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en Qúımica Avanzada (ORFEO-CINQA),

Qúımicas, Universidad de Castilla-La Manc
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Orgánica e Inorgánica, (IUQOEM), Centro

(ORFEO-CINQA), Facultad de Qúımica, U

Spain. E-mail: garciajoaquin@uniovi.es
dGroup of Bioorganometallic Chemistry and
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Grignard to nitriles in air and at
room temperature: experimental and
computational mechanistic insights in pH-
switchable synthesis†‡

Blanca Parra-Cadenas, a Israel Fernández, *b Fernando Carrillo-Hermosilla, *a

Joaqúın Garćıa-Álvarez *c and David Elorriaga *d

A straightforward and selective conversion of nitriles into highly substituted tetrahydropyridines,

aminoketones or enamines by using allylmagnesium bromide as an addition partner (under neat

conditions) and subsequent treatment with different aqueous-based hydrolysis protocols is reported.

Refuting the conventional wisdom of the incompatibility of Grignard reagents with air and moisture, we

herein report that the presence of water allows us to promote the chemoselective formation of the

target tetrahydropyridines over other competing products (even in the case of highly challenging

aliphatic nitriles). Moreover, the careful tuning of both the reaction media employed (acid or basic

aqueous solutions for the hydrolysis protocol) and the electronic properties of the starting nitriles

allowed us to design a multi-task system capable of producing either b-aminoketones or enamines in

a totally selective manner. Importantly, and for the first time in the chemistry of main-group polar

organometallic reagents in non-conventional protic solvents (e.g., water), both experimental and

computational studies showed that the excellent efficiency and selectivity observed in aqueous media

cannot be replicated by using standard dry volatile organic solvents (VOCs) under inert atmosphere

conditions.
Introduction

The introduction of organolithium (RLi) and Grignard (RMgX)
reagents in organic synthesis constituted one of the greatest
achievements in synthetic chemistry, opening the door to the
selective and efficient formation of new C–C and C–X bonds.1
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The importance of these synthetic organometallic tools is that it
is estimated that around 95% of drug synthesis in the phar-
maceutical industry employs these reagents in at least one
reaction step.2 However, their utilization typically relies on the
use of: (i) rigorously dried, aprotic, toxic and volatile organic
solvents (VOCs); (ii) an inert atmosphere (usually N2 or Ar); and
(iii) low temperatures (ranging from 0 to −78 °C),1 these being
conditions directly related to the reactivity of these highly polar
organometallic reagents, which could lead to undesired side
reactions in the presence of moisture and oxygen or when
working at room temperature.1 However, recent innovations in
organometallic synthesis have demonstrated that at variance
with conventional wisdom, polar organolithium and Grignard
reagents can be used: (i) in air; (ii) in sustainable, protic, non-
toxic and non-dried solvents [such as water or deep eutectic
solvents (DESs)]; and (iii) at room temperature, thus reducing
costs, waste and consumption of energy and fossil resources.3–5

Importantly, and aside from the sustainable point of view,
the use of the aforementioned protic and polar solvents (water6

and DESs) in polar organometallic chemistry permitted either
the discovery of new reactions/mechanistic pathways or the
improvement of selectivity, yields or reaction times (in already
known reactions) that cannot be replicated using traditional,
dry and toxic VOC solvents.3,4 This has allowed the extension of
Chem. Sci., 2024, 15, 5929–5937 | 5929
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the use of aerobic/moisture/ambient temperature compatible
with RLi/RMgX synthetic protocols to a wide variety of different
areas of interest for general chemistry, including (among
others) lithium halogen exchange processes, metalation reac-
tions, Pd-catalyzed C–C coupling protocols or anionic poly-
merizations.3,4 In this vein, Hevia, Capriati and some of us have
previously reported the possibility of promoting the efficient
and selective addition of RLi/RMgX reagents to nitriles in
water,4d glycerol,7a and biomass-derived ethereal solvents
(cyclopentyl methyl ether, CPME)7b or even under neat con-
ditions7c (see Scheme 1). Building on these previous studies but
going signicantly beyond by trying to have (for the rst time in
this chemistry) a rational and mechanistically well-supported
theory for aerobic/moisture-compatible polar organometallic
chemistry, we present herein a combined experimental/
computational study that reveals the crucial role of water in
the addition of allyl Grignard reagents to aromatic nitriles for
the chemoselective formation of tetrahydropyridines, amino-
ketones or enamines, which cannot be mimicked using tradi-
tional, dry and toxic organic solvents.

As depicted in Scheme 1d, we have recently described
a modular double addition of RLi/RMgX to nitriles to produce
tertiary alcohols under bench-type reaction conditions (room
temperature and in air/moisture) without any halfway puri-
cation step.7c Worth mentioning is that in the rst step of this
one-pot tandem methodology, Grignard reagents only showed
poor to moderate conversion into the desired intermediate
ketone. In the same line, only a few examples in the literature
reported that Grignard reagents are capable of triggering their
addition reaction into aromatic nitriles in conventional organic
solvents, with most of them having in common the employment
of allyl Grignard as a nucleophile.8–10 For instance, and as
paradigmatic cases, we canmention the formation of: (i) tertiary
carbinamines, by double addition of this Grignard reagent to a-
alkoxy nitriles;8 or (ii) Z/E isomers of the stable primary enamine
1-aminobutadiene, when mixing one equivalent of aromatic
nitriles with equimolar quantities of allyl Grignard (controlled
hydrolysis with saturated ammonia solution is mandatory).9
Scheme 1 Previous experimental work on the addition of organo-
lithium/organomagnesium reagents to nitriles working at room
temperature, in air and using glycerol (Gly) or water as solvent and
under neat conditions.

5930 | Chem. Sci., 2024, 15, 5929–5937
Previously, Grassberger et al. also reported the reaction
between one equivalent of allyl Grignard and different aromatic
nitriles,10 forming the corresponding tetrahydropyridines11 in
moderate yields aer hydrolysis with water. The proposed
mechanism suggests a metal-assisted aza-Diels–Alder reaction
(aza-DA),12,13 thus involving the cycloaddition of the two inter-
mediates formed by the nucleophilic addition of the allyl
Grignard reagents to the nitrile (Scheme 2). Although the
mechanism is quite plausible, no experimental or theoretical
support for this proposal was presented.

Thus, and expanding the scope of aqueous/air compatible
polar s-block organometallic chemistry to uncharted territories,
herein we report the design of the rst straightforward, selective
and multi-task system capable of converting nitriles into highly
substituted tetrahydropyridines, aminoketones or enamines by
using allylmagnesium bromide as an addition partner and
subsequent ne selection of the aqueous hydrolytic conditions.
Combining theoretical calculations with reactivity studies, here
we provide informative mechanistic insights on how cooperative
effects between RMgX reagents andwater can bemaximisedwhen
designing new magnesium-promoted organic transformations.
Results and discussion
Reaction of allylmagnesium bromide with benzonitrile in the
absence of external solvents in air/moisture: experimental
studies

Bearing in mind the success of our previous methodologies in
the design of the modular double addition of RLi/RMgX
reagents to nitriles in air (Scheme 1d),7c we decided to export
our previous experience to the addition reaction of allyl
Grignard to aromatic nitriles in the absence of external solvents.
First, we explored, as a model reaction, the addition of
commercially available allylmagnesium bromide to benzonitrile
(PhCN, 1a) in the presence of air/moisture, at room temperature
and without any additional organic solvent. It is well known that
the addition of highly polar organometallic reagents (RLi/
RMgX) to nitriles usually gives rise to the formation of the
corresponding imine, which evolves upon hydrolysis into the
concomitant ketone.1 However, when we carried out the addi-
tion protocol under the aforementioned bench-type reaction
Scheme 2 Previously proposed mechanism for the synthesis of tet-
rahydropyridine derivatives through addition of allylmagnesium
bromide to aromatic nitriles.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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conditions followed by a standard hydrolytic quenching at room
temperature (by using saturated aqueous solution of NH4Cl), we
observed the formation of a mixture containing the tetrahy-
dropyridine 2a and one of the isomers of the primary enamine
1-amino-1-phenyl-1,3-butadiene (3a) as a by-product in a 15 : 85
ratio (Scheme 3), instead of either the expected imine [PhC(]
NH)CH2CH]CH2] or ketone [PhC(]O)CH2CH]CH2].
Although the formation of 2a was already reported,10 the
concomitant synthesis of enamine 3a should not be expected
under our reaction conditions taking into account the previous
results reported by Grassberger and co-workers, as they
described the formation of mixtures of the tetrahydropyridine
2a with the corresponding carbinamine 4a.10 In this sense, the
presence of enamine 3a in our reaction mixture can be
explained by tautomerisation of the corresponding imine
compound, formed upon hydrolysis of I as shown in Scheme 3.
This tautomerisation equilibrium is shied towards enamines
by the conjugative effect of the butadiene skeleton as reported
by Erker.9 These types of substituted 1,3-butadienes have E/Z
isomers around the double bond between C1–C2, but in our
case only one of the isomers was present. Taking into account
this experimental observation, which is not consistent with the
mechanism previously proposed by Grassberger and co-workers
(Scheme 2), we decided to focus our attention on the proposal of
a new version of the mechanism for the synthesis of 2a.

Thus, we rst directed our efforts to try to rationalise which
of the E/Z isomers of enamine 3a were obtained under our
experimental conditions. In this sense, from the two possible
enamine isomers Z/E formed, only the isomer Z is able to place
the “dienophile” tail in the right position to undergo the aza-DA
reaction, which thus implies that the unreacted isomer must be
E-3a. Important to mention here is the fact that it has already
been established that the interconversion between both Z/E
isomers requires high levels of energy.14 Therefore, to force the
deliberated transformation between Z/E-3a isomers, we decided
to implement a new set of experimental conditions, which
imply the heating of the reactionmedia at 100 °C for 30 minutes
aer hydrolysis with saturated ammonium chloride solution.
Satisfactorily, under these new conditions, tetrahydropyridine
2a was obtained as the unique reaction product in 99% yield.
On the other hand, when two equivalents of the Grignard
reagent were added, the main product detected was the car-
binamine 4a formed by a double addition reaction.15

In order to monitor the quantitative transformation of ben-
zonitrile (1a) into tetrahydropyridine 2a, we carried out, in
Scheme 3 Addition of commercially available allyl magnesium
bromide to benzonitrile (PhCN, 1a) in the presence of air/moisture, at
room temperature and without any additional organic solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
a Young NMR tube and under an inert atmosphere, the reaction
between nitrile 1a and allyl Grignard, giving rise in the rst term
to the corresponding iminic-type intermediate I. Aer 24 hours,
we observed that compound I is totally stable under the inert
atmosphere, at room temperature and in the absence of protic
sources and thus did not evolve into the aforementioned
possible reaction intermediates II and III (Scheme 2) under
these Schlenk-type conditions. All our aforementioned experi-
mental observations suggest that: (i) the initial isomerization
reactions and the subsequent aza-Diels–Alder cycloaddition
only take place during the hydrolysis step (thus the presence of
water in the reaction media is mandatory) with NH4Cl at 100 °C;
and (ii) the magnesium metallic fragment is not involved in the
formation of the observed tetrahydropyridine 2a.
Reaction of allylmagnesium bromide with benzonitrile in the
absence of external solvents in air/moisture: computational
studies

Tacking all these experimental pieces of evidence into account,
we decide to complete our mechanistic studies by performing
density functional theory (DFT) calculations, at the dispersion
corrected PCM(diethylether)-B3LYP-D3/def2-TZVPP//PCM(die-
thylether)-B3LYP-D3/def2-SVP level. As shown in Fig. 1, the nal
aza-Diels–Alder reaction involving species IV (see Scheme 2),
despite being clearly exergonic (DGR = −8.2 kcal mol−1),
requires a relatively high free activation barrier (DGs = 28.8
kcal mol−1), which is actually in the limit to be compatible with
a process occurring at room temperature. Similar high barriers
were obtained either by using other functionals (M06-2X/def2-
SVP or BP86-D3/def2-SVP) or by including a solvent molecule
attached to the magnesium atom (Me2O as a model of an
ethereal solvent which is present in the commercially available
solution of the allyl Grignard, see Fig. 1b). These results there-
fore suggest that the key aza-Diels–Alder reaction is unlikely to
take place during the rst step of the transformation.

Having all these results in mind and taking into account that
we have probed experimentally that magnesium compound I
does not evolve into the corresponding tetrahydropyridine 2a
under traditional Schlenk-type conditions (which indicates that
formation of 2a takes place only aer hydrolysis of this orga-
nomagnesium compound), we decided to study computation-
ally the process without the assistance of magnesium. To this
end, our calculations (Fig. 2) begin from the imine A formed
upon protonation of magnesium-imine I in Scheme 3 due to the
addition of an aqueous solution of NH4Cl. Imine A tautomerises
to its more stable Z-enamine B, which may serve as a dienophile
in the subsequent Diels–Alder cycloaddition. Then, the ex-
pected 1,5-H migration leading to imine C takes place either
directly via TS1 (DGs = 28.8 kcal mol−1) or assisted by water (as
a water dimer, DGs = 31.6 kcal mol−1). Once the a,b-unsatu-
rated imine C is formed, the aza-Diels–Alder cycloaddition
reaction may occur through two alternative pathways. On the
one hand, the a,b-unsaturated imine C may act as a diene and
react with B acting as an activated dienophile leading to tetra-
hydropyridine D in a highly exergonic transformation (DGR =

−14.7 kcal mol−1) via the concerted and highly asynchronous
Chem. Sci., 2024, 15, 5929–5937 | 5931
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Fig. 1 Computed reaction profile for the magnesium-assisted Diels–
Alder reaction involving: (a) species IV; and (b) species IV-S where two
molecules of solvent are coordinated to the metal atom. Relative free
energies (DG, at 298 K) and bond distances are given in kcal mol−1 and
angstroms, respectively. All data have been computed at the
PCM(Et2O)/B3LYP-D3/def2-TZVPP//PCM(Et2O)/B3LYP-D3/def2-SVP
level.

Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
m

aa
lis

ku
ut

a 
20

24
. D

ow
nl

oa
de

d 
on

 1
3.

7.
20

24
 6

.0
1.

18
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
transition state TS2. Alternatively, C may also react with the
non-conjugated imine A, leading to the formation of the
isomeric tetrahydropyridine E again in a highly exergonic
transformation (DGR = −11.5 kcal mol−1) via the analogous
concerted transition state. In both cases, the computed free
activation barriers are relatively high (>30 kcal mol−1) which are
compatible with the high temperature (100 °C) required in our
experimental studies. From the data in Fig. 2, the former
pathway (involving C + B) seems favoured over the latter
(involving C + A) from both kinetic (DDGs= 3.3 kcal mol−1) and
thermodynamic (DGR = 3.2 kcal mol−1) points of view. Final
hydrolysis of D leads to the experimentally observed tetrahy-
dropyridine 2a, where the enamine group in D has been
transformed into the corresponding ketone.

Moreover, in our experimental protocol, the saturated solu-
tions of ammonium chloride used in the hydrolysis step present
a pH range of 5–6. Thus, we decided to extend our DFT studies
to this more realistic situation starting with the protonated
enamine B–H (Fig. 3). Our calculations indicate that the
Fig. 2 Computed reaction profile for the transformation of imine A
into the two possible tautomeric tetrahydropyridines D and E. Relative
free energies (DG, at 298 K) and bond distances are given in kcal mol−1

and angstroms, respectively. All data have been computed at the
PCM(water)/B3LYP-D3/def2-TZVPP//PCM(water)/B3LYP-D3/def2-
SVP level.

5932 | Chem. Sci., 2024, 15, 5929–5937
corresponding aza-Diels–Alder cycloaddition involving the
protonated a,b-unsaturated imine C–H proceeds similarly to
that involving its neutral counterpart C. Indeed, no substantial
differences in the computed barrier (DGs = 34.9 kcal mol−1) or
reaction energy (DGR = −13.6 kcal mol−1) were found.

However, data in Fig. 3 clearly show that protonation
signicantly favours the initial 1,5-H migration in the direct
pathway and particularly, in the water-assisted reaction. In both
cases, the computed barrier is much lower (DDGs = 6.5 kcal
mol−1 and 17.7 kcal mol−1, for the direct and water-assisted
processes, respectively) and the reaction becomes clearly
much more exergonic (DGR = −38.4 kcal mol−1), which illus-
trates the benecial role of protonation in the initial 1,5-H
migration reaction. The markedly lower barriers computed in
the water-assisted reaction can be mainly ascribed to the easy
abstraction of the proton attached to the nitrogen atom by
water, as conrmed by the long N/H distance in TS10-H of
2.083 Å. This computational nding also highlights the
importance of the presence of water in the reaction media, thus
explaining why the quantitative formation of tetrahydropyridine
2a cannot be replicated in traditional and dry organic solvents.

Bearing all these results in mind, we could establish the best
conditions for the synthesis of tetrahydropyridine-type
compounds as follows: (i) addition of one equivalent of the
allyl Grignard reagent to the corresponding nitrile; (ii) under
neat conditions; (iii) at room temperature; (iv) in air; and (v)
hydrolysis aer 3 seconds of reaction (which involves rst the
addition of 2 mL of a saturated solution of ammonium chloride
and secondly heating at 100 °C for 20 min).
Synthesis of tetrahydropyridines 2a–j through addition of allyl
magnesium bromide to aromatic/aliphatic nitriles in the
presence of air/moisture, at room temperature, and without
any additional organic solvent: acidic hydrolysis (NH4Cl)

Once the best conditions were set up, we decided to expand the
scope of this transformation to a family of both aromatic and
aliphatic nitriles 1a–j (Scheme 4). Thus, by following this
Fig. 3 Computed reaction profile for the initial 1,5-H migration from
the protonated enamine B–H. Relative free energies (DG, at 298 K) and
bond distances are given in kcal mol−1 and angstroms, respectively. All
data have been computed at the PCM(water)/B3LYP-D3/def2-
TZVPP//PCM(water)/B3LYP-D3/def2-SVP level.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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procedure, benzonitrile (1a) gave rise to the corresponding tet-
rahydropyridine 2a in almost quantitative yield (98%). Similar
reaction yields were found in the presence of electron-donating
groups such as Me (2b) and MeO (2c) in the para-position (97%
and 98%, respectively). On the other hand, when the aromatic
ring is substituted in the para-position by an electron-
withdrawing group such as Br (2d) the yield decreases to 68%,
although this can be related to the low solubility of the starting
nitrile in the ethereal solvent which is present in the commer-
cially available solution of the allyl Grignard rather than to the
electronic effect of the substituent. In good agreement with this
experimentally observed solubility effect, we found that the
presence of a different electron-withdrawing group (CF3) in the
para-position of the starting nitrile 1e is well-tolerated by our
system, and almost quantitative formation of CF3-containing
tetrahydropyridine 2e (93%) was observed. Similarly, our
protocol is also compatible with naphthyl-substituted nitriles
(such as 1f) affording the corresponding tetrahydropyridine 2f
Scheme 4 Synthesis of tetrahydropyridines 2a–j through addition of
allyl magnesium bromide (0.5 mmol) to different aromatic/aliphatic
nitriles (R–CN, 1a–j; 0.5 mmol) in the presence of air/moisture, at
room temperature, without any additional organic solvent and with
vigorous stirring. After 3 seconds of the addition, the concomitant
hydrolysis was promoted by adding 2 mL of a saturated aqueous
solution of NH4Cl and heating the obtained reaction crude up to 100 °
C for 20minutes. Yields of the reaction crudes were determined by 1H-
NMR using 1,3,5-trimethoxybenzene as an internal standard (0.5
mmol).

© 2024 The Author(s). Published by the Royal Society of Chemistry
in a remarkable 88% yield. Regarding steric effects, we should
mention that the presence of substituents in the ortho-position
of the aromatic ring of the nitrile (e.g., 2-tolylnitrile) completely
blocks the reaction, thus recovering the unreacted starting
nitrile. Conversely, our system is capable of converting, in
almost quantitative yields (89–93%), the corresponding para-
substituted aromatic nitriles 1g–h into the desired tetrahy-
dropyridines 2g–h. Finally, and trying to nd the limits of our
procedure, we decided to focus our attention on the most
challenging aliphatic-based nitriles 1i–j.16 Satisfactorily, and for
the rst time in this chemistry, we were able to obtain the
corresponding aliphatic-based tetrahydropyridines 2i–j in
quantitative (2i; 99%) to moderate yields (2j, 68%). Finally, we
would like to mention that all the obtained tetrahydropyridines
(2a–j) presented the expected syn-stereoisomeric conformation,
as corroborated by the corresponding NOE NMR experiments.10
Synthesis of b-aminoketones 5a–c,g,i,j or enamines 3d–f
through addition of allyl magnesium bromide to nitriles in
the presence of air/moisture, at room temperature and
without any additional organic solvent: basic hydrolysis
(aqueous NH3)

Keeping in mind the astonishing selectivity and efficiency
shown by our system in the synthesis of a variety of tetrahy-
dropyridines 2a–j and the previous results reported in the
eld,8–10 we decided to revisit the hydrolysis step again but
changing the proton concentration of the aqueous media
employed, thus trying to nd a multi-task synthetic procedure
just by simple pH-switching. In this sense, it was previously
reported that the controlled hydrolysis of the addition reaction
under study but using saturated ammonia solution (instead of
aqueous NH4Cl) gave a mixture of the two possible enamine
isomers (Z/E).9 Thus, we decided to investigate how basic
hydrolysis affects the reaction nding that our experimental
results totally agreed with the ndings previously reported by
Erker.9 When compound I was hydrolysed with a saturated
solution of ammonia, the two isomers of 3a were obtained as
unique products. However, once the mixture of Z/E-3a
compounds was isolated and no basic media was present
anymore, it was completely transformed into 2a aer a week.
Remarkably, the implementation of our hydrolytic methodology
(heating up the aqueous medium at 100 °C for 20 min) allows
the selective and quantitative conversion of the mixture of
enamines Z/E-3a into the corresponding b-aminoketone 5a
(Scheme 5). This surprising transformation has been studied
previously by Tezer and Ozkan17 where the proposed mecha-
nism involves an initial 1,5-sigmatropic H-shi, followed by the
hydrolysis of the imine group to form an a,b-unsaturated
ketone. This species then undergoes a Michael addition with
ammonia as a nucleophile leading to the observed b-amino-
ketone 5a.

Taking into account the pivotal role of b-aminoketones in
organic synthesis, as they are considered one of the most
important scaffolds in the preparation of natural products, drugs
and bioactive molecules,18 and once we have set the best reaction
conditions that allow the selective conversion of benzonitrile (1a)
Chem. Sci., 2024, 15, 5929–5937 | 5933
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Scheme 5 Synthesis of b-aminoketone 5a through addition of allyl
magnesium bromide to benzonitrile (1a) in the presence of air/mois-
ture, at room temperature and without any additional organic solvent
followed by concomitant hydrolysis with an aqueous NH3 solution.

Scheme 7 Synthesis of enamines 3d–f through addition of allyl
magnesium bromide to nitriles 1d–f in the presence of air/moisture, at
room temperature and without any additional organic solvent fol-
lowed by concomitant hydrolysis with an aqueous NH3 solution.
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into b-aminoketone 5a (Scheme 5), we nally decided to focus
our attention on the study of the role of the nature of the starting
nitriles in this synthetic protocol (Scheme 6). In this case, we
found that the electronic properties of the substituents present
in the starting aromatic nitriles under study indeed played
a pivotal role. Thus, we observed that when the selected aromatic
nitriles contain electron-donating groups in either ortho- (1b–c)
or para-positions (1g),19 the corresponding b-aminoketones
5b,c,g were obtained with good quantitate yields (Scheme 6). In
the same line, the challenging aliphatic nitriles 1i–j follow the
same reaction pathway producing the corresponding b-amino-
ketones 5i–j in moderate to quantitative yields (59–97%).

Conversely, when aromatic nitriles containing electron-
withdrawing (Br, 1d; CF3 1e) or naphthyl (1f) groups were
employed under the same reaction conditions, selective formation
of enamines 3d–f in very good Z/E ratios was observed (Scheme 7).
In combination, both experimental sets of observations suggest
that the corresponding 1,5-sigmatropic H-shi, required for the
formation of the corresponding unsaturated imine intermediate
(Scheme 5), is particularly favoured when electron-rich aromatic
nitriles are employed. In line with this, we computationally found
Scheme 6 Synthesis of b-aminoketones 5a–c,g,i,j through addition of
allyl magnesium bromide to nitriles 1a–c,g,i,j in the presence of air/
moisture, at room temperature and without any additional organic
solvent followed by concomitant hydrolysis with an aqueous NH3

solution.

5934 | Chem. Sci., 2024, 15, 5929–5937
that the 1,5-sigmatropic H-shi involving species B equipped with
the strong electronic donor p-C6H4–NH2 substituent proceeds with
a lower barrier (DDGs = 2.1 kcal mol−1) than the analogous
reaction involving the electron-withdrawing p-C6H4–NO2 group.
Despite this, reasons for the lack of reactivity observed in
substrates 1d–f remain unclear at the moment. At this point, we
would like to highlight the different nature of the highly
substituted nal products that we are able to obtain, ranging from
tetrahydropyridines (Scheme 4) or b-aminoketones (Scheme 6) to
enamines (Scheme 7) just by ne-tuning the reaction conditions
and the electronic nature of the starting nitrile.

Conclusions

In summary, in this work we have demonstrated that the use of
bench-type reaction conditions (room temperature and the
presence of air/moisture) in the addition of a highly polar allyl
Grignard reagent to nitriles under neat conditions, together
with ne-tuning of the chemical (acidic or basic conditions) and
physical (heating at 100 °C) characteristics of the hydrolysis
protocol are key factors in the design of a multi-task synthetic
protocol capable of selectively producing three different organic
scaffolds, namely highly substituted tetrahydropyridines, ami-
noketones and enamines. Importantly, we have been able to
implement the use of both aromatic or aliphatic nitriles in our
synthetic protocols, these aliphatic nitriles being traditionally
incapable of undergoing addition reactions with polar organo-
metallic reagents (RLi/RMgX) under non-conventional condi-
tions. Moreover, and for the rst time in this chemistry, both
experimental and computational studies corroborate the
benets associated with the employment of non-conventional
bench-type reaction conditions (room temperature in the pres-
ence of air/moisture) in the chemistry of polar organometallic
reagents, which cannot be replicated when using traditional
Schlenk-type synthetic techniques.20 Thus, our synthetic
protocol establishes a new route to obtain “a la carte products”
by means of a simple and unique reaction.

Experimental
General methods and materials

Allylmagnesium bromide (1 M in diethyl ether) was purchased
from Sigma Aldrich and its concentration was established by
© 2024 The Author(s). Published by the Royal Society of Chemistry
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titrating against iodine.21 Infrared spectra were recorded on
a Bruker Tensor 27 spectrometer, using an ATR accessory.
HRMS were measured in ESI mode, with a TOF mass analyser
(Bruker model Impact II). NMR spectra were recorded on
a Bruker Avance Neo 400 spectrometer operating at 400.13 MHz
for 1H, 100.62 MHz for 13C and 376 MHz for 19F. All 13C and 19F
spectra were proton decoupled. 1H and 13C NMR spectra were
referenced against an appropriate solvent signal. 19F NMR
spectra were referenced against CFCl3. Characterisation details,
including 1H, 19F, 13C{1H} NMR spectra and HRMS data, for
compounds 2a–j, 3a,d,e,f, 4a and 5a–c,g,i,j are included in the
ESI.‡

General procedure for the synthesis of tetrahydropyridines
2a–j, in the presence of air and without additional solvent

Synthesis was performed in air and at room temperature. A
glass tube was charged with the appropriate nitrile (1a–j, 0.5
mmol) and allylmagnesium bromide (0.5 mmol) was added
with vigorous stirring. Aer 3 seconds of stirring, the reaction
was quenched with 2 mL of a saturated solution of NH4Cl and
then heated to 100 °C for 20 minutes. Aer reaching room
temperature, 5 mL of distilled water was added, and themixture
was extracted with 2-MeTHF (3 × 5 mL). The combined organic
phases were dried over anhydrous MgSO4 and the solvent was
concentrated in vacuo. Yields of the reaction crudes were
determined by 1H-NMR using 1,3,5-trimethoxybenzene as an
internal standard (0.5 mmol). Separation and purication of
every compound were carried out using TLC glass plate silica
(employing hexane:ethyl acetate mixtures). All reactions were
performed in triplicate to ensure good reproducibility of the
obtained yields.

Procedure for the synthesis of enamines Z/E-3a,d,e,f, in the
presence of air and without additional solvent

Synthesis was performed in air and at room temperature. A
glass tube was charged with the desired nitrile (3a,d,e,f, 0.5
mmol) and allylmagnesium bromide (0.5 mmol) was added
with vigorous stirring. Aer 3 seconds of stirring, the reaction
was quenched with 2 mL of a saturated aqueous solution of NH3

(hydrolysis can be maintained at 100 °C for 20 minutes, without
any noticeable change for enamines 3d–f). The reaction mixture
was extracted with 2-MeTHF (3 × 5 mL). The combined organic
phases were dried over anhydrous MgSO4 and the solvent was
concentrated in vacuo. Yield of the reaction crude was deter-
mined by 1H-NMR using 1,3,5-trimethoxybenzene as an internal
standard (0.5 mmol). Separation and purication of mixtures of
Z/E-3a,d,e,f were carried out using TLC glass plate silica
(employing hexane : ethyl acetate mixtures). The reaction was
performed in triplicate to ensure good reproducibility of the
obtained yield.

Procedure for the synthesis of 4a, in the presence of air and
without additional solvent

Synthesis was performed in air and at room temperature. A
glass tube was charged with benzonitrile (1a, 0.5 mmol) and
allylmagnesium bromide (1 mmol) was added with vigorous
© 2024 The Author(s). Published by the Royal Society of Chemistry
stirring. Aer 5 seconds of stirring, the reaction was quenched
with 2 mL of a saturated solution of NH4Cl and then 5 mL of
distilled water was added, and the reaction mixture was
extracted with 2-MeTHF (3 × 5 mL). The combined organic
phases were dried over anhydrous MgSO4 and the solvent was
concentrated in vacuo. The yield of the reaction crude was
determined by 1H-NMR using 1,3,5-trimethoxybenzene as an
internal standard (0.5 mmol). Separation and purication of 4a
were carried out using TLC glass plate silica (employing
hexane : ethyl acetate mixtures). The reaction was performed in
triplicate to ensure good reproducibility of the obtained yield.

Procedure for the synthesis of 5a–c,g,i,j, in the presence of air
and without additional solvent

Synthesis was performed in air and at room temperature. A
glass tube was charged with the desired nitrile (1a–c,g,i,j, 0.5
mmol) and allylmagnesium bromide (0.5 mmol) was added
with vigorous stirring. Aer 5 seconds of stirring, the reaction
was quenched with 2 mL of a saturated solution of NH3 and
then heated to 100 °C for 20 minutes. Aer reaching room
temperature, 5 mL of distilled water was added, and the reac-
tion was extracted with 2-MeTHF (3 × 5 mL). The combined
organic phases were dried over anhydrous MgSO4 and the
solvent was concentrated in vacuo. The yield of the reaction
crude was determined by 1H-NMR using 1,3,5-trimethox-
ybenzene as an internal standard (0.5 mmol). Separation and
purication of 5a–c,g,i,j were carried out using TLC glass plate
silica (employing hexane : ethyl acetate mixtures). The reaction
was performed in triplicate to ensure good reproducibility of the
obtained yield.

Procedure for the synthesis of intermediate I

Synthesis was performed under an inert atmosphere and at
room temperature inside a glovebox. A glass tube was charged
with allylmagnesium bromide (0.5 mmol), and the solvent was
removed under vacuum. Then, the white solid was dissolved in
deuterated THF and transferred into a young NMR tube, and
benzonitrile (1a, 0.5 mmol) was added. The reaction under
study was monitored by regular 1H NMR measurements.

Computational details

All the calculations reported in this paper were obtained with
the Gaussian 09 suite of programs.22 All species were optimised
using the B3LYP functional23 in conjunction with the D3
dispersion correction suggested by Grimme et al.24 using the
standard double-z quality def2-SVP25 basis sets for all atoms.
Solvent effects were taken into account during the geometry
optimisations using the polarisable continuum model (PCM).26

This level is denoted as PCM(solvent)-B3LYP-D3/def2-SVP. All
stationary points were characterised using frequency calcula-
tions.27 Reactants and products have positive denite Hessian
matrices, whereas transition structures show only one negative
eigenvalue in their diagonalised force constant matrices, and
their associated eigenvectors were conrmed to correspond to
the motion along the reaction coordinate under consideration
Chem. Sci., 2024, 15, 5929–5937 | 5935
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using the intrinsic reaction coordinate (IRC) method.28 In
addition, the vibrational calculation provides the thermal Gibbs
energy corrections by using the gas ideal-rigid-rotor-harmonic-
oscillator approximation. Energy renements were carried out
by means of single-point calculations at the same DFT level
using the much larger triple-z basis set def2-TZVPP. This level is
denoted as PCM(solvent)/B3LYP-D3/def2-TZVPP//PCM(solvent)/
B3LYP-D3/def2-SVP.

Data availability

All the experimental and computational data supporting this
study are included in the main text and the ESI.‡
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