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SPECIAL
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On the Virtue of Indium in Reduction Reactions. A Comparison
of Reductions Mediated by Indium and Zinc: Is Indium Metal an

B In/Zn Reduction Catalysts

Effective Catalyst for Zinc Induced Reductions?

Camilla Matassini,'?! Marco Bonanni,’@ Marco Marradi,?! Stefano Cicchi,’® and

Andrea Goti*!!

Abstract: Indium(0)-mediated reductions have been reported
for the transformation of several functional groups (imines,
oximes, nitro groups, isoxazolidines, and conjugated alkenes,
among others), prompted by the opportunity of performing the
reactions in aqueous media and green conditions. We describe
here the comparison of several reactions using indium or the
less expensive zing, carried out in order to evaluate the effective
\advantages brought about indium metal. We found some reac-

tions for which use of In is mandatory and others where Zn
worked equally well or even better. The reduction of hydroxyl-
amines to the corresponding amines was the only reduction for
which use of In provided much better results than Zn and was
also possible to apply an efficient catalytic version with use of
2-5 mol-% In in the presence of stoichiometric Zn. Applicability
of this catalytic reduction to “one-pot” model processes is also
demonstrated.
/

Introduction

During the decades across the turn of the century, the use of
indium metal and indium salts in organic synthesis has been
broadly investigated, both in C—C bond formation (additions to
carbonyl, cross-couplings, aldol reactions, pinacol type cou-
plings, etc)" and organic functional group transformations,
particularly in reduction reactions,’? and the subject has been
reviewed.B! In this context, we have contributed communicat-
ing a convenient and practical method for the reduction of
N,N-disubstituted hydroxylamines to the corresponding amines,
using indium powder in a 2:1 mixture of EtOH and sat. aq.
NH,Cl or aqueous ethanol™ In the subsequent years, the use
of In as reagent for synthetic transformations seemed to have
lost its appeal, as established by the much more limited num-
ber of publications. However, the value of our proposed proce-
dure is testified by its extensive application,'®"! in considera-
tion of the quite unusual transformation achieved, most often
subsequent to nucleophilic additions to nitrones.” This fact is
of particular significance, since the reduction of N,N-disubsti-
tuted hydroxylamines to the corresponding amines can be
carried out with several other reagents able to furnish two elec-
trons in the presence of a source of protons (see semi-reaction
in Scheme 1).”? However, this transformation is often capricious
and most reagents fail to display broad substrate generality.
Additionally, a number of methods are not compatible with the
presence of several functional groups, like unsaturated and acid
sensitive ones in the otherwise simple and reliable reduction
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with Zn/HCl. It is then apparent that our developed In mediated
method under weakly acidic or neutral conditions is convenient
and more general and chemoselective than other options.

R. .R R. .R

N+ 2¢ + 2H" —» N

OH H

+ H20

Scheme 1. Semi-reaction for the reduction of hydroxylamines to amines.

A main reason for the diminished general interest in the use
of In metal is certainly its much higher cost with respect to
other reducing metals, such as Zn, Al, Sn,!®! which are possibly
usable for achieving similar transformations. Concerning reduc-
tion reactions, in principle some of such metals should be even
more powerful than In on the basis of their more negative stan-
dard reduction potentials.”!

The good performance of In in reductions has been related
to its first ionization potential of 5.79 eV, lower than that of the
above mentioned metals: Al, 5.98 eV; Sn, 7.332 eV; Zn, 9.39 eV.”!

In our communication on the reduction of hydroxylamines,™
we selected N,N-dibenzylhydroxylamine as the model substrate
and demonstrated that the reduction to the corresponding
amine occurred in quantitative conversion and yield by using
stoichiometric In (Table 1, entry 1). We also reported the cata-
lytic version of this procedure on N,N-dibenzylhydroxylamine
(Table 1, entries 2-6). The process consisted in using In as the
catalyst (2-10 % mol equiv.) in the presence of stoichiometric
amounts of a cheaper reducing metal. It was shown that Sn
performed poorly (Table 1, entry 2), while Zn and Al were com-
pletely and equally efficient (Table 1, entries 3-6) and Zn was
selected as the metal of choice in force of a more practical
work-up of the reaction mixture. Interestingly, this reaction
did not proceed at a preparative extent with the screened met-
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als (Sn, Al, and Zn; Table 1, entries 7-9) in the absence of In. The
catalytic version allows to get rid of the shortcoming related to
the cost of In metal; its reliability was also proven in several
applications reported since then.!"®'" However, a rigorous and
extended comparison of the results of the In stoichiometric vs.

Table 1. In-catalyzed reduction of N,N-dibenzylhydroxylamine in EtOH/sat. aq
NH,CI (2:1), reflux.

Ph/\NAPh In (1.25 eq.) Ph/\lﬂ/\Ph
ar
?H cat In (2-10%) / Al or Sn or Zn ;'

Entry M In t Conv. Yield

(mol equiv.)  (mol-%) (h) (%) (%)®!
1 In (1.25) / 35 100 100
2 Sn (2.0) 5 8.5 49 44
3 Al (2.0) 5 5 100 100
4 Zn (2.5) 10 45 100 100
5 Zn (2.0) 5 5 100 100
6 Zn (2.0) 2 55 100 100
7 Al (2.0) / 8 16 nd
8 Sn (2.0) / 8.5 25 nd
9 Zn (2.5) / 6 24 nd

[a] Based on the integration of 'TH NMR spectra of the crude reaction mix-
tures. [b] Isolated yields of crude product (> 98 % purity). nd = not deter-
mined.
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the In catalytic reduction of hydroxylamines has not been car-
ried out.

In this paper we report our results of such a comparison, in
order to fully validate our catalytic procedure.

Moreover, of all the reductive transformations reported utiliz-
ing In metal,’>3 only the reduction of the C=0 bond of an
aryl ketone to methylene (utilizing however Me,SiCIH as the
stoichiometric reductant)?™ and a single example of the reduc-
tion of a nitroarene to the corresponding aniline!’ have been
accomplished employing a catalytic procedure. A generalized
study of the applicability of catalyzed versions of the large vari-
ety of In metal mediated reductions is lacking. Additionally, the
effective value of using In with respect to more common reduc-
ing metals has not been assessed for most of the reductive
methods reported employing indium. With this paper we also
aim to furnish some hints on the real virtue of indium in this
field, reporting single examples for several different reductions
comparing the stoichiometric and catalytic use of In and the
value of indium vs. zinc metal.

Results and Discussion

In order to validate the use of catalytic In and prove the scope
of the reaction, we used a variety of acyclic and cyclic, including

Table 2. Reduction of hydroxylamines 3-7: Comparison of the stoichiometric and catalytic use of In. All reactions were performed in EtOH/sat. ag NH,CI (2:1),

reflux.
Entry Substrate Stoichiometric cat. In Product t(h) Conv Yield
Metal (mol eq.) (%) (%)l (%))
Ph.__Ph Ph._ _Ph
1 \T/ In (1.25) - \l/ 4 100 100
N. N.
2 < "OH Zn (2.0) 5 <" "H 10 100 98/
3 8
Ph Ph X
3 \[/\ In (1.8) - \l/\ 5 100 94
N. _N.
4 <" ""OH Zn (2.0) 2 H 105 100 83
4 9
5 In (2.0) - 8 100 o4
6 @Qq Zn (2.0) 5 NH 7 100 74
“OH 10
7 5 Zn(2.0) 2 8 100 74
O 0 Qo ©°
8 Z_S In (2.2) - Z_S 10 100 58
9 I}I Zn(2.0) 2 I\II 4 100 83
OH H
6 11
OMOM OMOM
10 / \ In (2.0) - / \ 55 100 51
11 N Zn(2.0) 2 N 7 52 35
1 I
OH H
7 12

[a] Based on the integration of '"H NMR spectra of the crude reaction mixtures. [b] Isolated after FCC, unless otherwise noted. [c] Yield of crude product

(> 98 % purity).
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chiral, N,N-disubstituted hydroxylamines 3-7, that had resulted
successful in the reduction by stoichiometric In.¥ The reactions
were carried out at reflux in EtOH/sat. aqg NH,Cl (2:1) with
2 equiv. Zn as the stoichiometric reductant in the presence of
catalytic amounts (2-5 mol-%) of In. The results are reported in
Table 2 and show that all hydroxylamines 3-7 subjected to the
In-catalyzed procedure afforded the corresponding amines 8-
12 in good to excellent yields. The results can be compared
with those previously obtained with the In-stoichiometric pro-
cedure, which are also reported in Table 2, in the first line for
each substrate.

In general, the catalyzed reactions proceed with quantitative
conversions, except for hydroxylamine 7 (entry 11), but require
an increase of reaction time with respect to the In stoichiomet-
ric reduction, and give slightly lower or comparable yields of
the corresponding amines. A remarkable exception is repre-
sented by hydroxylamine 6 (entry 9), for which catalytic use of
In allowed to both shorten the reaction time and improve the
yield in amine 11. Increasing the amount of catalytic In from
2% to 5% in the reduction of hydroxylamine 5 (entry 6) did
not result in any advantage, shortening only marginally the re-
action time but not affording a better yield of amine 10. In the
case of hydroxylamine 7, complete conversion to the corre-
sponding amine 12 was not achieved, that account for the
moderate reaction yield (entry 11); however, on the converted
material a considerable better yield was afforded than from the
use of stoichiometric indium.

These results are already suggestive of somewhat erratic
behavior of this reduction and a strong dependence on the
substrate structure, like experienced by using other methods
for reduction of hydroxylamines. Furthermore, during our stud-
ies in the field, we have encountered a few hydroxylamines,
structurally more complex and sterically hindered, containing
unsaturations and free hydroxy groups,!'3! which failed to react
at all with In, either under the above experimental conditions
or refluxing in ACOH/THF. For example, the use of stoichiometric
In with hydroxylamines 13 and 14 (Table 3, entries 1, 2, 4 and
5) was unable to afford the desired amines and the substrates
were recovered unaltered.

Table 3. Reduction of hydroxylamines 13-14: Comparison of procedures em-
ploying stoichiometric In and stoichiometric Zn.
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Surprisingly, the desired transformations were successfully
achieved in relatively short times (2-3 hours) at room tempera-
ture by using Zn, albeit in more acidic conditions (90 % AcOH
as solvent, entries 3 and 6). However, the same conditions were
inefficient to reduce hydroxylamines closely related to 14, bear-
ing two vinyl or ethynyl substituents instead of the two allyl
groups. On some occasions, preliminary O-acetylation was
beneficial for the success of N-O bond reductive cleavage with
zinc'4

We assume that the efficiency of the In-mediated catalytic
reduction method, in comparison with other expectedly more
reducing metals on the basis of their reduction potentials
(Scheme 2), is due to a rapid initial reduction of the hydroxyl-
amine to amine by In, according to its unusually high first
jonization potential. Subsequently, In® is regenerated from In'
(or In") species by a stoichiometric reductant possessing a
higher standard reduction potential (in absolute value), such as
zinc or aluminium (Scheme 2).!

ARt —= Al E0=-1.662V
Zn?* —= Zn E®=-0.763V
Sn?*— Sn E’=-0.136V
Ind — I E0=.0.338V
nt N E0 = -0.147 V
R. .R ..R
N van N4 Hy0
OH H
2In(0) 2In(1) (and/or In(lll))
Zn(ll) Zn(0)

Scheme 2. Standard reduction potentials of selected metals and proposed
cycle for the In-mediated catalytic reduction of hydroxylamines to amines
with Zn.

This is in agreement with the worse results obtained by us-
ing Sn as the stoichiometric reducing agent (Table 1).

If the catalytic cycle hypothesized in Scheme 2 is operative,
it is expected that In salts would perform equally well as In
metal. We thus chose InCls;, one of the cheapest commercially
available In salts, to verify this assumption. The model substrate
N,N-dibenzylhydroxylamine (1) was then reacted with a
stoichiometric reductant in the presence of catalytic InCls
(Table 4). We were delighted to find that InCl; allowed the for-
mation of N,N-dibenzylamine (2) with complete conversion and

Entry Substrate Conditions t(h) Yield (%) o . A o
In (2.25 60 quantitative yield similarly (or even faster) to In metal, thus indi-
n(2.25 eq.
1 NH,CI/EtOH, reflux 4 0
In (2 eq.) Table 4. Use of catalytic InCls in the reduction of N,N-dibenzylhydroxylamine
2 ACOH/THF, reflux 2 0 with Al or Zn.
3 Zn(5eq.) 3 8glal PN InCl; (1 or 5 mol%) PN
90% ACOH, r.t. Ph™ "N" "Ph "7 7 ) Ph™ "N” "Ph
OH Alor Zn (2 eq. H
. \> In (2.25 eq.) 6 0 1 (2eq) 2
| OH NH.CI/EtOH, reflux
HO " N Entry Metal InCl; (mol-%) ¢t (h) Conv (%)@ Yield (%)™
5 U }”Ph In(2eq.) 4 0
s = 3% ACcOH/THF, reflux 1 Al 5 4 100 100
0.0 > 2 Zn 5 35 100 100
x Zn(5eq.) 5 650 3 Zn 1 7 100 100
14 90% AcOH, r.t.
[a] Based on the integration of "H NMR spectra of the crude reaction mix-
[a] Isolated after FCC. tures. [b] Yield of crude product (> 98 % purity).
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cating that In" is reduced in situ to In° The slightly shorter
reaction times observed with respect to the use of catalytic In
(Table 4, entries 1 and 2 vs. Table 1 entries 3 and 5), may be
ascribed to the in situ formation of In in a more reactive form
than commercial indium metal which may experience passiva-
tion.

In the preliminary communication we also disclosed the suc-
cessful application of the stoichiometric In reductive method to
two “one-pot” procedures, where hydroxylamines (or their
metal salts) are formed as intermediates in the first step and
subsequently reduced to the corresponding amines. We have
now ascertained that the same processes can be achieved with
the use of catalytic In in combination with stoichiometric Zn
(Scheme 3).

A ) ]
MgBr Ph. _Ph| In(1.2eq) pn_ _ph
h 4h,79% he
N or .N
N | T o -
@ | BrMgO Jzn(3eq), 5% In "
= 16 6 h, 82% 8
le THF,0°C
o - -
Ph In(1.75eq.) ph
15— YN tehsen YN
MgBr N - = N
BrMgO™ > or AN
[°rvg 17 41Zn(4eq.), 7% In 9
11 h, 95%
B
NH,OH HCI (1 eq.) | EtoOC COOEt
A coEt —— T 7Y R
rt,15h
19
In (2.25 eq.)
EtOOC._~. -~ COOEt 8h, 67%
| or
H Zn(2.0eq.), 2% In
20 6 h, 42%

Scheme 3. One-pot reactions involving reduction in refluxing sat. NH,CI/EtOH
by means of stoichiometric In (above the arrows) or cat. In/Zn (below the
arrows) of intermediate hydroxylamines deriving from: A, nucleophilic addi-
tion of Grignard reagents to nitrone 15; B, conjugate addition of hydroxyl-
amine to ethyl acrylate (18).

We firstly addressed the reduction of magnesium aminoxide
salts formed in situ by nucleophilic addition of Grignard rea-
gents to C-phenyl-N-methylnitrone (15). Both intermediates 16
and 17, formed by addition of phenylmagnesium bromide and
vinylmagnesium bromide, respectively, gave excellent results in
the In-catalyzed procedure, affording the desired amines 8 and
9 in 82 % and 95 % respective overall yield, even superior to
those previously obtained with the stoichiometric In reduction
(Scheme 3A).

Conversely, the In-catalyzed reduction of intermediate 19
formed in situ by double conjugate addition of hydroxylamine
to ethyl acrylate (18) performed poorly, affording the final
amino diester 20 in 42 % yield, vs. a 67 % yield obtained with
the In stoichiometric procedure (Scheme 3B). However, it is sig-
nificant that also this one-pot transformation can be afforded
by the use of In in catalytic amounts.
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In conclusion, we have demonstrated (also supported by
other examples already reported in the literature)'® that the
cat. In/Zn procedure for the interconversion of N,N-disubsti-
tuted hydroxylamines to the corresponding amines enjoys
broad scope and can be reliably considered as the method of
choice for this operation. The main pros for using this method
are its mildness, inertness to water and acidic conditions, com-
patibility with most functional groups, and chemoselectivity.
The additional advantage of using the In catalytic version rests
in its economy.

Based on the above results in the reduction of hydroxyl-
amines, we argued if the plethora of reductive transformations
reported with the use of stoichiometric In?! would be equally
performed employing a catalytic amount of In in combination
with a reducing metal like Zn as the stoichiometric reagent. We
also wondered if the use of indium metal was actually advanta-
geous with respect to zinc for achieving such reductions.

In order to answer such questions, we selected a single rep-
resentative example for each one of several different functional
groups which have been reported to be successfully reduced
by the use of stoichiometric In. Compounds 15 and 21-29 were
then subjected to reduction with cat. In/Zn and with Zn without
any In added under the same reaction conditions reported for
the reactions with stoichiometric In. The results are summarized
in Table 5 and compared with those reported for the reduction
with stoichiometric In, when available.

It was reported that propargyl ethers, amines and esters are
reduced efficiently to the corresponding allyl derivatives with
In,21 as illustrated by alkynes 21-23 (entries 1, 5, 9). Com-
pounds 21-23 were subjected to the reduction with Zn (entries
2, 6, 10) and with 5 % In/Zn (entries 3, 7, 11). The simple prop-
argyl derivatives 21 and 22 did not undergo any reaction with
these reagents, apart from a poor conversion achieved for the
amine 22 when using the catalytic In procedure (entry 7). With
this procedure, the propargyl ester 23 performed slightly better
(entry 11), although failing to tie the results with stoichiometric
indium (entry 9). With compounds 21-23, replacement of in-
dium metal with InCl; in the In-catalyzed procedure was also
attempted (entries 4, 8, 12). This resulted in higher conversions,
albeit incomplete after long reaction times, but allyl derivatives
30-32 were isolated only in moderate yields (21-40 %). These
experiments demonstrate an effective superiority of the stoichi-
ometric indium method for the reduction of propargyl O- and
N-derivatives compared to the indium catalytic procedure,
while zinc is completely unable to afford this transformation.
The difference in reactivity of In and Zn in these reactions is
likely to be ascribed to the different mechanisms implied, with
In being able to transfer a single electron to the mt* orbital in a
Birch-type reaction.

We then turned our attention to nitro aromatics, which were
reported to undergo reduction to the corresponding arylamines
by treatment with In powder in refluxing EtOH/aq. NH,CL.1231 It
was also reported that, on prolonged heating, p-nitrobenzyl
ethers and esters, after reduction to amine, undergo O-C benzyl
reductive cleavage and liberate the corresponding alcohol, thus
representing a mild and practical method for deprotection of
alcohols and carboxylic acids protected as p-nitrobenzyl deriva-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 5. Reduction of diversely functionalized substrates 15 and 21-29: Comparison of procedures involving stoichiometric In, Zn, catalytic In (or InCls) in
combination with Zn. Reaction conditions: EtOH/sat. aq NH,CI (2:1), reflux, unless otherwise noted.

Entry Substrate M(moleq)  In(mol%) Product t(hy  Conv(%) Yield (%)
1 - In (1.5)21 - 40 nd 90
2 N Zn(2.0) - O/ O 72 0 0
3 Zn (2.0) 5 72 0 0

210l 30

4 Zn (2.0) 50 72 73 21

5 H / In (1.5)21 - H 40 nd 90

6 Zn (2.0) - ©, N NP 120 0 0

7 Zn(2.0) 5 120 15 12

220l 31
8 Zn(2.0) 5t 72 42 a7
21 -

9 o. .0 4 In (1.5)¢ o) o\r\ 50 82 54
10 Zn(2.0) - 96 0 0
11 Zn (2.0) 5 96 81 41

32
12 23 Zn(2.0) 5t 96 67 40
Me Me
13 2Zn (4.0) - 4 100 81
14 Zn (4.0) 2 4 100 82
NOZ N HZ
24 33
e} OH
15 NO, In (8.7)2 - >16 nd 81
16 Zn(5.0) - 3 100 100
17 OMe Zn(5.0) 5 OMe 3 100 100
25 34
18 MeQ. 2 NO, In (2.9)! - MeO =N, 3 / 73
OH
19 MeO Zn(2.0) - 3 100 12
€ M
20 26 Zn (2.0) 5 e0 35 3 100 12
21 O In (4.4)21 - 0 >16 nd 100
22 x Zn (2.0) - 1 100 26
23 Zn (2.0) 5 1 100 28
27 36
24 Zn(2.0) 5 96 100 30
25 =\, _ In (2-3) - — 2-3 nd 88
26 N\ /Nfo Zn(2.0) - Q—@N 15 100 81
27 28 Zn (2.0) 5 37 15 100 82
28 In (2.0) - Q 6 100 0
29 [l+ Zn (2.0) - HIN 15 100 72
- N
30 o Zn (2.0) 5 ™~ 20 100 78
15 38
Ph 10 Ph Ph
31 In (3.2) - 8 65 63
32 /I\?}Ph Zn (2.0) - /m 4 100 97
33 29 Zn (2.0) 2 39 4 100 100

[a] EtOH/H,0 (1:1), reflux. [b] InCl; was used instead of In. nd=not determined

tives.l?d We selected compounds 24 and 25 as representative
examples of aromatic nitro derivatives and p-nitrobenzyl ethers,
respectively. It has been reported that the reduction of a few
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hands p-nitrotoluene (24) afforded p-toluidine (33) in 82 %
yield using 2 % In/Zn (entry 14), but with no practical improve-
ment compared to the use of Zn alone (entry 13). The same
evidence derived from the deprotection of p-nitrobenzyl ether
25, which yielded p-hydroxyanisole (34) quantitatively either
with Zn (entry 16) or 5% In/Zn (entry 17), and in both cases
with superior results compared to those reported with the use
of a larger excess of indium (entry 15).29 It is then apparent
that for reduction of nitro compounds the use of indium is
unnecessary since equally satisfying results are attained with
much cheaper zinc. This inference might be limited to aromatic
nitro derivatives. Indeed, the B-nitrostyrene 26, which furnished
the oxime 35 (stable tautomer of the alkenylnitroso intermedi-
ate) in 73 % yield with stoichiometric In (entry 18),2°! was con-
verted completely also applying both Zn (entry 19) and cat.
In/Zn (entry 20) procedures but the expected oxime 35 was
recovered only in poor yield. The same propensity was ob-
served in the reduction of C-C double bond of 4-phenyl-3-
buten-2-one (27), where Zn (entry 22) and cat. In/Zn (entries
23-24) led to complete conversion but scarce recovery of
the product, while the use of stoichiometric indium in THF/
CH;COOH was reported to perform excellently (entry 21).[23

The use of stoichiometric indium has allowed N-deoxygen-
ation of N-oxide species, including tertiary amine N-oxides,?"
pyridine N-oxides,?"2s] and nitrones.?s] We have tested Zn and
cat. In/Zn for such transformations using 4-phenylpyridine N-
oxide (28) and C-phenyl,N-methyl nitrone (15) as model sub-
strates. With both procedures (entries 26 and 27), 28 furnished
4-phenylpyridine (37) essentially with the same efficiency as
that reported for indium (entry 25),12! thus suggesting that in
the deoxygenation of pyridine N-oxides the use of indium is
superfluous. Also the reduction of nitrone 15 gave similar re-
sults by using only Zn (entry 29) or 5 % In/Zn (entry 30), with
only a slight improvement in isolated yield in the latter case. To
our surprise, the product recovered from both reactions was
not the imine as reported for the reduction with stoichiometric
indium, but the amine 38. This suggests that Zn favours the
reduction of nitrone to hydroxylamine, which is further reduced
to the amine, rather than to imine. Nitrones were also reported
to afford amines when forcing the conditions under prolonged
heating with indium, but after a pinacol type reductive cou-
pling of the imine had occurred, giving therefore vicinal di-
amines.'>”! However, all the substrates used in this study were
C,N-diaryl nitrones.”s! Therefore, we subjected C-phenyl,N-
methyl nitrone (15) to the described procedure using a stoichi-
ometric amount of indium powder. In our hands, nitrone 15
reacted completely over 6 h but gave a complex mixture of
products, among which the presence of imine was evidenced
from the "H NMR of the crude. These results indicate that:
i. reduction of nitrones with In is substrate dependent; ii. zinc
leads to the corresponding amines; iii. addition of catalytic in-
dium is not (or only marginally) influent. The direct reduction
of nitrone to the corresponding amine with Zn metal, unprece-
dented to the best of our knowledge, is particularly noteworthy,
occurring under mild and sustainable conditions which are
compatible with the presence of many functional groups. This
conversion is usually carried out by hydrogenolysis under high
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pressure,['>! while most common reducing agents like hydrides
convert nitrones to the corresponding hydroxylamines.®!

Finally, the isoxazolidine 29, which we have previously re-
ported to undergo N-O bond reductive cleavage to the 1,3-
amino alcohol 39 in 8 hours and 63 % yield (but a moderate
65 % conversion) with stoichiometric In (entry 31)# was
treated with Zn and 2 % In/Zn (entries 32 and 33). Both proce-
dures worked satisfactorily, affording the desired amino alcohol
39 quantitatively in significantly reduced reaction time. The re-
sult with Zn was quite expectable, since treatment with Zn in
acetic acid is one of the preferred methods for reductive ring-
opening of isoxazolidines."® We have found that addition of a
catalytic amount of In gives no substantial advantage and that
reduction of isoxazolidines with zinc is definitely superior to the
use of indium.

Conclusions

In this work we aimed to investigate the real value of indium(0)
compared to a cheaper metal such as zinc for a number of
reductive transformations. Our findings show that no general
hint can be inferred and evaluation needs to be devised case
by case for each functional group conversion.

In some cases (reduction of nitroaromatics, pyridine N-ox-
ides) Zn was found to perform equally well as In or even better
(for isoxazolidines) or gave a different product (from nitrones).
Conversely, for other transformations (reduction of N- and O-
propargyl derivatives, o,f-unsaturated ketones and nitro com-
pounds) use of indium powder was mandatory. In these cases,
the catalytic In/Zn procedure did not prove as effective as the
use of stoichiometric indium.

The scope of the reduction of N,N-disubstituted hydroxyl-
amines to amines with Zn under In catalysis earlier communi-
cated by us has been demonstrated. This resulted a unique case
of a reduction where both: i. use of indium is advantageous
over zing, and ii. the performance of the catalytic indium (with
zinc) procedure compares well with the stoichiometric indium
one. Due to its mildness and economy, and the additional bene-
fits of compatibility with water, air, and chemoselectivity, this is
emerging as the method of choice for reducing a hydroxyl-
amine to the corresponding amine.

Experimental Section

A. General Procedure for the Reduction of Hydroxylamines with
Catalytic In or InCl; with Stoichiometric Zn: The hydroxylamine
(0.5 mmol) is dissolved into a 2:1 solution of EtOH and sat. aq. NH,Cl
(3 mL) in a 10 mL round bottomed flask equipped with a Claisen
condenser and a magnetic stirring bar. The appropriate amount of
In powder (2-5 %mol, see Tables) or InCl; (1-5 %mol, see Tables)
and Zn (2 mmol) are added and the mixture is heated under reflux.
After completion of the reaction (TLC control), the mixture is cooled,
filtered through Celite and concentrated. Then, a sat. Na,COj3 solu-
tion (10 mL) is added and the product is extracted with ethyl acet-
ate (3 x 10 mL). The organic phase is dried with anhydrous Na,SO,,
then filtered and concentrated to afford the desired amine. When
necessary, the amine has been purified by flash column chromatog-
raphy.
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B. General Procedure for the Reduction of Hydroxylamines with
Zn in AcOH: The hydroxylamine (0.1 mmol) is dissolved into a 90 %
solution of acetic acid in a 10 mL round bottomed flask, Zn
(0.5 mmol) is added and the mixture is stirred at room temperature.
After completion of the reaction (TLC control), the mixture is con-
centrated. Then, a sat. Na,COj3 solution (10 mL) is added and the
product is extracted with ethyl acetate (3 x 10 mL). The organic
phase is dried with anhydrous Na,SO,, then filtered and concen-
trated to afford the desired amine. When necessary, the amine has
been purified by flash column chromatography.

C. One-Pot Grignard Additions-Reductions to Nitrone 15: C-
Phenyl-N-methylnitrone 15 (0.5 mmol) is dissolved in dried THF
(2 mL) into a 25 mL round bottomed flask equipped with a mag-
netic stirring bar. The solution is cooled in an ice bath, the appropri-
ate Grignard reagent (0.55 mmol) is then added dropwise and the
mixture is stirred at room temperature. After 10-15 hours a 2:1
solution of EtOH and sat. ag. NH,Cl (3 mL) Zn (1.5-2.0 mmol) and
In powder (5-7 %mol) are added; this mixture is heated under re-
flux. After completion of the reaction (TLC control), the mixture is
cooled, filtered through Celite and concentrated. Then, a sat.
Na,COs solution (15 mL) is added and the product is extracted with
ethyl acetate (3 x 15 mL). The organic phase is dried with anhy-
drous Na,SO,, then filtered and concentrated to afford the desired
amine 8 or 9.

D. One-Pot Conjugated Addition-Reduction of Hydroxylamine
to Ethyl Acrylate: Ethyl acrylate 18 (4.6 mmol) is dissolved in EtOH
(10 mL) into a 25 mL round bottomed flask equipped with a mag-
netic stirring bar. A 30 % NHj; solution (0.5 mL) and hydroxylamine
hydrochloride (1.48 mmol) are added. The mixture is stirred over-
night at room temperature. A sat. NH4Cl solution (5 mL) Zn
(3.0 mmol) and In powder (2 %mol) are added; the mixture is
heated under reflux. After 8 h, the mixture is cooled, filtered
through Celite and concentrated. A sat. Na,COj3 solution (15 mL) is
added and the product is extracted with ethyl acetate (3 x 15 mL).
The organic phase is dried with anhydrous Na,SO,, then filtered
and concentrated to afford the desired amine 20.

E. General Procedure for the Reduction of Substrates other
than Hydroxylamines with Stoichiometric Zn in the presence of
catalytic In or Stoichiometric Zn alone: General procedure A was
applied to substrates 15, 21-29 (Table 5) to afford the correspond-
ing final products 30-39. In addition, an alternative version with Zn
in the absence of catalyst, was also applied to the whole set of
substrates (general procedure E-bis, see the Supporting Informa-
tion).

All compounds reported in this work are known compounds, with
the exception of product 41. The spectroscopic data for all known
products 2, 8-12, 20, 30-39 and 40 are in agreement with those
reported in the literature (see Supporting Information).
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