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ABSTRACT: The formation of nitrones by direct condensa-
tion between equimolecular amounts of N-substituted
hydroxylamine hydrochlorides and aromatic or aliphatic
aldehydes is efficiently promoted by pyrrolidine in a matter
of minutes under very mild conditions in almost quantitative
yields after a simple filtration through a short pad of silica gel.
According to theoretical, spectroscopic, and experimental
studies, this success is due to the ability of pyrrolidine to
liberate the hydrochloride of the hydroxylamine and catalyze
the reaction via iminium activation ion. Moreover, a
cooperative pyrrolidine/pyrrolidinium chloride effect facilitates

Cooperative Pyrrolidine/Pyrrolidinium catalysis
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several steps of the catalytic cycle through proton transfer without hampering the nucleophilicity of the hydroxylamine by

protonation.
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B INTRODUCTION

Nitrones are very useful and versatile intermediates in organic
synthesis," especially in the field of 1,3-dipolar reactions.”
Moreover, they have shown interesting free-radical-trapping
properties that reduce damage in a variety of biological
systems,” being therefore attractive as therapeutic agents.”

The two typical procedures'™ to prepare nitrones involve
oxidation reactions (of secondary hydroxylamines,® amines,”
and even imines®) or condensation of aldehydes with N-
monosubstituted hydroxylamines.”*>’ The former methods
require metal-catalytic systems, which usually present environ-
mental problems,10 as well as a careful control of the reaction
conditions, which may cause selectivity problems in non-
symmetric substrates. Due to the scarce stability of the free
hydroxylamines, the condensation strategies generally start
from the corresponding hydrochloride salts, and the conditions
usually involve previous base-mediated liberation of the
hydrochloride or the in situ formation of the corresponding
hydroxylamine. Moreover, excess of reagents (aldehyde or
hydroxylamine) and dehydrating agents are usually employed,
thus imposing additional purification steps. Furthermore,
relatively long reaction times (usually at high temperatures)
or the use of techniques like MW'' are commonly required. As
the yields provided by all these procedures are usually high, the
search for new methods must be focused on improving aspects
like efficiency, wide scope, environmental features, and
experimental simplicity.

According to the literature,'> the condensation of aldehydes
and hydroxylamines takes place in two steps (route a, Scheme
1): the attack of the R—NH—OH nucleophile to the carbonyl
group to form the hemiaminal intermediate I, and the
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Scheme 1. Influence of Pyrrolidine on the Two Steps
Involved in the Formation of the C==N Bonds of Nitrones
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elimination of water from I to form the C=N bond. Assuming
that nucleophilicity of the nitrogen at N-hydroxylamines is
increased by the presence of OH group,'” a fast first step is
anticipated, which determines that, in the absence of acid
catalysts, the limiting step is the second one, because of the
poor ability of the "OH as leaving group. Thus, the presence of
an acid that protonates the "OH group in some extension
would catalyze its elimination as H,O. However, these catalysts
can protonate the hydroxylamine, decreasing the rate of the first
step, which could become the limiting one. As a result of these
opposite tendencies, it is usually assumed that the rate-
determining step at neutral and weakly acidic pH is the
elimination of the "OH group, whereas at more acidic pH
values, it is the formation of the hemiaminal I'* (route g,
Scheme 1). Consequently, the magnitude of the catalytic effect
of the acids is rather moderate, and it is restricted to a narrow
pH interval. In order to eliminate this situation, which is
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common in most of the C=N bond formation processes, it
would be of great interest to find new catalytic systems able to
simultaneously accelerate both steps.

Recently, we have developed an efficient aminocatalytic
condensation of aldehydes with different N-nucleophiles for the
synthesis of a variety of C=N—-R’ comfounds via iminium
activation using pyrrolidine as catalyst.'* This methodology
provided high yields of different types of aldimines under mild
conditions, in the absence of acids and metals. From these
results, it could be expected that pyrrolidine would accelerate
the first step in the synthesis of nitrones by forming an iminium
ion IT (much more reactive than the corresponding aldehyde'”)
easily transformed into the aminal IIT (first step at route b,
Scheme 1). Moreover, its catalytic effect would be more
remarkable if it had some role in making easier the second step
in the absence of acids. We hypothesized that the higher
basicity of the nitrogen at III, with respect to the oxygen at I,
would facilitate the proton transfer under nonacidic conditions,
determining that elimination of pyrrolidine from III would
become easier than that of H,O from I In such a case,
pyrrolidine could be an ideal catalyst facilitating both steps,
being conceivable the synthesis of nitrones under very mild
conditions.

In this paper, we describe the catalytic role of pyrrolidine in
the synthesis of nitrones by direct condensation of aldehydes
and N-substituted hydroxylamines. Additionally, we have found
that this catalytic effect can be substantially increased by the
presence of pyrrolidinium jon, generated from pyrrolidine when
commercially available hydroxylamine hydrochlorides are used
as starting materials. This new cooperative pyrrolidine/
pyrrolinium system provides a very efficient and simple method
for the synthesis of nitrones, which can be applied in several
solvents and exhibits clear environmental and practical
advantages with respect to any other one so far reported in
the literature.

B RESULTS AND DISCUSSION

We first performed theoretical calculations in order to support
our assumption about the positive influence of the pyrrolidine
on the second step of the mechanism indicated in Scheme 1
(route b). In this sense, we studied the elimination of water and
pyrrolidine (from I and III respectively) by DFT calculations,'®
using as model reaction the formation of the N-methyl-
substituted nitrone derived from benzaldehyde in MeOH as
solvent (Figure 1).

According to the free energy profile, the activation barrier for
the elimination of water from the corresponding hemiaminal I
(route a, Scheme 1) was 7.4 kcal'‘mol™" higher than the one
required for the elimination of pyrrolidine from aminal IIT
(route b, Scheme 1). Similar results were observed in CH,Cl,
(values in parentheses). The intramolecular proton transfer
from the OH of N-methylhydroxylamine to the leaving group
of I and III provided us reasonable free energy barriers in both
cases. However, the partici]}_;ation of other molecules as proton
relay cannot be ruled out.

A detailed analysis of the structure of both transition states
points out that the accelerating effect of pyrrolidine could be
related to its basicity (Figure 2). TSI shows that the cleavage of
the C—O(2) bond is highly developed (2.17 A) when the
proton transfer is yet clearly lower than 50% (dy_oq) <
dy_o(2)), suggesting that the “OH (and not the OH,) might be
mainly acting as leaving group. This would explain the high
value calculated for the activation barrier (30.4 kcal-mol™). By
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Figure 1. Reaction pathways and energies in kcal'mol™ at 298 K
comparing nitrone formation from hemiaminal I and aminal III in
MeOH (CPCMg,jyenWwB97xd/tzvp). Activation barriers in CH,Cl, are

indicated in parentheses.
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Figure 2. Optimized geometries of transition states TSI and TSIII
(distances in A).

contrast, the geometry of TSIII shows that the proton is almost
completely transferred (dy_o(1) 3> dy_o(2)) when the cleavage
degree of the C—N is moderated yet (dc_y() = 1.87 A), thus
indicating the leaving group might be now the protonated
nitrogen. As pyrrolidine is a better leaving group than the "OH,
the activation barrier is clearly lower (23 kcal'mol™), and
therefore, the reaction must be faster, presumably.

With this promising perspective and in order to check the
validity of these predictions, we first studied the influence of
pyrrolidine on the condensation of p-chlorobenzaldehyde 1a (a
nonvolatile aldehyde) with N-phenyl hydroxylamine 2a, one of
the few hydroxylamines that is commercially available in its free
form (Scheme 2). The addition of pyrrolidine in catalytic

Scheme 2. Synthesis of the Nitrone 3aa
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amount (0.2 equiv) determined the formation of the N-phenyl
nitrone 3aa in 75% of conversion after 15 min in CH,CL."® In
the absence of pyrrolidine, the conversion was lower (22% after
15 min), which demonstrates the ability of pyrrolidine to
catalyze this process.'”
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Despite the theoretical significance of this finding, the
practical interest of the reactions using free hydroxylamines
(like 2a) as starting materials is rather moderated, because they
are scarcely stable and therefore are usually generated in situ
from their hydrochlorides, which are the commercially available
forms of these compounds. Thus, it was necessary to look for
the proper conditions to prepare nitrones from the hydroxyl-
amine hydrochlorides.

We decided to evaluate the ability of pyrrolidine in the
formation of nitrones starting from hydroxylamine hydro-
chlorides by using N-t-butylhydroxylamine hydrochloride 2b-
HCI. Several facts prompted us to focus on the formation of N-
t-butylnitrones. The t-butyl group is the most challenging
substituent due to its low reactivity in direct condensation.” At
the same time, a wide variety of interesting therapeutic
properties have been described for aromatic N-t-butylnitro-

es.''“*! Moreover, it is interesting from a synthetic point of
view because the t-butyl group is potentially removable under
acidic conditions.”

According to the relative pK, values of pyrrolidine (11.2)*’
and N-methylhydroxylamine (5.96),”* we would expect a fast
and complete proton exchange between hydroxylamine hydro-
chlorides 2-HCl and pyrrolidine.”* Thus, we investigated the
formation of t-butyl nitrone 3ab starting from N-t-butylhy-
droxylamine hydrochloride 2b-HCI with different amounts of
pyrrolidine (Table 1).

Table 1. Optimization of the Reaction Conditions To Form
t-Butyl Nitrone 3ab, Starting from 2b-HCI

7 N °‘ﬁJ<

/@) . N/OHHCI Base (equiv) /©)

cl H Solvent, rt, t (h)
1 equiv 1 equiv Cl
1a 2b-HCI 3ab
entry” base (equiv) solvent t (h) conv. (%)

1 - MeOH 16 --€
2 CH,Cl, 16 -
3 - H,0 16 20
4 pyrrolidine (1) MeOH 6.5 100
S pyrrolidine (1) CH,Cl, 3 100
6 pyrrolidine (1) H,0 6 (20) 41 (38)
79 pyrrolidine (1) H,0/MeOH 6 (16) 78 (100)°
8 Et;N (1) MeOH 16 (80) 24 (83)
9 Et;N (1) CH,Cl, 16 0
10 EtN (1) H,0/MeOH 16 41
11 pyrrolidine (1.2) MeOH 3.5 100
12 pyrrolidine (1.2) CH,Cl, 0.33 100
13 pyrrolidine (1.2) H,0/MeOH 6 100
14 pyrrolidine (2.0) CH,Cl, 0.4 93

0.2 mmol scale. “Determined by 'H NMR. “A complete conversion
into hemiacetal was observed. “Conditions employed to scale up the
reaction until 7.9 mmol (16 h, 92%). “The same conversion was
observed after 16 h in EtOH, CH;CN, and EtOAc.

The reaction of equimolecular amounts of 1a and 2b-HCl in
dichloromethane at room temperature did not provide 3ab
after 16 h (entry 2), which was expected because of the absence
of free hydroxylamine 2b, the real nucleophile of this reaction.
The change of solvent to MeOH (entry 1) produced the
complete conversion of the aldehyde into the hemiacetal, but
the signals of the nitrone 3ab did not appear in the "H NMR
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spectrum. Nevertheless, the use of water as solvent allowed the
formation of nitrone 3ab in 20% conversion (entry 3). This fact
could be due to the slight dissociation in water of the
hydrochloride 2b-HC], able to provide a little amount of free
hydroxylamine 2b.

The addition of 1 equiv of pyrrolidine, required for the
complete liberation of the hydroxylamine,” had a significant
influence on the reactivity. The conversion into 3ab was
complete after 6.5 h in MeOH and 3 h in CH,Cl, (entries 4
and S). Looking for solvents with better environmental
features, which would be interesting for large-scale trans-
formations, we first studied reactions in water, but only a
moderate conversion was observed after 6 h, which did not
increase with time (entry 6).'° Fortunately, the use of a 1:1
mixture H,O/MeOH as solvent (entry 7) allowed the complete
conversion after 16 h at room temperature, and the nitrone 3ab
could be isolated in almost quantitative yield (94%). Under
these conditions, the reaction was slower (78% conversion after
6 h, entry 7) than in MeOH or CH,Cl, (entries 4 and S), but it
presented some environmental advantages and it could be
performed in a larger scale (6.4 mmol, 1 g) without any
substantial decrease in the yield (92%). Interestingly, the
reaction was also successful in other solvents, like EtOH,
CH;CN, and EtOAc, being the yields and reaction times similar
to those observed in the 1:1 mixture H,0/MeOH."°

We then compared the reaction of 1a with 2b-HCI in the
presence of Et;N, one of the bases used in the literature to
liberate the free hydroxylamines from their hydrochlorides but
unable to form iminium species. The conversion degrees
observed in MeOH, CH,Cl, and 1:1 mixture of H,0/MeOH
(entries 8—10) were, respectively, lower than those observed in
entries 4, 5, and 7 using pyrrolidine, which put forward that
pyrrolidine exerts some additional role to that of liberating the
free hydroxylamine.*

The reaction of 1a and 2b-HCI in the presence of some
excess of pyrrolidine (1.2 equiv) required significantly lower
reaction times in the studied solvents, which respectively
became 3.5 h in MeOH (entry 11), 20 min in CH,Cl, (entry
12) and 6 h in the 1:1 mixture H,O0/MeOH (entry 13). The
use of a larger excess of pyrrolidine (2 equiv) did not produce
any additional improvement in the reaction times (in CH,CL,,
conversion was only 93% after 24 min, entry 14). We will
analyze the optimum amount of pyrrolidine below (see also SI).

With the suitable conditions to prepare nitrones from
hydroxylamine hydrochlorides using pyrrolidine, to both
liberate the hydrochloride and accelerate the reaction, we
were poised to evaluate the effect of the resulting pyrrolidinium
chloride in the reaction rate. For that purpose, we carried out
the experiments of Table 2, monitoring by 'H NMR the
nitrone formation at short times using 2a, 2b, and 2b-HCI as
nucleophiles under different conditions.

For the sake of clarity, entry 1 shows the result of Scheme 2
using 2a in the presence of 0.2 equiv of pyrrolidine in CD,Cl,.
Conditions of entry 2 tried to mimic the optimized conditions
of entry 12 (Table 1) as if the reaction was performed with the
corresponding hydrochloride using a mixture of 1 equiv of
pyrrolidinium chloride (preformed) and 0.2 equiv of
pyrrolidine as catalysts. Comparison of entries 1 and 2 suggests
a cooperative effect of the pyrrolidine/pyrrolidinium combina-
tion, as conversion in entry 2 was higher than in entry 1 where
only pyrrolidine was used.

This effect was corroborated when comparing the reaction
times and conversions of entries 3—5 using the t-butyl
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Table 2. Monitoring of Nitrone Formation at Short Times Using 2a, 2b, and 2b-HCI under Different Conditions

< 2
o g2 O\llfl,R
H . Hlll\ Catalyst H
OH solvent, rt
Cl . Cl
1 equiv 1 equiv
1a 2a, R?=Ph 3aa
2b, 2b-HCI R? = t-Bu 3ab
entry Nu solvent catalyst (equiv) time (min) conv. to 3
1 2a CD,Cl, pyrrolidine (0.2) 15 75 (3aa)
2 2a CD,Cl, pyrrolidine-HCI (1) + pyrrolidine (0.2) 15 100 (3aa)
3 2b MeOH-d, pyrrolidine (0.2) 24 21 (3ab)
4 2b-HCl MeOH-d, pyrrolidine (1) 11 68 (3ab)
5 2b-HCl MeOH-d, pyrrolidine (1.2) 4 79 (3ab)

Table 3. Synthesis of N-t—Butylnltrones Derived from
Aldehydes under Conditions A and B’

D Cond. A

o N _O\ N J< Pyrrolidine (1 equiv)

)L . ﬂ\N’OH Hel H _ N| H,0/MeOH

Ry H H Conditions Rw)\H Cond B

1a-t(1equiv)  2b-HCI (1 equiv) rt 3a(-t)b Pyrrolidine (1.2 equiv)
CH,Cl,

O+>< O+J< OK‘

ﬁ@@@@

3eb
A 16h,94%  6h,91% 21 h, 100%2 21h, 95%° 16 h, 100%
B 20 min, 98% 15 min, 97% 45 min, 94% 34 min, 100% 20 min, 100%

o\ﬁj<

|
H
Br

ok

@5@?

3fb 3gb 3hb
A 16h, 92% 16 h, 100% 8 h, 100% 16h 100%
B 6min, 100% 1 min, 100% 9min, 100% 3 min, 98%
3lb 3mb
A 7h,95% 6h, 98% 6.5h, 96%

o\ﬁk

_O\'*\r‘)< _O\ﬁ/k O\KIJ<
N | I |
AN Y T s
Z Nl HN

3nb 30b 3pb

Ph
3gb
A 7h, 96% 16 h, 92% 29 h, 100%2P 4h, 100%2
B 8 min, 100% 4h, 92% 1h, 98%

O+

ok ok oS
OXH

_ ’o\ﬁk

{
Ph
T

3rb 3sb 3tb 3ub
A 5.5 h, 100% 5.5h, 99% 5.5 h, 99% 5.5 h, 96%
B 3 min, 100% 3 min, 92% 3 min, 98% 12 min, 80%

Reactions carried out under conditions B were monitored by
NMR until complete conversion. “MeOH was used as solvent.
equiv of pyrrolidine were used.

b11

derivatives 2b and 2b*HCI in MeOH as solvent. We reasoned
that under conditions of entries 1 and 3, the free pyrrolidine
(0.2 equiv) could act as catalyst as proposed in Scheme 1. The
presence of 1 equiv of pyrrolidinium chloride, formed after the
hydrochloride liberation, could accelerate the process not only
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via iminium activation but also favoring some steps by
protonation without affecting the concentration of the
nucleophile 2b (entry 4). Synergy of both activation pathways
seems to be optimal when 1 equiv of pyrrolidinium chloride
and 0.2 equiv of free pyrrolidine are present in the reaction
media (entry S).

Once we confirmed the cooperative pyrrolidine/pyrrolididi-
nium effect, the conditions of entry 12 (1.2 equiv of pyrrolidine
in CH,Cl,, identified as Conditions B) were selected as the
optimal ones to study the scope of the reaction using N-t-
butylhydroxylamine hydrochloride 2b-HCI. Additionally, re-
actions under conditions of entry 7 (1 equiv of pyrrolidine in
1:1 mixture H,0/MeOH, identified as Conditions A) were also
evaluated in the scope because of the better environmental
features of the solvent and less amount of pyrrolidine used.

Therefore, we studied the reactions of equimolecular
amounts of aromatic and aliphatic aldehydes 1 with 2b-HCI
at room temperature under conditions A and B (Table 3).
Reactions of aromatic aldehydes were efficient under both types
of conditions,”” regardless of the nature and position of the
substituents at the ring, the yields obtained being excellent in all
cases. It could be observed that reaction times to get complete
conversions were longer under conditions A (hours) than
under the B ones (minutes).

Substituted benzaldehydes (la—f) show small differences
depending on the substituent. Under both conditions, the
reaction times required are slightly longer to prepare nitrones
3cb and 3db, derived both from benzaldehydes bearing
substituents with strong electronic effects. Nitrones derived
from salicylaldehyde are interesting due to their pharmaco-
logical properties.”’” We have prepared some of these
compounds in excellent yields (3gb—3mb). Moreover, very
short reaction times were required under conditions B (3gb—
jb), which suggests the presence of the 0-OH or 0-OMe groups
seems to facilitate the formation of the C=N bond. Nitrones
3nb and 3ob, derived from 2- and 3-pyridyl carboxaldehydes,
could also be obtained satisfactorily under both conditions, but
the reaction time was lower in the first one under conditions A,
exhibiting a similar reactivity than that of the o-hydroxy
benzaldehydes.”®

Surprisingly, the reaction with 2-indolylcarboxaldehyde to
form nitrone 3pb could not be performed under the standard
conditions A, being necessary to use MeOH as solvent and 1.1
equiv of pyrrolidine to obtain a quantitative yield of this
compound after 29 h of reaction (see SI for more details).
Moreover, its isolation was not possible under the usual
conditions (see later), as it is described in SI. Following the
protocol corresponding to conditions B, 3pb could be isolated

DOI: 10.1021/acscatal.5b01726
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in 92% yield, but the reaction time was anomalously long (4 h).
Similarly, the a,f-unsaturated aldehyde 1q required 1 h to be
completely transformed into the nitrone 3qb. This complete
regioselectivity can be attributed to the reversibility in the
attack at C-3, observed for some heteronucleophiles,29 and/or
to the fact that the reaction of N-nucleophiles at C-1 is favored
by the anomeric stabilization of the aminal species resulting in
this attack.' In fact, it was possible to observe by '"H NMR the
reversible formation of the product resulting in the conjugate
addition (attack of 2b to C-3) to 1q under conditions B, which
was completely transformed into 3qb in 1 h. This evolution
could explain the longer times required in this reaction for
aldehyde 1q (hours instead of minutes). A similar explanation
would be valid for 1p.

Finally, nitrones 3rb—3ub, derived from aliphatic aldehydes,
could also be prepared under conditions A and B. Reactivity of
these aldehydes was higher than that of the aromatic ones.
Thus, reaction times are usually shorter (5.5 h under conditions
A and few minutes under conditions B) for both linear and
branched aliphatic aldehydes, with almost quantitative yields in
all cases.

As an additional interest of all these reactions, which are
performed at room temperature, starting from equimolecular
amounts of the reagents, the resulting nitrones can be obtained
as pure compounds by simple filtration through a short pad of
silica gel, which retains both pyrrolidinium chloride and the
small excess of pyrrolidine, being therefore applicable to
conditions A and B. The instability of the nitrones 3rb—3ub,
derived from aliphatic aldehydes, imposed the filtration through
ALOj; (basic) instead of silica gel (acidic).

Encouraged by these results, we applied our approach to the
preparation of nitrones using different N-substituted hydroxyl-
amines 2c—e*HCI with similar advantages to those mentioned
before (Table 4). First, N-benzylnitrones, like 3ac and 3vc,

Table 4. Reactions of Aldehydes with N-Alkyl
Hydroxylamine Hydrochlorides 2c—e*HCl

Gy

- Cond. A
?j\ +  R%OH g O\,erz Pyrrolidine (1 equiv)
N = 5
R H H Conditions A H20/MeOH
1 equiv 1 equiv rt H Cond B
1 2c-HCI R2=Bn 3 Pyrrolidén;s ((1”2 equiv)
2d-HCI R?=Me 22
2e-HCI R?=Cy
O\lﬁ,Bn 70\&‘8” ’O\lﬁ,Me o\ﬁ,Me O\"\fll,Cy _O\R-rCy
! | : |
| ' !
H 1 H H
H o H J) E \KKH
cl e Ph cl Ph
3ac 3ve | 3ad 3qd i 3ae 3ue
A 9h,99% 6.5h, 84% 6h,93 % 3 h, 84% 16 h, 97%
B 3 min, 99% 3 min, 93% 3 min, 100% 3 min, 94%

which are valuable intermediates because of the easy
elimination of the benzyl group, were prepared with aromatic
(1a) and aliphatic (1v) aldehydes and N-benzyl hydroxylamine
hydrochloride (2c*HCI) in excellent yields. A similar behavior
was observed in reactions with N-methyl hydroxylamine (2d-
HCI) and N-cyclohexyl hydroxylamine (2e-HCI). The synthesis
of 3ad in larger scale (6 and 1 g of 2d-HCI were, respectively,
used under conditions A and B) was satisfactorily performed
without any reduction of the yield (see SI). However, the
reaction of the cinamaldehyde 1q with 2d-HCl under
conditions B was not satisfactory, due to the formation of
complex reaction crudes.
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In all cases the reaction times under both conditions were
shorter than those required using N-t-butyl hydroxylamine, due
to the negative influence of the steric size around the nitrogen
on the reaction rate. Filtration through a short pad of silica gel
or basic Al,O; provided pure nitrones, being unnecessary any
additional purification step.

We have applied the strategy to the synthesis of cerovive™’
(Scheme 3), a nitrone which demonstrated anticancer activity

Scheme 3. Synthesis of 3wb (Cerovive)

LY

N
SOSNZHO H SO;Na
(1.1 equiv) +J<
Jij Y Sy “eom.n I
NaO;S H eDH, O-
NaO;S
1 equiv 1 equiv 4h a0
1w 2b-HCI 90% 3wb (cerovive)

and reached phase III clinical trials as the first neuroprotective
agent (NXY-059).>" Methods so far reported to prepare this
drug are experimentally complex and require excess (1.4—4
equiv) of N-t-butylhydroxylamine (or N-t-butylhydroxylammo-
nium acetate), high temperature, and long reaction times to
give yields ranging between 65% and 82%. Starting from
equimolecular amounts of the reagents in their commercially
available form, dissolved in methanol, the addition of 1.1 equiv
of pyrolidine allowed the synthesis of cerovive in 90% yield
after 4 h at room temperature. Conditions B could not be
applied to the synthesis of cerovive due to the low solubility of
the starting salt 1w in CH,Cl,.

All our trials to obtain nitrones derived from ketones under
conditions indicated for aldehydes were unsuccessful. A similar
result, observed in the synthesis of imines catalyzed by
pyrrolidine,'* was attributed to the high steric interactions
associated with the tetrasubstituted C=N bond of the resulting
iminium ion.

At this point, it is interesting to compare the reaction
conditions we have used in the synthesis of the nitrones
collected in Tables 3 and 4 with those of the best methods
reported to prepare the same compounds (see SI). Most of
them provide excellent yields but require an excess of some of
the reagents, high temperatures, and the use of extraction,
chromatographic columns and/or recrystallization techniques
to isolate and purify the resulting nitrones. Moreover, long
reaction times are usually required, and special techniques, like
MW or ball milling, are frequently used to shorten them. Our
method not only satisfies the main requirements of the green
chemistry (no hazardous materials and minimal experimental
manipulation and waste) but also competes with those
previously described in yields, mild conditions, reaction times,
easiness of purification, and experimental simplicity. It is also
remarkable the dispersion of conditions used in the literature to
prepare the concerned nitrones, which contrast with the almost
identical ones used in our procedure. To our knowledge, the
synthesis of the nitrones 3kb, 3ib, 3rb, 3eb, 3gb, and 3ae had
never been reported in the literature.

To gain some insight into the reaction mechanism and
demonstrate the hypothesis proposed in route b (Scheme 1), we
accomplished several experiments. As mentioned above the
comparison of results in nitrone formation between pyrrolidine
and E;N (Table 1, entries 4, S, and 7 with 8—10) pointed out
that the role of pyrrolidine must not be limited to the liberation
of the corresponding hydrochloride. In order to demonstrate
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our hypothesis of iminium jon activation, we preformed the
iminium chloride ion 4 (using the procedure reported in the
SI) and followed by 'H NMR its evolution in the presence of
2b'HCI in CD,Cl, at rt. We could confirm the instantaneous
formation of nitrone 3ab and the liberation of pyrrolidinium
chloride (Scheme 4).

Scheme 4. Reaction of 4 with 2b-HCl
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In Figure 3, we have depicted the mechanistic proposal to
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Figure 3. Mechanistic proposal.

demonstrated in the results of Table 2, which allows the
synthesis of nitrones under the mildest and general conditions
ever reported (see SI). We have highlighted the three key
points that define the efficiency of the method: (a) iminium
activation of the aldehyde, favored by the free pyrrolidine, (b)
the cooperative effect of the pyrrolidine/pyrrolidinium system
in the proton-transfer of some steps, and (c) the preservation of
the free N-substituted hydroxylamine nucleophile under the
reaction conditions.

The treatment of the starting N-substituted hydroxylamine
hydrochloride (R®NHOH-HCI) (1 equiv) with pyrrolidine
should lead to 1 equiv of pyrrolidinium chloride,” the free N-
substituted hydroxylamine and a variable amount of free
pyrrolidine according to the amount of pyrrolidine added (0.2
equiv under ideal conditions B).

We propose that pyrrolidinium ion could favor the iminium
formation activating the aldehyde through protonation (A)
toward the attack of the free pyrrolidine®” giving B and favoring
the proton transfer to produce C and therefore allowing the
loss of H,O (instead of "OH) facilitating the elimination step.
The evolution of iminium II, a much better electrophile than
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the corresponding carbonyl compound, into the nitrone 3
involves the attack of the free hydroxylamine to form D, which
could evolve through two different routes. In the first one (route
b), it would be transformed into III with a base, which could
evolve into the nitrone as it was indicated in Scheme 1 and
Figure 1. In the second one, the presence of the pyrrolidinium
chloride could afford species E (route ¢, in Figure 3), which
should eliminate pyrrolidine more easily because the mtrogen is
protonated. This was confirmed by theoretical calculations'® of
the AG* for the transformation of E into F, which resulted
much lower (10.1 kcal'mol™) than that calculated for the
elimination of pyrrolidine from III (23 kcal-mol ™, Figure 1).*
Deprotonation of F with pyrrolidine affords the nitrone and
closes the catalytic cycle liberating the pyrrolidinium ion.

Figure 3 also includes hemiacetal IV, hemiaminal V, and
aminal VI, which have been identified by monitoring by 'H
NMR the evolution of several reactions between la and 2b-
HCL'® The species V and VI were detected when an excess of
pyrrolidine was used in MeOH-d, and CD,Cl,, respectively.
Their presence reinforces the formation of the iminium ion as
intermediate, whose concentration must be higher with the
higher concentration of free pyrrolidine, but slows down the
complete conversion toward nitrone formation. These facts
would explain that the optimal amount of pyrrolidine is 1.2
equiv and led us to represent species V and VI out of the
catalytic cycle. The longer reaction times observed in MeOH
could be partially due to the formation of hemiacetal IV, which
must also be out of the catalytic cycle (Figure 3).

Another issue to consider is that it is admitted that the
counterion of the iminium ion determine its s.tability,34 and
therefore, we can not rule out an effect of the chloride ion in
the iminium stability. This effect is not possible when the
reaction is directly carried out with the free hydroxylamine
derivative. Moreover, according to our experiments, the
pyrrolidinium ion could also decrease the amount of the
species IV—VI pushing them into the catalytic cycle.'’
Additionally, we cannot discard a role as simple acid (as in
route a, Scheme 1) competing to some extent with the
mechanism shown in Figure 3 when a low concentration of free
pyrrolidine is present in the reaction media (conditions A).

B CONCLUSIONS

We have developed the most efficient, simple, robust and
reliable protocol so far reported to form nitrones from the
condensation between equimolecular amounts of aldehydes
and N-substituted hydroxylamine hydrochlorides (see SI for
comparison with other methods). The traditional problem of
acid/base catalysis, that hampers the simultaneous nucleophile
and electrophile activation, has been overcome by using
pyrrolidine, which is able to favor the two steps represented
in Scheme 1. Pyrrolidine allows the complete liberation of the
hydroxylamine hydrochloride, increase the electrophilicity of
the carbonyl group through the formation of the iminium ion
and favors nitrone formation because it is a better leaving group
than the "OH. Moreover, the simultaneous formation of the
pyrrolidinium chloride provides to the reaction media with a
cooperative system able to accelerate some of the steps by
proton transfer without hampering the nucleophilicity of the N-
substituted hydroxylamine by protonation. This cooperative
pyrrolidine/pyrrolidinium approach proved to be general for a
wide range of both condensation partners in an inexpensive,
facile, fast, sustainable, metal-free, and scalable way. The
usefulness of this procedure in the preparation of other
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important compounds containing C=N bonds is currently
being investigated in our lab."’
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