.,
Dalton Trans. 1986, 445,

(15) Tam,S. W.In The Chemistry of the Hydrazo, Azo and Azoxy Groups,
Patai, S., Ed.; Wiley Interscience: London, 1975; Chapter 5.
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Table II. Results of the Stochiometric Oxidation of
Oxo(N-phenylhydroxylamido-O,N)(pyridine-2,6-dicarboxylato)-
(hexamethylphosphortriamide)molybdenum(VI) 3a and Its
Para-Substituted Counterparts 3c, e, g, b—j to Para-Substituted
Nitrosobenzenes 8a, ¢, e, g, h—j and the Molybdenum—Peroxo
Complex 4

reaction time  yields of p-R-C¢H4-NO (8)

entry 3,R (min) (%)
1 H, 3a 20 80
2 CHj3, 3¢ 20 90
3 Cl, 3e 20 73
4 C(0)OCyHs, 3g 25 57
5 C(O)CH3, 3h 35 60
6 CF;, 3i 25 47
7 CN, 3j 45 30

stoichiometric oxidation of different anilines to the corresponding
nitrosobenzenes via 3. In the first step, 4 is converted to 3 by
reaction with the appropriate aniline, 7. Step2isreaction between
3 and hydrogen peroxide with formation of nitrosobenzene (8)
andre-formation of 4. One advantage of using the stoichiometric
oxidation of anilines via 3 is that the condensation reaction of
phenylhydroxylamine with 7 or 8 is excluded,!¢ though small
amounts of azoxybenzene are still detected, which might be
accounted for by the mechanism outlined in Scheme III, Table
II shows the results of the stoichiometric oxidations of 3a, c, e,
g, h—j, to 8a, c, e, g, h-j using hydrogen peroxide.

The results in Table II reveal that the method works best for
3 with an electron-donating substituent attached to the phenyl
ring compared to the complexes substituted with electron-
withdrawing groups. This observation may be explained by
weaker binding of the electron-rich nitroso ligands to the
molybdenum atom, compared to the electron-poor nitroso
compounds, as described above. It should also be mentioned that
small amounts of aniline are detected for reaction of 3 substituted
with electron-donating groups. Finally, it should be pointed out
that the reaction is fast and easy to perform; the reaction conditions
are mild, and the reaction is performed in organic solvents.

Since the molybdenum-peroxo complex 4 is reproduced in the
stoichiometric oxidation reactions (see reaction 5), it was tempting
to make a catalytic analogue of the oxidation reaction of anilines
7a-j using 4 as the catalyst, as outlined in reaction 6.

R R
© + 2 HzOz —_— + 2 Hzo (6)
4
NH, NO
7 8

R = M, OCH,, CHj, F, Cl, Br, C{O)OC;Hs, C{O)CHa, CF3, CN

The catalytic oxidation turned out to be a very good potential
reaction, which has been tested for various para-substituted
anilines. As forthestoichiometricreaction, different substituents
may be present on the phenyl ring without interfering with the
oxidation reaction of the amine. The results for the catalytic
oxidation of a series of para-substituted anilines are presented in
Table III.

It is seen from Table III that anilines, substituted with either
electron-donation or electron-withdrawing groups, can be oxidized
to the corresponding nitroso compounds in moderate to good
yields. The variation in the yields of nitrosobenzenes is less
pronounced in the catalytic oxidation than in the stoichiometric
oxidations, indicating that the catalytic oxidations might proceed
differently than the stoichiometric oxidations. The reaction time
is a further indication of the existence of two different reaction

(16) (a) Boyer, J. H. In The Chemistry of the Nitro and Nitroso Groups;,
Patai,S., Ed.; Wiley Interscience: New York, 1969; Chapter 5. (b) Sollenberg,

P. Y.; Martin, R. B. In The Chemistry of the Amino Group; Patai, S., Ed,;
Wiley Interscience: London, 1968; Chapter 7.
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Table III. Results of the Catalytic Oxidation of Para-Substituted
Anilines 7a—j to Para-Substituted Nitrosobenzenes 8a—j Using
Oxoperoxo(pyridine-2,6-dicarboxylato) (hexamethylphosphortriamide)-
molybdenum(VI) (4) as Catalyst

p-R-C¢H4-NH; (7), reaction yield of
entry R time (h) p-R-CsH4-NO (8), (%)
1 H, 7a 4 54
2 CH;0, 7b 0.5 62
3 CH;, 7c 2 77
4 F,7d 2 61
5 ClL 7e 2 65
6 Br, 7f 2 63
7 C(0)OC:Hs, Tg° 2 60
8 C(O)CH;, 7Th¢ 2 43
9 CF;, 7i¢ 2 40
10 CN, 7j¢ 2 55

4 Usinga 75/25 mixture of petroleum ether /dichloromethane as solvent.

Yieide (%)
80 ™
70 F . " g
60
50 - o . o 7e
40 - " 8¢
30 - o 4 By-products
20 + [ ]
10 +
0 : AL Al A A :. A |
0 20 30 40 50 60

Temperstur (°C)

Figure 4. Temperature dependence of catalytic oxidation of p-toluidine
(7¢).

mechanisms, as the reaction time for the catalytic processes is
short compared to the reaction time for the formation of 3 (see
Table I).

To optimize the catalytic reaction, the oxidation of p-toluidine
(7¢) has been performed in different solvents. A smooth reaction
is found in petroleum ether, although the catalyst 4 is insoluble
in this solvent. Within 2 h at room temperature, more than 40%
of 8¢ is formed. Furthermore, it is observed that decomposition
of the catalyst is less pronounced in petroleum ether than in other
solvents. Changing the solvents to, e.g., acetonitrile, THF, or
dioxane leads also to an oxidation of 7¢ to 8¢, but a more rapid
decomposition of the catalyst takes place in these solvents.

The reaction temperature is found to be a critical parameter
for the formation of nitrosobenzene in the catalytic oxidation,
reaction 6. The product distribution observed for the catalytic
oxidation of 7¢ after 2 h at different temperatures in petroleum
ether is shown in Figure 4.

The temperature study in Figure 4 shows that the formation
of p-nitrosotoluene (8¢) increases significantly when the tem-
peratureis increased from 15 °Ct0 35 °C. At 35°C, nearly 80%
of 8¢ is formed, whereas only 20% is formed at 15 °C. The
byproducts are small amounts of the overoxidized compound
p-nitrotoluene and the condensation products p,p’-dimethyl-
azobenzene and p,p’-dimethylazoxybenzene.

It was first assumed, that the catalytic reaction 6 proceeds in
two steps as the stoichiometric oxidation first by formation of a
molybdenaoxaziridine (3) from the molybdenum—peroxo complex
4 and aniline (7), followed by reaction of 3 with hydrogen peroxide,
producing nitrosobenzene (8) and 4. Furthermore, it was taken
for granted that the formation of 3 is the rate-determining step,
because it has been found that the reaction of 3 with hydrogen
peroxide (reaction 5) is fast compared with the formation of 3
(reaction 1). If the formation of 3a is rate-determining, further
simplifying assumptions can be made: (i) the concentration of
the catalyst 4 is constant and equal to [4];=0 (a steady-state
approximation), (ii) the amount of reacted 7a is equal to the
amount of 8a formed; and (iii) the sum of the concentration of
7a and 8a is equal to the starting concentration of 7a ([7a]; +
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Scheme IV
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HMPA HMPA
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HMPA HMPA  MH

[8a]; = [7a);-0). When assumptions (i) and (ii) are applied to
the rate expression for the disappearance of 7a, eq I, the result
is eq II. From equation II and assumption (iii), an expression
for the formation of 8a can be found (eq III).

d
[d7ta] = (-1 X107 M s™)[7a] [4], = (— %) Y
@ = (-1 X 107° M s7)[7a][4] no (I

[8a], = [7a],o(1 —exp ((-1 X 10> M s7)[4],.p)) (IID)

From eq III, the theoretical amount of produced 8a has been
calculated and compared with the measured amounts of exper-
imentally formed 8a from reaction 6 at different reaction times.
It is found that the formed amount of 8a is much greater than
the theoretically calculated amount of 8a. This observation is in
accordance with a rate of formation of 8a that is about 100 times
faster than expected. For anilines with electron-withdrawing
substituents, the difference in expected and obtained yields was
even more pronounced. It can thus be concluded that 3 is an
unlikely intermediate in the catalytic oxidations of 7 to 8. Based
on a kinetic analysis, it is also found that the catalytic reaction
probably proceeds via complex 5. These observations motivated
us to propose two different mechanisms for the stoichiometric
and the catalytic oxidations, as shown in Scheme IV.

The upper cycle in Scheme IV explains the stoichiometric
oxidation, while the lower accounts for the catalytic one. The
stoichiometric cycle consists of two steps, a combination of
reactions 1 and 5, as described previously. The first step in the
catalytic cycle is identical to the stoichiometric mechanism, route
A in Scheme I, with a nucleophilic attack of the aniline nitrogen
atom at one of the peroxygens in 4 to give 12. The next step is
proposed to be a ligand-exchange reaction of the hydroxyl with
a peroxide substituent. This step is followed by an extrusion of
8 and water from the molybdenum complex, producing 5. The
last step in the catalytic cycle is a reoxidation of § by hydrogen
peroxide to 4.

Very few methods have been developed for direct oxidation of
anilines to the corresponding nitroso compounds. The oxidation
of anilines to the nitroso analogues can be achieved by Caro’s
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acid and can be used for the oxidation of a variety of substrates,
although overoxidation often is observed.!6!” Recently dimeth-
yldioxirane was also used as an oxidation reagent for primary
aromatic amines. This method generally leads to formation of
the corresponding nitro compounds and oximes. The nitroso
compounds are only observed in very low yields.!® Transition-
metal-catalyzed oxidations of primary aromatic amines have only
been studied sparsely for a few systems. To our knowledge, no
selective catalytic oxidation of primary amines to the corre-
sponding nitroso compounds has been achieved. Oxidation of
different anilines using molybdenum and vanadium complexes
as catalysts and tert-butyl hydroperoxide as the oxidant leads to
formation of the corresponding nitrobenzene as the only detectable
product.!® Similar results are obtained using hydrogen peroxide
under phase-transfer conditions in the presence of some ruthenium
complexes, where azo and azoxy compounds are formed in
combination with the nitro compounds.?® A Cu(I)-O, complex
can accomplish the oxidation of 3,4-dimethylaniline to 3,4-
dimethylnitrosobenzene under stoichiometric conditions.?! A
combination of peroxytungsten phosphate and hydrogen peroxide
can catalyze the oxidation of anilines, but the nitroso as well as
the nitro compounds were identified.?? It should also be noted
that Mo(0)(0,):(H20)(HMPA), arelated molybdenum—peroxo
complex, recently was shown to oxidize primary benzylamines to
the corresponding oximes and/or Schiff bases.?* The present
method for the oxidation of substituted anilines to the corre-
sponding nitroso compounds seems to be superior compared to
those recently published, as (i) the oxidation stops with the nitroso
compound, (ii) only minor overoxidation to the nitro compounds
is observed, (iii) only very small amounts of azo and azoxy products
are formed, and (iv) this methodology can be used for anilines
substituted with both electron-withdrawing and electron-donating
substituents.

V. Reaction of 3 with Alkenes. The molybdenaoxaziridines
3 are isoelectronic with the molybdenum—peroxo complex 4.
Transition-metal-peroxo complexes can transfer one of the
peroxygen atoms to an alkene under formation of an epoxide,?*
and transition-metal complexes catalyze the alkene epoxidation
with hydrogen peroxide or alkyl peroxides as the oxidant.1ed:2¢
Based on the similarity of 3 and 4, it could thus be expected that,
e.g., 3 would react with alkenes to form aziridines:

— LN + 5 O

The reaction of 3a with alkenes has been tested with, e.g.,
a-methylstyrene as the substrate, but no aziridine product is
formed. The difference in reactivity between 3a and 4 can
probably be accounted for by the difference in the frontier orbitals
of 3a, as discussed in Section II. However, another reaction
takes place when 3a reacts with a-methylstyrene in dioxane at
80 °C, as shown in reaction (8).

The reaction, which can by viewed as an ene reaction, leads
to the formation 2-phenyl-3-(phenylamino)-1-propene (13) in
about 10% yield. Unfortunately, the major products are aniline
(7a, 1-2%), azobenzene (14, 15%), and azoxybenzene (11a, 5%).

(17) (a) March, J. Advanced Organic Chemistry, 4th ed.; Wiley Inter-
science: New York, 1992. (b) Holmes, R. R.; Bayer, R. P. J. Am. Chem. Soc.
1960, 82, 3454,

(18) (a) Murray, R. W.; Rajadhyaksha, S. N.; Mohan, L. J. Org. Chem.
1989, 54, 5783. (b) Crandall, J. K.; Reix, T. J. Org. Chem. 1992, 57, 6759.

(19) Howe, G. R.; Hiatt, R. R. J. Org. Chem. 1970, 35, 4007.

(20) Barak, G.; Sasson, Y. J. Org. Chem. 1989, 54, 3484,

(21) Rockgliffe, D. A.; Martell, A. E. J. Chem. Soc., Chem. Commun.
1992, 1758.

(22) Sakaue, S.; Sakata, Y.; Nishiyama, Y.; Ishii, Y. Chem. Lett. 1992,
289.

(23) Tollari, S.; Bruni, S.; Bianchi, C. L.; Rainoni, M.; Porta, F. J. Mol.
Catal. 1993, 83, 311.

(24) Jorgensen, K. A. Chem. Rev. 1989, 89, 431.
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NHPh
Ph—< + 3 — Ph~<_ +

13
&

Ph=—-NH, + Ph—N==N-—Ph + Ph—N=g——Ph (8)

7a 14 11a

The formation of these byproducts is consistent with the
decomposition of 3a under the applied reaction conditions. Other
substrates did not lead to better yields of the allylic amine. Very
recently, attempts to turn the allylic amination reaction into a
catalytic reaction have been performed, using § as the catalyst
and with phenylhydroxylamine as the nitrogen-fragment donor.
The observed yields of the allylic amines was not increased in the
catalytic reaction compared to the stoichiometric reaction.’»25 It
has also been found that the allylic amination reaction (reaction
8) depends on the natureof the organicligand at the molybdenum
center, as an exchange of the dipic ligand with the N-salicylidene-
2-aminophenolato ligand leads to a significant increase in the
yield of 13,26 but also here the major products were 7a, 14, and
11a. Changing the catalytic system to various iron complexes
leads to a straight formation of the allylic amines.26

Summary

In this paper a new synthetic procedure for the preparation of
a series of molybdenaoxaziridines from a molybdenum-peroxo
complex and anilines is presented. A kineticstudy of the reaction
between the molybdenum-—peroxo complex and para-substituted
anilines showed correlation between the Hammett o, and log-
(k/k;) and gave a p value equal to =2.29. As a result of the
Hammett plot, two possible reaction mechanisms for the formation
of the molybdenaoxaziridine were suggested, the most plausible
suggestion starting with a nucleophilic attack of the aniline
nitrogen atom at one of the peroxygen atoms of the molybdenum—
peroxo complex. The molybdenaoxaziridines decompose to
mainly azoxybenzenes with an activation energy of 16.1 kcal-mol1,
A new synthetic methodology for either stoichiometric or catalytic
selective oxidation of para-substituted anilines to the correspond-
ing nitrosobenzenes using hydrogen peroxide is also presented.
The oxidations have been performed with anilines substituted
with either electron-donating or electron-withdrawing substituents
in the para position with good yields. Comparison of the rate of
formation of nitrosobenzene in the catalytic reaction with the
rate of formation of the molybdenaoxaziridine excludes the
molybdenaoxaziridine as a predominant intermediate in the
catalytic reaction. The reaction of the molybdenaoxaziridine
with alkenes is briefly discussed and compared with the reaction
of the isoelectronic molybdenum—peroxo complex and alkenes.
Differences in reactivity of the isoelectronic complexes are
understood from an extended-Hiickel study.

Experimental Section

1H and 13C NMR spectra were recorded on a Varian Gemini 200
spectrometer. All spectra were recorded in CDCl;. Tetramethylsilane
(TMS) was used as an internal standard. For 4 and §, Hs and Hpg refer
to the protons of the pyridine-2,6-dicarboxylato ligand which make up
a typical A,B spin system. For 3a-k Ha, Hg, and Hc refer to the protons
of the pyridine-2,6-dicarboxylato ligand which make an ABC spinsystem.
In BC NMR, C;, C,, Cy, and C, refer to the ipso, ortho, meta, and para
carbons of the N-phenyl ring, and C,_; refer to the carbons of the pyridine-
2,6-dicarboxylato ligand.

GC was recorded on an HP 5890; column, OV-10.1. GC-MS was
recorded on an HP 5890 VG-trio 2; column, OV-101.

Materials. p-Methoxyaniline, p-toluidine, p-fluoroaniline, p-chloro-
aniline, p-bromoaniline, ethyl p-aminobenzoate, p-aminoacetophenone,

(25) Srivastava, A.; Ma, Y.-a. Pankayatselvan, R.; Dinges, W.; Nicholas,
K. M. J. Chem. Soc., Chem. Commun. 1992, 853,
(26) Johannsen, M.; Jorgensen, K. A., submitted for publication.
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p-(trifluormethyl)aniline, p-cyanoaniline, p-nitroaniline, MoOs(acac),,
HMPA, hydrogen peroxide (35%), CH2Cly, petroleum ether, diethyl ether,
dioxane, CHCIl;, THF, acetonitrile, and CDCl3 are commercially available
and were used as received, except for the solvents, which were dried
before use according to standard methods. Aniline was distilled prior to
use. The decomposition experiments and the formation of 6 were
performed under nitrogen, using Schlenk techniques, where the solvents
had been distilled over Na/benzophenone and degassed prior to use.

Preparations. Dioxo(pyridine-2,6-dicarboxylato)(hexamethylphos-
phortriamide)molybdenum(VI) (5§) was prepared according to literature
methods.’® 'H NMR &: 2.44 (d, Jur = 9.8 Hz, 18H), HMPA; 8.42 (J
= 7.74 Hz, 1H), Hg; 8.30 (J = 7.74 Hz, 2H), Ha. '*C NMR &: 36.3,
36.4 (HMPA); 127.5 (C3, Cs); 144.6 (C4); 147.3 (Cy, Co); 166.7 (Cy,
C7). The X-ray structure of § has been determined.?’

Oxoperoxo(pyridine-2,6-dicarboxylato)(hexamethylphosphortriamide)-
molybdenum(VI) (4) was prepared as follows. (a) Pyridine-2,6-
dicarboxylic acid (9,78 g MoOx(acac),, 30 mmol) and HMPA (5.38 g,
5.22 mL, 30 mmol) were stirred at 25 °C in CH,Cl, (200 mL) for 23
h. Hydrogen peroxide (3.0 mL, 35% aqueous solution, 34 mmol) was
added, and the solution was stirred for another hour. The solution was
filtered, and most of the solvent was removed by rotary evaporation.
After addition of diethy! ether and filtration, 4 was isolated (13.32 g,
91%). (b) 5 (4.72 g, 10 mmol) was dissolved in CH;Cl; (75 mL), and
hydrogen peroxide (1 mL, 35% aqueous solution, 11 mmol) was added.
After 1 h, the solution was treated as above; yield, 84%. 'H NMR é:
2.33 (d, J = 9.9 Hz, 18H), HMPA; 8.54 (J/ = 7.71 Hz, 1H), Hpg; 8.40
(J =7.71 Hz, 2H), Ha. 13C NMR é: 36.2, 36.3 (HMPA); 128.8 (C3,
Cs); 145.4 (Cy); 148.1 (Cy, Cg); 167.7 (Cy, Cq). The X-ray structure of
4 has been determined.?’

Genera] Procedure for the Preparation of the Molybdenaoxaziridine
Complexes 3. Oxoperoxo(pyridine-2,6-dicarboxylato) (hexamethy!phos-
phortriamide)molybdenum(V1I) (4) (488 mg, 1 mmol) was dissolved in
CH,Cl; (5-10 mL). Aniline (7) (1.1-2.0 mmol) was added, and the
solution was stirred at room temperature for the times listed in Table I.
When the reaction was completed, the solvent was removed on a rotary
evaporator, and petroleum ether or diethy! ether (20 mL) was added to
the residue. Filtration gave the desired molybdenaoxaziridine.

The amount of each of the anilines, solvent used for precipitation, and
1H and !3C NMR spectra data are given below.

3a: 1,1 mmol of aniline; petroleum ether; red-brown crystals. 'H
NMR é: 2.36 (d, J = 9.9 Hz, 18H), HMPA; 7.02 (t, J = 7.3 Hz, 1H),
H;; 7.38 (dd, J = 8.6, 7.3 Hz, 2H), H,; 7.71 (d, J = 8.6 Hz, 2H) H,;
8.33-8.52 (m, 3H, Ha, 8.38; Hp, 8.47; Hc, 8.36, Jap = 7.72 Hz, Jac =
1.08 Hz, Jpc = 7.76 Hz). 3C NMR &: 36.3,36.3 (HMPA); 116.4(C,);
126.3 (Cp); 128.2, 128.3 (C3, Cs); 128.3 (Cn); 144.9 (Cy); 148.3, 148.6
(C3, Cg); 159.6 (Ci); 168.1, 168.9 (Cy, C7). The X-ray structure of 3a
has been determined.3®

3b: 1.1 mmol of p-methoxyaniline; diethyl ether; purple crystals. 'H
NMR é: 2.36 (d, J = 9.9 Hz, 18H), HMPA; 3.81 (s, 3H), R = OCHj3;
6.90 (d, J = 9.0 Hz, 2H), Hp;; 7.64 (d, J = 9.0 Hz, 2H), H,;; 8.32-8.52
(m, 3H, Ha,, 8.38; Hp, 8.46; Hc, 8.35, Jas = 7.71 Hz, Jac = 1.03 Hz,
Jec =7.79 Hz). 3C NMR é&: 36.4,36.5 (HMPA); 55.5 (OCH,); 113.3
(Cm); 117.7(C,); 128.2,128.2 (C3, Cs); 145.0 (Cy); 148.2 148.6 (C,, Co);
154.1 (Cy); 158.5 (Cp); 168.1, 169.0 (Cy, Cr).

3c: 1.1 mmol of p-toluidine; petroleum ether; red-brown crystals. 'H
NMR é&: 2.36 (d, J = 9.9 Hz, 18H), HMPA; 2.44 (s, 3H), R = CH3;
7.19 (d, J = 8.4 Hz, 2H), Hp;; 7.61 (d, J = 8.4 Hz, 2H), H,; 8.32-8.52
(m, 3H, Ha, 8.38; Hp, 8.46; Hc, 8.35, Ja = 7.70 Hz, Jac = 1.06 Hz,
Jsc = 7.80 Hz). 13C NMR §: 20.8 (R = CH;); 36.4, 36.5 (HMPA);
116.1 (C,); 128.1, 128.1 (C3, Cs); 128.6 (Cr); 135.9 (Cp); 144.8 (Ca);
147.9, 148.3 (C3, C¢); 157.6 (Ci); 167.8, 168.7 (Cy, C7).

(27) Maller, E. R., Hazell, R. G., Jorgensen, K. A., submitted for
publication.

J. Am. Chem. Soc., Vol. 115, No. 25, 1993 11821

3d: 1.1 mmol of p-fluoroaniline; petroleum ether; orange-brown
crystals. '"H NMR & 2.36 (d, J = 9.9 Hz, 18H), HMPA; 7.06 (dd, J
= 9.0 Hz, Jur = 8.5 Hz, 2H), Hy; 7.67 (dd, J = 9.0 Hz, Jur = 5.0 Hz,
2H), H,; 8.34-8.53 (m, 3H, Ha, 8.39; Hp, 8.48; Hc, 8.37, Jap = 7.71
Hz, Jac = 1.06 Hz, Jpc = 7.78 Hz). 13C NMR &: 36.4, 36.5 (HMPA);
114.8 (d, Jcr = 22.8 Hz, Cy); 117.7 (d, Jcr = 8.1 Hz, C,); 128.2, 128.2
(C3, Cs); 145.0 (Cy); 147.8, 148.2 (Cs, Ce); 157.7 (d, JcF = 2.8 Hz, C));
161.2 (d, Jcr = 242 Hz, C;); 167.7, 168.6 (Cy, C7).

3e: 1.2 mmol of p-chloroaniline; petroleum ether, orange-brown
crystals. 'HNMR é&: 2.35 (d,J = 9.9 Hz, 18H), HMPA; 7.33 (d,J =
8.8 Hz, 2H), Hm; 7.64 (d, J = 8.8 Hz, 2H), H,; 8.35-8.54 (m, 3H, H,,
8.40; Hg, 8.50; Hc, 8.37, Jag = 7.74 Hz, Jac = 1.05 Hz, Jgc = 7.77 Hz2).
13C NMR §: 36.4,36.5 (HMPA); 117.7 (C,); 128.2,128.2 (C3, Cs/Chp);
131.3 (Cp); 144.9 (Cy); 147.9, 148.2 (Cy, Cg); 157.8 (Cy); 167.7, 168.6
Gy, Cy).

3f: 1.2 mmol of p-bromoaniline; petroleum ether; orange-brown
crystals. 'H NMR & 2.35(d,J =9.9 Hz, 18H), HMPA; 7.48 (d,J =
8.6 Hz, 2H), Hy; 7.59 (d, J = 8.6 Hz, 2H), H,; 8.35-8.54 (m, 3H, H,,
8.40; Hp, 8.49; Hc, 8.37, Jag = 7.73 Hz, Jac = 1.06 Hz, Jgc = 7.76 Hz).
13C NMR &: 36.4,36.5 (HMPA); 118.0 (C,); 119.3 (Cy); 128.2, 128.3
(C;,Cs);131.2(Crn); 144.9 (Cy); 147.9,148.2(C,, Ce); 158.3(C); 167.7,
168.6 (Cy, Cy).

3g: 2.0 mmo! of ethyl p-aminobenzoate; diethyl ether; brown crystals.
'H NMR §: 1.37 (t, J = 7.1 Hz, 3H), R = C(O)CH:CHj; 2.36 (d, J
=10.0 Hz, 18H), HMPA; 4.35 (g, J = 7.1 Hz, 2H), R = C(O)CH,CH3;
7.73 (d,J = 8.6 Hz, 2 H) H,; 8.08 (d, J = 8.6 Hz, 2H), H,; 8.35-8.54
(m, 3H, Ha, 8.40; Hg, 8.49; Hc, 8.37, Jap = 7.78 Hz, Jac = 0.83 Hz,
Jec = 7.79 Hz). 13C NMR é&: 14.4 (R = C(O)OCH,CH3); 36.4, 36.5
(HMPA); 60.6 (R = C(O)OCH,CH3); 116.0 (C,); 127.6 (Cp); 128.2,
128.3 (C3, Cs); 130.1 (Cry); 145.0(Cy); 147.9, 148.2 (C3, Ce); 162.6 (Cy);
166.1 (R = C(O)OCH,;CH;); 167.6, 168.4 (C;, Cy).

3h: 2 mmol of p-aminoacetophenone; diethy! ether; orange crystals.
'H NMR & 2.36 (d, J = 9.9 Hz, 18H), HMPA; 2.58 (s, 3H) R =
C(O)CHj3; 7.76 (d, J = 8.8 Hz, 2H), H,;; 8.02 (d, J = 8.8 Hz, 2H), Hp;
8.36-8.57 (m, 3H, Ha, 8.41; Hg, 8.52; Hc, 8.39, Jap = 7.71 Hz, Jaoc =
1.03Hz, Jac = 7.77 Hz). ¥'CNMR &: 26.5 (R = C(O)CH3); 36.4, 36.5
(HMPA); 116.2 (C,); 128.2, 128.3 (C3, Cs); 129.1 (Cu); 134.6 (Cp);
145.1(C4); 147.9, 148.2 (C,, Cs); 162.7 (Ci); 167.6, 168.7 (Cy, C7); 196.9
(R = C(O)CH3).

3i: 2.0 mmol of p-(trifluoromethyl)aniline; diethyl ether; orange
crystals. 'H NMR é&: 2.36 (d,J = 9.9 Hz, 18H), HMPA; 7.63 (d, J =
8.6 Hz, 2H), Hr; 7.78 (d, J = 8.6 Hz, 2H), H,; 8.36-8.55 (m, 3H, H,,
8.40; Hg, 8.50; Hc, 8.38, Jag = 7.70 Hz, Joc = 0.90 Hz, Jsc = 7.83 Hz).
13 CNMR é&: 36.3,36.4 (HMPA); 116.4 (C,); 124,0(q, Jrcr, = 271 Hz,
R = CF3); 125.5 (q, Jrc, = 3.7 Hz, Cp); 127.4 (q, Jrc, = 32 Hz, Cp);
128.3, 128.3 (C;3, Cs); 145.1 (Cy); 147.8, 148.1 (C,, Cq); 161.4 (Cy;
167.6, 168.4 (C,, C,).

3j: 2.0 mmol of p-cyanoaniline; diethy! ether; orange crystals. 'H
NMR &: 2.36 (d, J = 10.0 Hz, 18H), HMPA; 7.67 (d, J = 8.9 Hz, 2H),
Hy; 7.77 (d, J = 8.9 Hz, 2H) H,; 8.37-8.56 (m, 3H, Ha, 8.41; Hp, 8.52;
Hgc, 8.39, Jag = 7.71 Hz, Jac = 1.00 Hz, Jsc = 7.80 Hz). 3C NMR
8: 36.3, 36.4 (HMPA); 108.6 (Cp); 116.9 (C,); 118.9 (R = CN); 128.3,
128.4 (C3,Cs);132.6 (Crn); 145.3 (Cy); 147.8, 148.0 (C3, Cg); 162.1 (Cy);
167.5, 168.3 (Cy, C5).

3k: 2.0 mmo! of p-nitroaniline; diethyl ether; orange crystals. 'H
NMR é: 2.37 (d,J = 10.0 Hz, 18 H), HMPA; 7.79 (d, J = 9.0 Hz, 2H),
H,;8.27 (d, J = 9.0 Hz, 2H), Hy; 8.37-8.58 (m, 3H, Ha, 8.42; Hp, 8.53;
Hc, 8.40, Jag = 7.57 Hz, Jac = 1.04 Hz, Jgc = 7.90 Hz). 13C NMR
8: 36.3, 36.4 (HMPA); 116.6 (C,); 124.5 (Cyy); 128.4, 128.5 (C;3, Cs);
145.3 (C4); 145.4 (Cp); 147.8, 148.1 (C3, Cs); 163.8 (Cj); 167.5, 168.2
(Cy, C9).

Oxo(pyridine-2,6-dicarboxylato) (hexamethylphosphortriamide)-
molybdenum(IV) (6). Complex § (472 mg, 1 mmol) was dissolved CH>-
Cly(10mL)ina Schlenk flask. Triethyl phosphite or triphenyl phosphine
(1-5 mmol) was added, and the solution turned brown. The solvent was
removed in vacuo after 1 h, and the phosphorus compounds were
sublimated using a cold finger with liquid nitrogen as coolant or extracted
with petroleum ether. The materials on the cold finger were analyzed
by NMR, and the residue was dissolved in CH»Cl; (10 mL) and
nitrosobenzene (1 mmol) added. After 1 h, petroleum ether was added,
and the solution was filtered. The residue was analyzed by NMR, which
showed a 1:1 mixture of § and 3a.

Kinetic Measurements. A 0.05 M CDClI; solution of oxoperoxo-
(pyridine-2,6-dicarboxylato)(hexamethylphosphortriamide) molybdenum-
(VI) (4) (600 uL) was mixed with a 0.2 M CDCl; solution of the
appropriate substituted aniline (150 uL) inan NMR tube. NMR spectra
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were recorded after these reaction times: R=0CH;, 0, 8, 15, 25, 45, 90,
and 160 min; R = CHj;, 0, 10, 20, 35, 30, 110, 200, and 240 min; R =
H, 0, 30, 120, 280, 772, and 1500 min; R = F, 0, 30, 70, 140, 180, 320,
820, and 1400 min; R = Cl, 0, 60, 150, 230, 450, 880, and 1740 min; R
= Br, 0, 60, 180, 380, 880, and 1760 min; R = C(O)CHj3, 0, 360, 1120,
2030, and 4560 min; R = CF;, 0, 30, 1620, and 2580 min; R = NO,,
0, 1400, 4500, and 5770 min.

Decomposition Measurements. These experiments were performed
under an inert N, atmosphere using Schlenk techniques. Dioxane (5
mL) was added to oxo(N-phenylhydroxylamido-O,N)(pyridine-2,6-
dicarboxylato)(hexamethylphosphortriamide)molybdenum(VI) (3) (0.25
mmol). Samples (0.5 mL) were taken and analyzed. The solvent was
removed in vacuo, and the crude was analyzed by 'H NMR. Sample
times were as follows: 25 °C, 4, 12, 48, and 98 h; 50 °C, 4, 12, 22, 48,
54,and 97 h; 75 °C, 3, 11, 24, 48, 73, and 101 h; 102 °C, 2,4, 6, 9, and
24 h.

Cross-Coupling Experiments. 3i (0.5 mmol) and 8a (0.5 mmol) were
dissolved in dioxane (10 mL) and refluxed for 6 h. The solvent was
removed on a rotary evaporator, and the residue was washed with
petroleum ether and filtered. The filtrate was analyzed by GC-MS and
found to contain 23% of p,p’-bis(trifluormethyl)azoxybenzene, 20% of
p-(trifluormethyl)azoxybenzene, 30% of p’-(trifluormethyl)azoxybenzene,
and 27% of azoxybenzene. An NMR spectrum of the residue showed
58% of 8, 24% of 3i, and 18% of 3a.

Stoichiometric Oxidation. Oxo(N-phenylhydroxylamido-O,N)(pyri-
dine-2,6-dicarboxylato)(hexamethylphosphortriamide)molyb-
denum(VI) (3) (0.5 mmol) was dissolved in CH,Cl, (5 mL). Hydrogen
peroxide (91 uL, 35% aqueous solution, 1.1 mmol) was added. When
the red-purple color disappeared, petroleum ether (15 mL) was added.

Moller and Jorgensen

This caused precipitation of the oxoperoxo(pyridine-2,6-dicarboxylato)-
(hexamethylphosphortriamide)molybdenum(VI) (4), which was removed
by filtration. The solvents were removed from the filtrate by rotary
evaporation. The residue was analyzed by GC-MS and/or 'H NMR.

Catalytic Oxidation, Petroleum ether (10 mL) was added to 4 (0.1
mmol) at 35 °C. Theappropriate aniline (1 mmol) and hydrogen peroxide
(192 uL, 35%aqueoussolution, 2.2 mmol) were added. Whenthereaction
had finished, the molybdenum complex was filtered off, and the solvent
was removed by rotary evaporation. The residue was analyzed by GC—
MS or NMR.

SolventScreening. The experiments were performed as described above
for the catalytic oxidation.

Temperature Dependence. p-Toluidine (7¢) (1 mmol) was added to
aslurry of 4 (0.1 mmol) in 10 mL of petroleum ether. Hydrogen peroxide
(192 pL, 35% aqueous solution, 2.2 mmol) was added, and the reaction
mixture was stirred for 2 h. The reaction mixture was filtered, and the
solvent was removed from the filtrate in vacuo. The residue was analyzed
by GC-MS. Temperatures studied: 10, 16, 27, 35, 41, 50, and 56 °C.

Note Added in Proof; After submission of this manuscript two papers
have appeared dealing with oxidations of aromatic amines to the
corresponding nitroso compounds.2®

Acknowledgment. Thanks to Birgit Schigtt for helpful dis-
cussions and to Lise Ravn Petersen for performing some of the
experiments.

(28) (a) Sakaue, S.; Tsubakino, T.; Nishiyama, Y.; Ishii, Y. J. Org. Chem.
1993, 58, 3633. (b) Tollari, S.; Cuscela, M.; Porta, F. J. Chem. Soc.. Chem.
Commun. 1993, 1501.




