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Abstract. Herein we report a mild and diastereoselective
access to ketonitrones by reacting easily available aryl acetic
acid esters and other active methylene compounds, with
nitrosoarenes under catalytic loading of 2-tert-butylimino-2-
diethylamino-1,3-dimethylperhydro-1,3,2-diazaphosphorine
(BEMP) at room temperature. Depending on the substitution
pattern and nature of the aryl moiety, a switch toward the
formation of imines can be observed.

The mechanistic framework is put to scrutiny by-]

experimental and theoretical studies, pointing to the
formation of a nitroso aldol intermediate, whose fate toward
one of the competing pathways, namely hydride transfer or,
elimination, would depend upon the NOH/CH. relative
acidities.

Keywords: nitrones; catalysis; imines; nitrosoarenes;
BEMP

Introduction

Nitrones are 1,3-dipoles, frequently used as the
reagents of choice for the synthesis of a great array of
heterocyclic compounds, likely being isoxazolines
and isoxazolidines the most popular.!l Taking
advantage of [3+2]-, [3+3]-, [4+2]-, [4+3]-dipolar
cycloaddition reactions, three- to seven- membered
nitrogen and oxygen containing heterocycles are built
with high atom economy.[? The configurational
stability of nitrones and chelation or H-bonding
acceptor abilities of the oxygen atom, make them
versatile reagents for the development of
stereocontrolled variants.®! The asymmetric Kinugasa
reaction between terminal alkynes and nitrones,
exemplifies a facile entry to B-lactams, which are
scaffolds of notable interest in the pharmaceutical
industry.! Nitrones are of synthetic utility in other
important transformations such as aldol-type,®
Friedel-Crafts,® electrocyclization,[”! rearrangement
reactions.®

Unsurprisingly, different procedures for their
preparation have been developed over the years, such
as the condensation of N-monosustituted hydroxyl
amines with aldehydes and ketones (Scheme 1
A(i)),”! the oxidation of secondary amines, hydroxyl

amines and imines (Scheme 1A(ii)),* reaction of
oximes with electrophiles or alkenes often useful to
access cyclic nitrones (Scheme 1 A(iii)).** The most
common and effective method to prepare nitrones is
the condensation of hydroxyl amines (Scheme 1 A(i)
with aldehydes as the reagent. However, this
approach appears less useful when targeting
ketonitrones, which are in general more difficult to
access.

A less explored approach to nitrones involves the
use of nitrosoarenes as the reagents, a class of
versatile and readily available electrophiles.*? They
proved to be useful in the Au/Ag-catalysed 1,2-
iminonitronation of propargylic esters to give a-
imidoyl nitrones (Scheme 1 B(i),*®! or in th¢
organocatalytic addition of the y-nitrone group onto
the o,B-unsaturated aldehydes (Scheme 1 B(ii)).!4
Interestingly, an umpolung strategy (Scheme 1 B(iii)),
alternative to route A(i), has been devised using o-
keto methyl esters under stoichiometric amounts of
phosphines to produce ketonitrones.™® The latter are
versatile building blocks to prepare imines, fumarates
and isoxazolines. A direct approach using
nitrosoarenes has been demonstrated on specific
carbanions, bearing leaving groups.!*¢!

We recently developed a variant of the Ehrlich-
Sachs reaction, reported in 1899 as the condensation
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between active methylene compounds and nitroso

derivatives.['” This process, whose mechanism is still

unclear, usually proceeds under basic catalysis,

giving imines or nitrones in a ratio that is difficult to

predict. Our methodology provided an effective o-

imination of acyl pyrazoles, working under mild

conditions and using a catalytic amount of base
(Scheme 1C).18

A. General routes to nitrones
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Scheme 1. General and nitrosoarene based routes to
nitrones.

High chemical selectivity was observed, although
traces of nitrones were occasionally detected, when
using compounds less prone to enolate formation.
Intrigued by this observation, we questioned whether
a similar approach could be applied to access
ketonitrones, by reacting easily available aryl acetic
acid esters, which are notoriously less acidic at the a-
position than the corresponding acyl pyrazoles
(Scheme 1D).*°! This would open a direct and
convenient route to ketonitrones, alternative to route
B(iii) (Scheme 1). Moreover, we investigated the
issues affecting the nitrone/imine selectivity and the
overall mechanistic framework, by means of
experimental and computational studies, to pursuit a
better understanding of the Ehrlich-Sachs type
reaction, useful for further applications.

Results and Discussion

In order to assess our hypothesis, we started the study
by reacting commercially available phenyl acetic acid
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methyl ester with nitrosobenzene, under previously
optimized reaction conditions,*® in the presence of
10 mol% 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD)
and 3A molecular sieves, at room temperature in
CH.CI; (Table 1, entry 1).

Table 1. Optimization studP/ on the reaction of la with
PhNO under basic catalysis. [

"O.*.Ph

10baseo . N,Ph . 7O\N+/Ph
Ph” >CO,Me +PhNO Lome PhJ\COZMe Ph)‘\COZMe ph/K‘
1a 22 St za 4a 5a
Entry Base Solvent t Yield Yieldl!
3a (%P 4a (%)
[5a] (%)
1T TBD  CH.Cl 1 30(9377) -[27]
2 TBD  CH.Cl 1 79(937) 2[82]
3 TBD  toluene 25  70(93/7) 14 [74]
4 TBD  THF 1 51(92/8) 15 [56]
5 TBD  CHCl 1 47(93/7) -[49]
6 TBD CI(CH2).Cl 1 49 (93/7) 5[53]
7 TBD  AcOEt 3 62(94/6) 27[57]
8  TBD  CH.Cl 1 73(93/7) 4[nd]
9 DBU  CHCl 3 61(92/8) -[60]
10 TMG CHCl, 1 - -
11 EtsN CH.CI, 1 - -
12 BEMP  CH.Cl, 1 87(95/5) 3[84]
13 BEMP  CH.Cl, 1 35(95/5) 4[36]

[l Reaction conditions: 0.2 mmol of 1a, 0.6 mmol of 2a,
0.02 mmol of base, 50 mg of 3 A MS in anhydrous solvent
(1 mL). M1 Isolated yields after column chromatography. Ir
parentheses E/Z ratios. [l 1.2 eq. of 2a were used. [ 3.5 eq.
of 2a were used. [ BEMP was used at 5 mol % loading.

Pleasingly, the selective formation of nitrone 3a was
observed in 30% yield and 93/7 E/Z ratio without
observing traces of imine 4a. In order to improve the
conversion to 3a, three equivalents of 2a were added
(entry 2). After the same time, nitrone 3a was
selectively isolated in 79% vyield. A brief solvent
screening showed that the amount of imine, although
low, was affected by the nature of the solvent (entries
3, 4 and 7). The conversion to nitrone did not benefit
of increased amount of 2a (entry 8). Next, different
bases were checked under the conditions reported in
entry 2. 1,5-Diazabiciclo(5.4.0)undec-7-ene (DBU)
proved to be selective, but less efficient than TBD
(entry 9). Less basic 1,1,3,3-tetramethylguanidine
(TMG) and Ets3N did not promote the reaction (entrieg
10 and 11). Conversely, when a stronger base like 2-
tert-butylimino-2-diethylamino-1,3-dimethylperhydro
-1,3,2-diazaphosphorine (BEMP) was used, 3a was
selectively obtained in 87% yield and 95/5 E/Z ratio
(entry 12). However, a decrease of BEMP loading to
5 mol% negatively affected the conversion to 3a
(entry 13).

Having established the best reaction conditions
(Table 1, entry 12) the scope and limitations of the
reaction was investigated (Table 2). Pleasingly,
phenyl acetic acid methyl esters bearing halogen
atoms at different positions and the meta-methoxy

2
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derivative were rapidly transformed into the
corresponding ketonitrones 3b-g in high yield and
diastereoselectivity, observing imines in traces.

Table 2. Substrate scope of BEMP-catalysed reactlon of
aryl acetic acid esters 1 with nitrosobenzene 2a.

BEMP

*_Ph _Ph
~ (10 mol%) N7 + N
Ar'” ~CO,Me + PhNO RO I J\
22 Ar! cone Ar'” SCo,Me
1 2a 3A MS 4
0% _ph 0.5 Ph O -Ph

Q)\COZMe
Br

3c: 90%, E/Z 95/5
4c: 7%, (0.5h)

|
Q)\cozm
cl

3b: 85%, £/Z 95/5
4b: 6%, (0.5 h)

3d: 90%, E/Z 93/7
4d: 4%, (

"0.f.Ph O.* _Ph “o. + Ph
i PO
(;)\COZMe @ACOZM& @)\COZMG
F OMe

3e: 85%, E£/Z 96/4 3f: 98%, E/Z 90/10 3g: 95%, £/Z 85/15

4e: 9%, (0.5 h) (0.5 h) 49: 4%, (1 h)
O+ O+ O+
O.*.Ph O.f-Ph O Ph

| |
CO,Me Q)\COZMe cone
Me

3h: 53%, E/IZ 96/4 3i: 80%, E/Z 90/10 3j: 94%, E/Z 94/6

i

MeO

(1h) (2.5h) 4j: 5%, (0.5 h)
_O\?\l' “0.;-Ph
CO,Me I \_ _co,Me N ‘
A\ sl CO,Me
N 0"+ Ph o
Boc 31: 48%, ZIE >99/<1,  3m: 58%, E/Z 95/5

3k: 94%, E/Z >99/<1  41: 33% E/Z 93/7 (0.5h)  4m: 40%, Z/E 97/3 (0.5 h)
2h) oh _Ph

Y.

3
Q)\COZMe \Q)\COzMe
O,N

CF;
4n: 84%, Z/E 98/2 40: 75%, Z/E 98/2
3n: 12%, (0.5 h) 30: 18%, E/Z 98/2 (0.5 h)

[l Reaction conditions: 0.4 mmol of 1, 1.2 mmol of 2a,
BEMP (0.04 mmol), 3 A MS in CH,CI, (2 mL). Isolated
yields after column chromatography.

Phenyl acetic acid methyl esters, bearing electron-
donating groups at para-position, were exclusively
converted into ketonitrones 3h,i in good yield and
high E/Z ratio. 2-Naphthyl and the N-Boc-3-indolyl
acetic acid methyl esters afforded nitrones 3j,k in
excellent yield and diastereoselectivity. When
reacting compounds 1l,m both nitrones 3I,m and
imines 4l,m were formed in comparable yields.
Substrates bearing electron-withdrawing groups
afforded imines 4n,0 in high Z/E ratio and low
amounts of nitrones 3n,0 were detected. The
applicability of the process was further assessed using
other aryl acetic acid esters and nitrosoarenes under
the same reaction conditions (Table 3). Differently
substituted nitrosoarenes were well tolerated when
reacted with a variety of aryl acetates bearing linear
or sterically more demanding R* groups, leading to
nitrones 3p,s in good yields and high
diastereoselectivity. When a strong electron-
withdrawing group was present in the phenyl group

10.1002/adsc.202000855

of the ester, the exclusive formation of the Z-imine 4t
in excellent yield was observed.

Table 3. Scope of esters and aryl nitroso compounds in the
BEMP-catalysed reaction.[®

BEMP 5 + a2 AR
~ > (10 mol%) N~ + N
Ar'"CO,R'+ APNO ——— > )\ A
CHaCla, 1t COR' A" COR!
1 2 3A MS 4

3q 51%, £/Z 99/1 OMe
3r: 73%, E/Z 95/5
(1h)

|
Q)\COZMe
AN

4t: 91%, Z/E 95/5
(0.5 h)

[l Reaction conditions: 0.4 mmol of 1, 1.2 mmol of 2,
BEMP (0.04 mmol), 3 A MS in CHCl, (2 mL). Isolated
yields after column chromatography.

3p: 76%, E/Z 95/5
(0.5 h) (1h)

)
/©)\cozsn
Br

3s: 70%, E/Z 99/1
4s: 15%, (0.5 h)

OMe

The efficiency of the system to selectively yield
imines when using easily enolizable carbonyls such
as 1,3-dicarbonyl compounds, pyrazolones and
indolinones with nitrosobenzene 2a was therefore
studied (Table 4).

Table 4. BEMP-catalysed a-imination of more acidie
carbonyl compounds with nitrosobenzene. [

BEMP PP
0,
R1/\R2 + PhNO M J\
CH,Cl,, rt R" "R?
6 2a 3A MS 7
 en ph _Ph
i i
\
Phj(‘\cozEt EtOZC/‘\COZEt W
o} O O
7a: 80%, Z/E 60/40 7b: 82%, (0.5 h) 7¢: 63%, (0.5 h)
(0.5h) Ph Ph
N~ N N
\ / |
WO 0 o)
N-N N N
Ph \ Boc
7d: 56%, Z/E 87/13 7e:90%, ZIE95/5  Tf: 80%, Z/E 95/5
(0.5 h) (1h) (1h)

[l Reaction conditions: 0.4 mmol of 1, 1.2 mmol of 2,
BEMP (0.04 mmol), 3 A MS in CH,Cl, (2 mL). Isolated
yields after column chromatography.

As expected, commercially available p-ketoesters,
malonate and -diketones, as well as pyrazolone and
N-protected indolinones, were rapidly transformed
into the corresponding imines 7a-c in fairly good
yields, observing moderate to high E/Z ratios.

Finally, we demonstrated that ketonitrones 3 can
be of further synthetic utility to prepare 2,3,4-triaryl-
substituted 1,2,4-oxadiazole-5-ones. In this regard,
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Campisi and coworkers recently demonstrated that
2,3,4-triaryl-substituted 1,2,4-oxadiazole-5-ones
showed significant cytotoxic effect in the MCF-7
human breast cancer cell line,? behaving as cyclic
analogues of tamoxifen. Novel 2,3,4-triaryl-
substituted-3-carbalcoxy-1,2,4-oxadiazole-5-ones

bearing a  quaternary  stereocenter,  were
regioselectively obtained in high yield via 1,3-dipolar
cycloaddition of representative ketonitrones 3a,k
with arylisocyanates 8 (Scheme 2).

Ph_
N-©.

=0

N
|__oMe PN
Ph 16 h MeO,C 1

3a o 9a 83% Ar' = 4-CICgH,
Ar'NCO 8 B
Ph toluene , rt oc\
- ! OMe |‘Dh
o-N+ / N/O
N 24 h =0
o
N
A MeO,C ), 1
N
foc 9b 89%, Ar' = 3,57(CF3),CgH3
3k

Scheme 2. 1,3-Dipolar cycloaddition of ketonitrones with
arylisocianates.

In order to shed light on the mechanism of the
reaction some experiments were carried out. A model
reaction between compound la (Table 1, entry 12)
and 2a was performed in the presence of the radical
scavenger TEMPO (1.1 eq.) (Scheme 3).

0.*_Ph
(10 mol%) N
e TEMPO
Ph” >CO,Me +PhNO +
2Me (1.1 eq.) CH,Cly, rt, 1 h Ph)\COZMe
1a 2a 3A MS a

90%, E/Z 90/10

Scheme 3. Model reaction in the presence of radical
scavenger TEMPO.

The reaction appeared unaffected by the presence of
the radical scavenger, as shown by recovered nitrone
3a in 90% vyield and 90/10 E/Z ratio. Moreover,
model reaction (Table 1, entry 12) was monitored in
CD.Cl, via 'H-NMR over time, to check if radical
species would be involved. Both the experiments
confirmed the absence of any detectable radical
species or other potential intermediates, such as
nitrosoaldol species. Hence, all the data suggest that
radical pathways are not involved during the reaction.
According to experimental data, literature precedents
and our own report,® we suggest a mechanistic
proposal for the reaction of aryl acetic acid esters and
nitrosobenzene catalyzed by BEMP (Figure 1).

In the first reaction stage, BEMP removes the a-
hydrogen of the ester to generate the enolate, that
subsequently adds to nitrosobenzene to yield
intermediate 1 (10 mol%).

At this stage the reaction forks into two different
pathways. When tautomerism takes place by the
action of a base to yield the nitrosoenolate, an Elcs

10.1002/adsc.202000855

elimination drives the reaction towards the imine 4.
In the other side, the excess nitrosobenzene can
oxidize the nitrosoaldol to nitrone 3 with the
formation of azoxybenzene 5. Both branches of the
catalytic cycle yield an equivalent of OH- that
sustains the catalytic cycle by deprotonating the
starting ester. Within the whole catalytic cycle, the
roles of BEMP and BEMPH™ are to trigger the first
formation of ester enolate, to coordinate the anionic
species within the catalytic cycle, and to act as
hydrogen bonding donor when feasible.

N o
Compound 5 N ~
p 0 R/\n/ + BEMP

+ BEMPH*

Pathway 1

Ph\’StOH lo)
,l‘) Pathway 2
Ph”+"0_

TSa * Elcg O

RJl\WO\ TS1 RWO\ T_S://( 0) il
1\

Compound 3

Figure 1. Proposed catalytic cycle for the nitrone/imine
formation.

The proposed reaction scheme implies the formation
of comparable amount of 5 and nitrone 3. Thic
correspondence was experimentally observed in all
the cases where the nitrone yield was not negligible
(see Table 1).

The ability of nitrosobenzene to oxidize via
hydride transfer has been previously documented
either under acidic or basic conditions.’?! To check
the feasibility of hydride transfer under our reaction
conditions, diphenyl carbinol 10 was treated with
PhNO (2 eq.) and BEMP (1 eq.) in CH.CI; at room
temperature under nitrogen (Scheme 4).

oH BEMP o 0O.+_Ph
Pe (1eq.) PG
CH,Cly, 1t, 23 h ”
10 2a 3A MS 5a
45% 55%
Scheme 4. Oxidation of diphenyl carbinol by
BEMP/PhNO system.

Interestingly, the formation of benzophenone 11
was observed in 45% yield. This experiment would
support the occurrence of hydride migration by
intermediate | to nitrosobenzene, which behaves as
popular hydride acceptors such as DDQ and DQ.

Finally, we demonstrated that the reaction pathway
can be diverted according to the reaction conditions,

4
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using ester 1c which afforded nitrone 3c (Table 2) in
high yield under usual conditions (Scheme 5).

/@ACOQMe 2a BEMP ( 1eq /@ACOZME +/©/kcone
Br CH2C|2 n,3h Br
55%

1c (1eq) 3A MS

Scheme 5. Reversal of reaction pathway toward imine
product.

A slow addition of BEMP (1 eq.) to ester 1c was
followed by a one hour addition of a solution of 2a at
room temperature. Under these conditions, we
expected to push the reaction towards the imine
pathway, given the very low concentration of free
nitrosobenzene present in the reaction mixture,
combined with a significant presence of the ester
enolate. Indeed, imine 4c was isolated as the
prevalent product in 55% vyield and only 12% of
nitrone 3c was recovered.

The effectiveness of BEMP and OH  (as
BEMPH'OH") in the formation of the enolate of
model ester 1a was checked via *H-NMR analysis in
CDCl,. The reaction mixture of 1la and BEMP (1
eg.) was quenched after 30 minutes by adding excess
D0 and the determination of a-monodeuterated and
a,a-dideuterated ester was evaluated over 1 hour
time. It was found that deuteration at the o positions
did not stop after the D,O quenching.?]

Theoretical study

A theoretical study of the catalytic cycle was
performed using DFT calculations and using la as
the model compound and B3LYP/6-31G(d). When
localized, the stationary points were further optimized
using the M06-2X/6-311+G(d,p) level.

Figure 2. TS, geometry for enolization of 1a by BEMP
(left) and by BEMPH'OH" (TS¢’). Only the relevant
hydrogens are shown. Distances in A.

In the first reaction stage, BEMP removes one H,
from the ester to yield the enolate.[?>21 With respect

10.1002/adsc.202000855

to the reagents, TS, had an activation energy of 19.0
kcal/mol. However, this TS is valid only at the
beginning of the reaction, when neutral BEMP is
present. For the sustainment of the catalytic cycle,
enolization of the starting reagent has to be carried on
also by the hydroxyl anion that is generated by both
the branches of the proposed catalytic cycle (Figure 1,
left). Being dichloromethane the reaction solvent, the
presence of free and unsolvated OH" is not realistic,
so we considered that the active base for enolization
is the ionic pair BEMPH*OH". A second TS geometry
was built with these requisites and optimized (TS,
right in Figure 2), with a calculated energy of 27.8
kcal/mol.

Once the enolate is formed, the addition reaction with
nitrosobenzene yields intermediate 1.

GS TS,

Figure 3. Left: GS geometry of the enolate complex of 1a
with BEMPH*. Right: TS, geometry for addition of the
same enolate to PhNO. Only the relevant hydrogens are
shown. Distances in A.

The optimized TS, geometry illustrated in Figure 2
shows that BEMPH" is between the two oxygens, and
the activation energy was found to be 28.5 kcal/mol.
At the end of the addition step, intermediate | is
formed, with a relative energy as low as -9.6 kcal/mol
with respect to the reagents (Figure 4). Since no
intermediates were observed in the NMR monitoring
of the reaction, the kinetically relevant TS for the
whole reaction has to be found either in the first
enolization step with BEMPH'OH-, or in the
subsequent addition to PhNO.

The feasibility of the enolate addition to the dimer of
nitrosobenzene?’! was evaluated via the calculation
of the electrofilicity index o as proposed by Parr.[?8
It was found that the monomer had ® = 1.99 eV,
whereas the dimer had o = 1.55 eV (MO06-2X/6-
311+G(d,p) level). Thus, the nucleophilic attack of
the enolate onto the nitrosobenzene monomer is
strongly favored.

After the addition to nitrosobenzene, intermediate |
can exist as an ionic pair of the nitrosoaldolate with
BEMPH*, or as a nitrosoaldol/BEMP complex.
Calculations suggested that the latter situation is more
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stable by 5.2 kcal/mol, and that the TS involved in
the hydrogen shift from the nitrogen of BEMP to the
oxygen of the nitrosoaldolate is very small (3.0
kcal/mol starting from the ionic pair, see Figure S1 in
Supporting Information). Thus, the two forms can
easily exchange into each other. DFT optimization of
intermediate |1 with three selected substituents (4-
N02C5H4 In, 4-MBOC6H4 Ilh and 3,4-C|2C6H3 Im)
showed very similar energy profiles for the formation
of intermediate | (see Figure S2 of the Supporting
Information).

TS, TS,
27 8 ~285"
(BEMP-H,0)/ A :
EET R ALy
{ABEMP)  [Enolate]
BEMPH*
Reagents

In;-96

Figure 4. First section of the catalytic pathway for
compound la. Energies in kcal/mol at the MO06-2X/6-
311+G(d,p) level.

Oxidative pathway to nitrone 3

Nitrone 3a can be obtained via oxidation of the
nitrosoaldolate by the PhNO or (PhNO); still present
in the reaction mixture. First, the hydrogen shift to
form the nitrosoaldolate/BEMPH* ionic pair is
required, followed by the hydride abstraction step to
yield nitrone 3a. In the transition state for the
reaction with PhNO (Figure S3 in the Supporting
Information).?Y The resulting phenyl hydroxylamine
anion then adds to PhNO still present in the reaction
and eventually yields azoxybenzene 5 and BEMPH*-
OH". Compound 5 was indeed always found to be
formed in an equal amount to nitrone 3a.

Similarly to the enolate addition step, oxidation could
be mediated also by the dimer of nitrosobenzene.
Within this hypothesis, the dehydrogenative step
straightforwardly yields the anionic intermediate of
dimeric nitrosobenzene, that is then converted to

azoxybenzene 5 via elimination of the hydroxyl anion.

The optimized TS1 geometry (Figure 5) for the
reaction with (PhNO), is lower in energy by 8.9
kcal/mol. The relative hydride affinity®? of PhNO
and (PhNO), was evaluated using two isodesmic
reactions with the nitrosoaldolate, that ultimately
leads to a direct comparison between nitrosobenzene
monomer and dimer hydride affinity (See Scheme S1
in Supporting Information).?31 In both cases the
isodesmic reaction favors the removal of the hydride
from la and it was found that (PhNO), was a better

10.1002/adsc.202000855

oxidant with respect to the monomer. With respect to
intermediate la, TS1 has an activation energy of 29.1
kcal/mol, whereas the energy related to the starting
reagents is 19.5 kcal/mol, in agreement with the
experimental absence of intermediates in the reaction.
Similar activation energies were observed for
compounds Ih (4-OMe), In (4-NO) and Im (3,4-Cly)
(See Figure S4 in the Supporting Information).

Figure 5. TS1 geometry for hydride removal from la by
means of (PhNO),. Only the relevant hydrogens are shown.
Distances in A.

Pathway to imine 4

In principle, E; or tautomerism/Elcg mechanisms
could be invoked for the pathway from nitrosoaldol
to imine 4alP?  However, the intermediate
nitrosoaldol bears a weak leaving group, and the
carbanion is strongly stabilized into a non-protic
solvent, so the Elcg elimination should be preferred.
The anti-stereoselectivity of the final imines can also
be explained by Elcs mechanism.®! Before the Elcs
step, the reaction pathway to imine 4a requires the
formation of nitrosoenolate lla. This first step can be
realized with different mechanisms. Nitrosoaldol la
can be transformed into the nitrosoenolate Ila by the
bases present in the reaction, the free BEMP, and
BEMPH*OH". Two TS structures were pinpointed
and optimized starting from the BEMP-coordinated
nitrosoaldol I (TS2! in and TS2? in Figure S5 of the
Supporting Information).? Due to the steric
hindrance of BEMP, it was found that the TS where
BEMPH*OH- removes Ho from the
nitrosoaldol/BEMP complex la (TS2!) was less
stable than the corresponding TS22 where the free
BEMP acts as the base. In both geometries, th¢
hydrogen of the nitrosoaldol is bound to the oxygen,
whereas BEMP is formally neutral. Two alternative
TS geometries should be therefore considered starting
from the free nitrosoaldol and using BEMPH"OH" or
BEMP as the base (TS2® and TS24, Figure 6 and S5
of the Supporting Information).

This article is protected by copyright. All rights reserved.



Advanced Synthesis & Catalysis

Figure 6. The best TS geometry (TS2%) for tautomerism
from la to nitrosoenolate Ila. Only the relevant hydrogens
are shown. Distances in A,

In the TS geometry, the forming enolate is stabilized
by intramolecular hydrogen bond of the carbonyl
with the N-OH.?Y Among the four optimized TS2
geometries, the lowest energy corresponds to the
deprotonation of the free nitrosoaldol by means of
BEMPH*OH" (TS23, Figure 6), with an activation
energy of 22.4 kcal/mol (vs the free nitrosoaldol).
However, considering the uncomplexation energy
required to get the free nitrosoaldol from la (1.6
kcal/mol), the overall energy of TS2® with respect to
intermediate la is 24.0 kcal/mol.

Elce elimination

The last reaction step to imine 4 involves the Elcs
elimination. The TS for the elimination step was
optimized (Figure 7) and the calculated activation
energy for compound a was 28.9 kcal/mol. Therefore,
it turns out that the pathways to nitrone 3 and imine 4
have very similar energies. The substituents on the
aryl ring of the phenylacetic ester thus play a key role
in biasing the preferred pathway towards the nitrone
or the imine, because of the different electronic
contribution to the stabilization of the negative charge
of the enolate (this contribution is also reflected on
the thermodynamic acidity of H,, see below). For this
reason, the two TS geometries were optimized for
three selected compounds (4-NO,CéHs n, 4-
MeOC¢H4 h and 3,4-Cl,CsHsm, see Figure S6 of the
Supporting Information). Compound m,
experimentally yielding both nitrone 3m and imine
4m, was selected because it can be used as a
“reference standard” to normalize the other values,
with the view to reducing the systematic errors in the
calculations. The experimental trend is correctly
reproduced by calculations. The pathway to nitrone is
favored for the 4-OMe substituted reagent 1h,
whereas imine is favoured with the 4-NO, compound
1n, being compound 1m in the middle (Table S1 in
the Supporting Information). Figure 8 summarizes the
energies involved in the second branch of the

10.1002/adsc.202000855

catalytic cycle (Figure S7 of the Supporting
Information shows the energetic profile of the whole
catalytic cycle).

Figure 7. Elcg TS geometry leading to imine 4a from
nitrosoenolate Ila. Only the relevant hydrogens are shown.
Distances in A.

TS E1s TS
I e 14.4 , .
Ref. | , ° % mad
level ;i B
H : ; 2.7 .
v +0.8; v v .
It o I
* a
— -38.8 :
447
Nitrone 3a ,
Imine 4a

Figure 8. Second section of the catalytic cycle. The
relative energies reported (in kcal/mol) are referred to the
model compound la at the M06-2X/6-311+G(d,p) level.
The reference level is the reagents level of Figure 4.

Thermodynamic approach

Considering the previous results, it appears that the
acidity of the two active hydrogens of the
nitrosoaldol is a key factor for the selection of the
preferred pathway. When the N-OH is more acidic,
the equilibrium with BEMP is shifted toward the
ionic pair, thus H, is less acidic and less prone to be
removed by the bases present in the reaction mixture.
In this case the oxidative pathway is preferred. When
the NOH is less acidic, the equilibrium is more
shifted toward the neutral aldol coordinated with
BEMP, and the H, is more acidic, thus stabilization
of intermediate 11 and subsequent Elcg TS is lowered
in energy.

From the thermodynamic point of view, the relative
acidity of H. with respect to N-OH can be estimated
by comparison of the two isodesmic reactions,
yielding the ApK, between the two acidic hydrogens.

7
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(see the Supporting Information).4 In all cases, the
nitrosoaldol/BEMP complex was calculated as more
stable than the nitrosoaldolate/BEMPH" ionic pair.
Pleasingly, two compounds, where the calculated
ApKG difference is very close to zero are those where
imine and nitrone are produced by the reaction in
similiar amounts (1m and 1I). Figure 9 shows the
relationship between the calculated ApK. and the
experimental yield of nitrones 4. Within this
framework, our previous results, achieved in the

100
90
80
70
60

50
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selective o-imination of acyl pyrazoles derived from
aryl acetic acid, are also rationalized.*®! In those
cases, the pyrazole ring raises the acidity of the H, to
an extent where the Elcg pathway is always
energetically preferred, likewise in the case of the
1,3-dicarbonyl compounds presented above.

1e o 1i

40

Nitrone 4 % yield

30

20
10 |® 1n

0 2 4 6

Caled. ApK,

Figure 9. Relationship between calculated ApK, and experimental yield of nitrones 4. Positive values of ApK, means that

H. is less acidic that N-OH.

Conclusions

We have developed a simple access to ketonitrones
starting from readily available aryl acetic acid esters
and nitroso arenes under catalytic basic conditions at
room temperature. These compounds were rapidly
obtained in good to high vyield and
diastereoselectivity. Synthetically, they proved to be
competent reagents to obtain novel, potentially
bioactive 1,2,4-oxadiazole-5-ones, via 1,3-dipolar
cycloaddition. The reaction was investigated to
achieve a clear mechanistic framework. A switch in
the product selectivity has been observed according
to the substitution pattern in the aromatic moiety of
the ester. DFT calculations allowed to reproduce the
whole catalytic cycle, to identify the rate-determining
step (addition of enolate to PhNO). Experimental
findings and DFT calculations suggested that the
CH/NOH relative acidity in the firstly formed nitroso
aldol intermediate 1 rules the control of the reaction

pathway, and ultimately the selectivity toward nitrone
or imine. The preference towards nitrone or imine
was correctly reproduced by calculation of the
relative acidity of N-OH and CH,, that modifies the
two competitive TS leading to nitrone or imine. This
knowledge will be useful for targeted applications of
the Ehrlich-Sachs type reaction to compounds
suitable of enolate formation. We believe that the
present methodology will become of practical use to
access ketonitrones and functionalized imines, both
reagents of common use in organic synthesis.

Experimental Section

In an oven-dried vial ester 1 (0.4 mmol), nitrosoarene 2
(1.2 mmol), 3 A molecular sieves (~90 mg)rand anhydrous
dichloromethane (2 mL) were introduced. To this solution
BEMP (0.04 mmol) was added under nitrogen atmosphere.
The reaction mixture was stirred at room temperature and
monitored by TLC. After completion, the crude reaction
mixture was concentrated under reduced pressure and
directly purified by flash chromatography to afford
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products 3 and/or 4. Computational details are reported in
the Supporting Information.
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