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Abstract—An electrocatalytic method for the reductive N-O cleavage of isoxazolines is described. Ni’bpy, generated in situ, was
used to promote selective ring opening of 3-methoxy-5-phenylisoxazoline (1a) and 3-methoxy-[4,5]cyclohexylisoxazoline (1b).
DMF and Nal were used as solvent and supporting electrolyte, and B-hydroxyesters 2a and 2b were obtained in high yields

respectively, after acid hydrolysis. f-Hydroxynitriles 3a and 3b were also identified as side products.

© 2003 Elsevier Ltd. All rights reserved.

Isoxazolines have been used as key intermediates in the
synthesis of bioactive molecules.!™ Heterocyclic ring
opening gives access to many important functional
groups, especially B-hydroxynitriles,> -ketones®’-® and
-esters.* These occur in many natural products of inter-
est, and are usually obtained by aldol condensation of
ketones and aldehydes often compromising selectivity
however.

Torsell® has developed a synthetic route to B-hydroxy-
ketones via isoxazolines expanding the method to other
B-hydroxycarbonyl compounds as well. Cycloaddition
reactions between readily available olefins and nitrile
oxides furnish excellent yields of the requisite isoxazoli-
nes under very mild conditions.*® Tri-substituted olefins
can be used routinely. The major disadvantage of this
approach is the sensitivity of other functionalities to the
catalytic hydrogenolysis typically employed for the sub-
sequent reductive cleavage of the isoxazolines.>*”# In
spite of these disadvantages, isoxazolines are routinely
employed as precursors in natural product synthesis.
Furthermore alternative methods have been employed
for isoxazoline N—-O bond cleavage, using transition
metal complexes, for example.”®

Surov and Lund®!® described the electrochemical
reduction of isoxazolines (Scheme 1) and isoxazoles. In
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protic solvents, N—O bond cleavage is observed, fol-
lowed by reduction of the intermediate azomethine,
giving B-hydroxyamines as the principal products. -
Hydroxyketones, on the other hand, were obtained in
aprotic solvents by prior quaternization of the isoxazo-
lines, followed by electrochemical reductive cleavage.
Although attractive as an alternative to hydrogenolysis,
this direct electrochemical process has some potential
disadvantages such as: clevated reduction potential,
lack of selectivity in the presence of reducible groups
and the use of a two-compartment cell making the

procedure cumbersome.
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Scheme 1. Electrochemical N-O bond cleavage of isoxazoli-
nes in protic and aprotic media.>!°
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The Ni’bipyridine complex (Ni’bpy) has been
employed as a catalyst in homo- or heterocoupling
reactions of aryl halides.!!*> The process involves a
catalytic cycle with successive reductions of intermedi-
ates,’”> which may be performed by using an electro-
chemical system,!'! or an easily oxidizable transition
metal,'* as a source of electrons. A reductive cleavage
of the Ar—-X bond (X=Cl or Br) occurs in the first step

involving the Ni’bpy complex:
Ni’bpy+Ar-X —Ni'bpyArX

We reasoned that application of such a rationale, in
which a nickel complex acts as the actual electron
source, to the electrochemical reduction of isoxazolines
could result in a much milder protocol, which would
obviate the problems of high reduction potential and
over-reduction to B-hydroxyamines. In the event, the
electrocatalytic isoxazoline N-O bond cleavage was
successfully carried out using Ni’bpy in DMF with 0.1
M Nal as supporting electrolyte and a zinc rod as
sacrificial anode in an undivided cell. The reduction,
occurring at around 2.5 V cell potential (-0.4/-0.6V
versus Ag/AgCl cathodic potential), completely avoided
the direct electrochemical reduction of the (presumed)
azomethine intermediate.

Table 1 shows the results obtained from electrocatalytic
N-0 bond cleavage'® of 3-methoxy-5-phenylisoxazoline
(1a), 3-methoxy-[4,5]cyclohexylisoxazoline (1b) and 3-
bromo-5-phenylisoxazoline (1c).

Several Ni’bpy concentrations (7-100%) were tested
and uniformly high reduction yields were obtained.

R0, 1) Ni%bpy/DMF R _oH
I(N Zn anode/2e I( J/\
5
R e 2) 0.2M HCI R :N
1a: R'=Ph, R2=H, R' = OMe 2a,b 3a,b

1b: R'/R2 = -(CH,),-, R' = OMe
1c: R"=Ph,R2=H, R =Br

Table 1. Electrocatalytic isoxazoline N—O bond cleavage
using Ni''bpy, DMF, 0.1 M Nal and a sacrificial Zn
anode.!® A constant current of 100 mA was applied?

Entry  Isoxazoline  Nil'bpy (%) Yield (%0)%¢ 2:3¢

(56.5 mM)
1 la 7 90 4:1
2 1a 15 99 1.9:1
3 1a 30 90 2.2:1
4 1a 100 99 13:1
5 1b 7 98 1.7:1
6 1b 100 99 9:1
7 1c 7 100 0:1
8 la 7 100 3:1
9¢ la 7 23 2.3:1

# The reaction was conducted under N,.

® Acetonitrile was used as solvent.

¢ An iron bar was used as sacrificial anode.
4 Isolated yields were uniformly >90%.

¢ Determined by GC analysis.

Although appreciable amounts of B-hydroxynitrile 3a/
3b were formed in the catalytic procedures (entries 1-3,
5), the yields of desired B-hydroxyesters 2a and 2b were
very good compared to the yields of theses products
obtained by Ra-Ni hydrogenolysis* (62-72% versus
76%-2a and 62% versus 32%-2b). The exclusive forma-
tion of nitrile 3a (entry 7) from the bromoisoxazoline
precursor 1c¢c can be attributed to the better leaving
group ability of bromide as compared to methoxy.
Hence elimination of bromide (R’'=Br) from the pro-
posed Ni''chelate intermediate I forms 3a, (see below).

If the Ni’bpy complex is indeed the electron source for
the reductive N-O cleavage, a reaction employing a
stoichiometric equivalent of the complex in the absence
of current should also work. This is indeed the case,
although the yields are slightly lower (2a, 82%). How-
ever, when one equivalent of the Ni"Br,-bpy complex
and the substrate were subjected concurrently to 2
F/mol in the same way as in the catalytic procedures
(entries 4 and 6), not only did we obtain excellent yields
of reduced products, but the proportions of desired
B-hydroxyesters were much higher.

A possible mechanism is suggested in Scheme 2. A
nickel complex chelate intermediate I is formed by
oxidative insertion of Ni’bpy (formed from the
employed Ni'(bpy)Br, by two-electron reduction) into
the N-O bond. This stabilizes the oxy-azomethine
formed after reductive ring cleavage. The continuous
passage of electrons however regenerates Ni’bpy for the
catalytic cycle. A charge of 1.1 to 2.0 F mol™! was
passed, until complete consumption of the substrate.
The B-OH-esters 2a/b are obtained at the end, after acid
hydrolysis during work-up. We believe that the ratio of
B-OH-ester to B-OH-nitrile products (2:3) for a given
isoxazoline is related to the solvent and the stability of
the hydroxy-azomethine intermediate in the reaction
medium. This may explain why the best results were
obtained when 1 equiv. of Ni’bpy was used as reduc-
tant (entries 4 and 6). In this case the stabilized nickel-
oxyazomethine chelate is not deprived of nickel
entering back into the catalytic cycle. Some reactions
were carried out in acetonitrile (entry 8) and the yield
of B-OH-ester was the same as in DMF. Iron was also
tested as a sacrificial anode (entry 9). In this case the
reaction did not go to completion, stopping at about
25% consumption of starting material and giving a
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Scheme 2. Electrocatalytic reductive N-O bond cleavage of
isoxazolines using Ni’bpy as catalyst.
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lower proportion of B-OH-ester. Probably iron forms a
stable complex with the isoxazoline impeaching the
Ni’bpy catalytic effect.

A complete mechanistic study and determination of
ideal reaction parameters for this reaction is under way.

3-Methoxy-5-phenylisoxazoline (1a):* 'H NMR (300
MHz, CDCl,): 6 7.23-7.32 (m, 5H), 5.54 (dd, J=10.9
Hz, 1H), 3.88 (s, 3H), 3.24 (dd, /=16.10 Hz, 1H), 2.91
(dd, J=16.9 Hz, 1H). MS: m/e 177 (39), 132 (100), 105
(36), 77 (30).

3-Methoxy-[4,5]cyclohexylisoxazoline (1b):* 'H NMR
(300 MHz, CDCL,): & 4.54 (dt, J=11, 9 Hz, 1H), 3.86
(s, 3H), 2.87 (dt, J=11.9 Hz, 1H), 1.9-1.2 (m, 8H). MS:
m/e 155 (6), 124 (10), 69 (68), 43 (100).

3-Bromo-5-phenylisoxazoline (1¢):* '"H NMR (300 MHz,
CDCl,): 6 7.36-7.46 (m, 5H), 5.7 (dd, J=11, 9 Hz, 1H),
3.66 (dd, J=17, 11 Hz, 1H), 3.25 (dd, J=17, 9 Hz,
1H). MS: m/e 225/227 (58), 128 (39), 115 (32), 105
(100).

Methyl 3-phenyl-3-hydroxypropanoate (2a):'” oil, 'H
NMR (300 MHz, CDCL,): 6 7.24-7.18 (m, 5H), 4.98
(dd, J=4, 9 Hz, 1H), 3.69 (s, 1H), 3.50 (s, 3H), 2.56
(ddd, J=4, 9, 16 Hz, 2H). MS: m/e 180 (27), 163 (28),
120 (25), 107 (100), 79 (85), 77 (61).

Methyl hexahydrosalicylate (2b):'® oil, 'H NMR (300
MHz, CDCl,): 6 4.18 (dt, J=11 Hz, 1H), 3.68 (s, 3H),
2.52 (dt, J=11 Hz, 1H), 1.9-1.2 (m, 8H). MS: m/e 158
(1), 127 (7), 130 (30), 87 (100), 81 (31), 55 (36).

3-Phenyl-3-hydroxypropanecarbonitrile (3a):'° oil, 'H
NMR (300 MHz, CDCL,): 6 7.26-7.20 (m, 5H), 4.80 (t,
J=6, 3 Hz, 1H), 3.60 (s, 1H), 2.54 (d, J=6 Hz, 2H).
MS: m /e 148 (16), 130 (6), 118 (9), 107 (68), 79 (100), 51
(34).

2-Cyanocyclohexanol (3b):*° oil, 'H NMR (300 MHz,
CDCL,): 5 4.10 (dt, J=10 Hz, 1H), 2.51 (dt, J=10 Hz,
1H), 1.9-1.2 (m, 8H). MS: m/e 125 (10), 99 (9), 85 (40),
71 (72), 57 (67). 43 (100).
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