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Abstract We report for the first time a metal-free addition of boronic
acids to silylnitronates to afford oxime derivatives through aryl transfer
on the carbon nitrogen double bond. A reaction mechanism has been
proposed in relation with a DFT study on the key aryl transfer. This ary-
lation process is effective for cycloalkenyl nitro derivatives leading to ox-
imes that may be oxidatively converted into 3-arylisoxazole derivatives.

Key words nitro, silyl nitronate, boronic acid, oxime, isoxazole

With the development of the Suzuki–Miyaura reaction,
boronic acids have been recognized among the most useful
arylation reagents.1 Whereas such reaction requires an acti-
vation of the aryl group through a transmetalation process
with various transition metals, in the absence of such met-
al, the boronic acid may still transfer its aryl moiety after
prior conversion into a boronate intermediate. Highlighted
with the discovery of the Petassis reaction,2 this seminal
Mannich-type behavior of boronic acids has given the im-
petus for the discovery of many other metal-free arylations
and vinylation over the last ten years.3 However, boronic ac-
ids remain moderately nucleophilic species, which often re-
quire the installation of an intramolecular aryl transfer
through ate-complex formation for efficient couplings.4
This is the case of the Petassis reaction where the lack of
electrophilicity of simple imine derivatives may be over-
come by neighboring hydroxy groups (Scheme 1). Follow-
ing our interest in nitro chemistry and considering known
nucleophilic additions on nitronic acid derivatives (Nef-
type reactions),5 we surmised that nitronic acid derivatives
might further interact with boronic acids to afford transient
ate complexes prone to undergo an intramolecular aryl
transfer onto the C–N unsaturated bond (Scheme 1).

Scheme 1  Metal-free boronic acid addition to C–N double bonds

Due to the instability of nitronic esters (leading to oxim-
es and aldehydes)6 or acylnitronates (leading to nitrile oxide
at ambient temperature),7 we decided to focus our study on
silylnitronic esters, a relatively stable family of compounds,
readily prepared by silylation of nitro derivatives with trial-
kylsilyl chlorides, whose chemistry has been largely popu-
larized by the studies of Seebach at the beginning of the
1980s.8

Due to poor hydrolytic stability of trimethylsilyl nitro-
nates, a bulkier tert-butyl-dimethylsilyl group was selected
for this study. The tert-butyl-dimethylsilylnitronate 2a was
thus prepared in quantitative yield by treatment of ni-
tromethylcyclohexene 1a with 1.1 equiv of tert-butyl-di-
methylsilylchloride in the presence triethylamine (1.1
equiv) in dry acetonitrile. Nitronate 2a could be filtered
rapidly through a short silica gel column without signifi-
cant degradation. When 2a was heated in acetonitrile to-
gether with 4-ethylphenylboronic acid (3a) under argon,
we were delighted to observe the formation of oxime 4a re-
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sulting from the expected aryl transfer (Scheme 2). The low
17% isolated yield could be slightly increased by selecting
toluene as solvent at 80 °C. Finally, the best conditions were
obtained using a twofold excess of boronic acid 3a in aceto-
nitrile at 70 °C (Scheme 2).

Scheme 2  Optimized conditions for the formation of 4a

Changing the tert-butyldimethyl silyl group by a triphe-
nylsilyl group (Scheme 2) did not result in the formation of
4a under the same conditions.

To evaluate the scope of this reaction, a set of represen-
tative tert-butyldimethylsilyl nitronates 2a–c was prepared
in quantitative yields from the corresponding nitro deriva-
tives using the initial procedure, followed by rapid filtration
through a short silica plug. The results of their reaction
with different arylboronic acids are displayed in Scheme 3.

Scheme 3  Scope of the boronic acid addition to silylnitronate

The coupling is only efficient for 1-nitromethylcy-
cloalkenyl derivatives as shown by the various cyclohexen-
yl, cycloheptenyl, and cyclooctenyl oximes 4 formed in
moderate isolated yields from the corresponding silylnitro-
nates. Electron-poor aryl boronic acids did not appear to be
effective as shown by the unproductive addition of 4-cy-
anophenyl boronic acid. Under prolonged heating, only
degradation of 2a was observed, without any formation of
4k. All oximes were obtained as single diastereomers, how-
ever, we failed to determine their Z- or E-stereochemistry.
Surprisingly, the silylnitronate of nitromethylbenzene did
not form the expected adduct 4i with 4-ethylboronic acid.
This lack of reactivity was also observed for 1-nitropro-
pane, showing the high sensitivity of this reaction to elec-
tronic factors. Though these results limit the scope of this
reaction, it should be noted that 1-nitromethylcycloalkenyl
derivatives are easily prepared on large scale from their re-
lated cycloalkanone derivatives using a Knoevenagel-type
condensation with nitromethane.9 Indeed, this strategy
could be readily adapted to access more complex substitut-
ed oximes choosing among the relatively wide range of
commercially available cycloalkanones. Thus oxime 4h
(Scheme 3) was prepared starting from 4-phenylcyclohexa-
none, which was efficiently converted into nitro intermedi-
ate 1d on heating in a toluene/nitromethane mixture in the
presence of a catalytic amount of N,N dimethylethylenedi-
amine (Scheme 4).

Scheme 4  4-Phenylcyclohexanone conversion into 1d

A plausible reaction mechanism for the conversion of
the silylnitronates into oximes is presented in Scheme 5. Af-
ter complexation of the silylnitronate with the boronic acid,
aryl transfer affords an unstable intermediate B, whose
fragmentation leads to chelated nitroso intermediate C. Fur-
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ther fragmentation and nitroso–oxime tautomerism give
the final compound 4. An alternative concerted migra-
tion/fragmentation of intermediate B directly to D could
also be proposed. The formation of O-silyl oximes, which
might also have been expected, was not observed.

To gain further insight into the mechanism of this reac-
tion, we performed density functional theory (DFT) calcu-
lations to model the aryl transfer from the boric acid to the
nitronate moiety. Despite all our efforts to model the aryl
transfer from intermediate A to intermediate B (Scheme 5),
we were not able to identify a transition state with an ener-
gy barrier lower than 30 kcal mol–1, which is probably asso-
ciated with a mechanistic pathway unlikely to occur under
our reaction conditions. In the Petassis reaction of -hy-
droxy aldehydes, the aryl transfer is usually explained via
the formation of an intermediate boronate followed by an
intramolecular 1,5-shift of the aryl moiety from the boron
to the carbon of the imine function.2 As shown by the re-
sults of our models (Figure 1, path A), a similar mechanism
as disclosed in Scheme 5 requires that the C,N,O atoms of
the nitronate adopt an out-of-plane geometry, which is
highly energy demanding. In an attempt to reduce this out-
of-plane deformation, we envisaged that a second boron
atom might be involved through the intermediacy of boron-
ic anhydrides formed during the reaction (Scheme 6).

Figure 1 summarizes the DFT calculations performed on
the crucial aryl transfer steps following the two proposed
reaction mechanisms. In pathway A (Scheme 5), the silylni-
tronate molecule initially forms a noncovalent molecular
complex with one single boric acid molecule (state RA in
Figure 1, A). Then the aryl group is transferred from the bo-
ric acid moiety to the nitronate moiety in a single step,
passing through transition state TSA and leading to the ad-

duct PA. As mentioned above, pathway A is associated with
a very high free-energy barrier of 34 kcal mol–1. On the oth-
er hand, the alternative pathway B (Scheme 6), exhibits a
smaller energy barrier of 22 kcal mol–1, corresponding to a
reduction in activation free energy of more than 10 kcal
mol–1 with respect to mechanism A. Most importantly, the
transition state of pathway B, namely TSB, differs substan-
tially from TSA. Though the formation of a 7-membered ring
transition state TSB might be considered less favorable than
the 5-membered ring in TSA, TSB is stabilized by an internal
H-bond between the terminal boric acid OH group and the
oxygen atom that links the silyl to the nitronate moieties.
Another key difference between the two transition states
lies in the local structure around the nitrogen atom of the
nitronate group, as shown in the insets of Figure 1. Indeed,
both transition states require a partial disruption of the pla-
narity of the nitronate group, but the geometry distortion is

Figure 1  Computed free-energy pathways of the aryl transfer reaction. Insets A and B correspond to pathways A (Scheme 5) and B (Scheme 6), respec-
tively. Optimized molecular structures for each stationary state are represented for each energy level. Most H atoms are hidden for the sake of clarity. 
Only polar hydrogens and the CH group directly attached to the nitronate moiety are represented. Hydrogen bonds are represented with light-blue 
dotted lines while forming/breaking bonds at the transition states are represented with green-dotted lines. For each transition state, the out-of-plane 
deformation of the nitronate group is shown in an inset: The O–C–O plane is shown in black, and the distance in Å between this plane and the nitrogen 
atom is shown in green.

Scheme 6  Alternative mechanism for the conversion of 2 into 4 with 
two boron atoms
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stronger in TSA than in TSB. The computed out-of-plane dis-
tance between the nitrogen atom and the O–C–O plane of
the nitronate moiety are 0.38 Å and 0.25 Å for TSA and TSB,
respectively. It should be stressed that even a small differ-
ence in planarity may affect the transition states energy
substantially, because the out-of-plane distortion tends to
disrupt the local delocalization of  electrons, which plays a
key role in the stability of the group.

In order to support this mechanistic proposition, we de-
cided to examine the behavior of silyl nitronate 2a towards
phenyl boroxine instead of phenyl boronic acid. Using the
former anhydride directly, the key synthetic intermediate
displaying two boron atoms complexed to the silyl nitro-
nate should be formed more easily, leading to a potential in-
crease in yield. While heating 2a with 2.5 equivalents of
phenyl boronic acid led to phenyl-cyclohexenyl oxime 4l in
a poor 24% yield after 30 min, heating the same reaction
with 1 equivalent of triphenylboroxine led to 4l in 32%
yield. Though not large, this increase in yield supports a po-
tential effect of boronic anhydrides on the mechanism of
this reaction.

With these unsaturated oximes in hand, we next exam-
ined their conversion into oxazole derivatives. Several con-
ditions for oxidative transformation of ,-unsaturated ox-
imes into oxazoles have been reported in the literature.10

The reaction may be observed using various oxidants such
as manganese dioxide and copper salts used in stoichiomet-

ric quantities or in conjunction with oxygen. Indeed, when
oxime 4a was heated in acetonitrile in the presence of cop-
per chloride we observed the formation of isoxazole 5a in a
moderate 50% isolated yield (Scheme 7). Attempts to per-
form this reaction in other solvents such as DMF or THF re-
sulted in lower yields. Further optimization for this known
transformation was not pursued, and Scheme 7 displays the
results of the cyclizations under these conditions. All oxim-
es gave fused isoxazoles 5 in good to moderate yields.
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