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H/Br Abstract. Anions of nitroderivatives of thiophene and furan were subjected to the
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reactions with selected C-H acids in the gas phase. Various structures and reaction
pathways were proposed for the observed ionic products. In general, the reactions of
heteroaromatic anions with C-H acids may be divided into three groups, depending
on the proton affinity difference between C-H acid’s conjugate base and

heteroaromatic anion (APA). The proton transfer from C-H acid to heteroaromatic

SnNAr, Sy2, adducts,
ring-opening,
halogenophilic reaction,
cine and tele substitution

anion is a dominant process in the reactions for which APA<O kcal mol~!, whereas
the reactions with high APA (APA>16 kcal mol™") do not lead to any ionic products.
The formation of g-adducts and products of their further transformations according to

the VNS, S\Ar, cine, and tele substitution mechanisms have been proposed for
reactions with moderate APA. The other possible mechanisms as Sy2 reaction, nucleophilic addition to the
cyano group, ring-opening pathway, and halogenophilic reaction have also been discussed to contribute in the

reactions between heteroaromatic anions and C-H acids.
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Introduction

nionic c-adducts (often referred to as Jackson-

Meisenheimer or Meisenheimer complexes) are formed
as the result of addition of a nucleophile to electrophilic aro-
matic ring. In condensed phases this addition is well recognized
for both aromatic and heteroaromatic systems and a wide range
of products may be formed from further transformations of
these adducts, depending on the reaction conditions and prop-
erties of substrates used in the reaction [1-5].

An addition can occur only in the ortho and para position
with respect to the nitro group because only such adducts are
stabilized by resonance. In the case of a nitroaromatic ring that
contains a substituent X either in the ortho or para position and
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that can act as a leaving group, two types of o-adducts can be
formed: o~-adduct and o"'-adduct (Scheme 1). It is well docu-
mented that the formation of o™-adducts is an irreversible
process and this adduct is usually a transition state in the
aromatic nucleophilic substitution reaction (SyAr) [1]. The
situation is different for the case of o''-adducts, where forma-
tion is reversible and further transformations are strictly related
to the type of nucleophile and reaction conditions. The direct
conversion of the ¢'-adduct into the product of nucleophilic
substitution of hydrogen, via the addition-elimination pathway
in which hydrogen anion is eliminated, is difficult because of
the high energy barrier of C-H heterocyclic bond cleavage and
is known only for some examples in condensed phase (i.¢., for
Chichibabin reaction [6]). Thus, the nucleophilic substitution
of hydrogen is accomplished indirectly from the further trans-
formations of 6"'-adduct such as oxidative nucleophilic substi-
tution of hydrogen (ONSH) [7], transformation into
nitrosocompounds [8, 9], transformation of ¢"-adduct accord-
ing to ANRORC mechanism (addition of nucleophile - ring
opening - ring closure) [10-12], vicarious nucleophilic substi-
tution of hydrogen (VNS) [3, 4], cine and tele nucleophilic
substitution of hydrogen [13].

It has to be stressed that the formation of ¢"-adducts is a
faster process than the formation of 6*-adducts. However, in
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the case when ¢''-adduct cannot be transformed quickly to the
hydrogen substitution products, only SyAr reaction is ob-
served. If the reaction conditions for further transformation of
o' -adducts are favorable, substitution of hydrogen is a domi-
nating process even in the presence of very good leaving
groups in the nitroaromatic ring [3—5]. Recently, we have
proven in our group that the formation of 6"'-adducts is a faster
process compared with the formation of the *-adducts also in
the gas phase [14].

In comparison to the exhaustive solution-phase studies, the
number of publications describing the formation of s-adducts
and their further transformations in the gas phase is much
lower. Especially the knowledge about the gas-phase c-adduct
formation in heteroaromatic systems is scant and it is limited to
the one publication describing the reactivity of 1,3,5-triazine
towards nucleophiles [15]. More information is available
concerning the gas-phase s-adducts of nitroarenes with nucle-
ophilic reagent. In our lab, we have proven that the formation
of stable gas-phase c-adducts of nitroarenes with carbanions is
possible [16, 17]. We have also observed the gas-phase SyAr
reactions of halonitroarenes with carbanions as well as some
other transformations of c-adducts [18—20]. Similar results
were obtained by the Cooks’ group [21-24]. On the other hand,
Chiavarino et al. proved by the IRMPD measurements accom-
panied by quantum chemical calculations that the products of
the gas-phase addition of sufficiently basic anions to
nitroarenes are indeed c-adducts [25, 26]. However, the gas-
phase reactions of nucleophiles with nitrothiophenes and nitro-
furans have not been reported so far.

The presence of a heteroatom in an aromatic ring signifi-
cantly affects the reactivity with nucleophilic agents. Signifi-
cantly lower aromaticity of some heteroaromatic rings, such as
of thiophene and furan, compared with the benzene ring (which
causes a lower loss of stabilization energy on going from
substrates to c-adducts) [27, 28], near sp> hybridization of
carbon atoms in thiophene and furan (the same as is observed

Formation and further transformations of o* and o"-adducts in solution

at the reaction center of c-adduct formation) [29], improved
ability of the m-orbitals of thiophene and furan aromatic sys-
tems to interact with electron-withdrawing substituents (i.c.,
the ability of the thiophene and furan rings to transmit the
electronic effects of substituents more effectively than in ben-
zene and involving the transmission also through heteroatoms),
all these factors render the heteroaromatic systems of thiophene
and furan more reactive versus nucleophilic agents with respect
to benzene derivatives.

In this paper, we describe preliminary results of the gener-
ation and further transformations of the anionic s-adducts of
nitroderivatives of thiophene and furan with selected carban-
ions in the gas phase. The conditions required for the genera-
tion of adducts and plausible structures of their further trans-
formations are considered based on the reactivity and specific-
ity of heteroaromatic systems towards nucleophilic agents re-
ported for solution phase, and by some simple proton affinity
calculations.

Experimental

All measurements were performed using an API 365 triple
quadrupole mass spectrometer (AB SCIEX, Framingham,
MA 01701, USA) equipped with an electrospray ion source.
The methodology for the investigation of gas-phase reactions
was analogous to that previously described for studies of ion-
molecule reactions between derivatives of phenide ions with C-
H acids and is briefly outlined herein [16, 17]. The selected
nitroheteroaromatic anions (Scheme 2) were formed in the ion
source (medium pressure part) via decarboxylation of the ap-
propriately substituted carboxylate anions. The ion source pa-
rameters were optimized in order to obtain the highest possible
abundance of the nitroheteroaromatic anions. Selected with the
first quadrupole, anions were subjected to the reactions with C-
H acid admixed to the nitrogen introduced into the collision
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Scheme 2. Nitrothiophene and nitrofuran anions studied in the
present work

cell. The nominal cell voltage was set to —5 eV to suppress
collision-induced dissociation (CID). The reaction products
were then analyzed using the third quadrupole. Saturation of
the curtain gas with the substrate vapors was used alternatively
to allow the reaction to take place in the medium pressure
section of the ESI ion source, hence enabling the CID of
reaction products to be performed. Fragmentation spectra were
recorded with nitrogen as a collision gas at various collision
energy (CE) values, depending on the experiment. All CE
values are reported in the laboratory frame.

Proton affinities (PA) at 298 K were calculated using the
Gaussian 09 suite of programs [30]. Calculations were per-
formed using a hybrid B3LYP functional on a B3LYP/6-
311+G(3df,2p)//B3LYP/6-31G(d) level. Proton affinities of
the C-H acid conjugate bases discussed in this manuscript were
collected in Table S1 (Supporting Information). The experi-
mental values for some of these anions were also given [31]. In
the manuscript, we used calculated values of PA instead of the
experimental ones. The exceptions were the proton affinities of
Cl and Br, for which the experimental values were used.

Results and Discussion

Generation and the Gas-Phase Stability Studies
of Heteroaromatic Anions

In the first series of experiments, we examined the generation
of selected nitroheteroaromatic anions from the appropriately
substituted carboxylate anions via decarboxylation and their
gas-phase stability, which in turn is highly required for further
investigation of their ion-molecule reactions. The
heteroaromatic anions should be stable enough to reach the
collision cell, in which the gas-phase reactions with C-H acids
occur, without any additional fragmentations. This is a very
important factor since the reactions of selected anions, and not
the reactions with the fragment ions, are being monitored.
Another important factor is a well-defined position of a nega-
tive charge in heteroaromatic anions. The heteroaromatic an-
ions (shown in Scheme 2) have no acidic hydrogen atoms, thus
according to the earlier remarks on the isomerization of anions
generated in the medium pressure part of an ESI ion source, the
position of the negative charge should be determined by the
position of the carboxylic group in the respective acids [16].
The results on the generation and stability of examined
anions were obtained from the analysis of their CID spectra
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(Figure 1). The CID spectra were recorded at the lowest possi-
ble collision energy of 5 eV, the same as it was used in the gas-
phase reaction experiments. Both isomeric nitrothiophene an-
ions, i.e., 2-nitrothiophene S-anion (Figure la) and 3-
nitrothiophene S-anion (Figure 1b), were very stable and no
fragmentations were observed during the collision experiment.
In contrast to the nitrothiophene anions, 2-nitrofuran 5-anion
was unstable and even at the lowest collision energy dissociat-
ed by losing NO—, HNO», and NO, (Figure 1¢). The fragmen-
tation pathways leading to the indicated fragments of the nitro-
furan anion may involve a ring opening. This process is highly
probable taking into account the low aromaticity of the furan
ring, which is 4.5 kcal mol ! (according to the aromaticity scale
based on the Dewar resonance energy, DRE), compared with
the resonance energy of benzene (DREj, ¢ ne=22.6 kcal molfl)
[28]. Due to the low stability of 2-nitrofuran 5-anion, one may
expect the additional reactions of ion fragments to occur.

The presence of a bromine atom in the heteroaromatic ring
of nitrothiophene anions (Figure 1d and e) induces a slight
decrease of stabilization as it was seen in the spectra by the
presence of Br (m/z 79) and ion resulting from the elimination
of HBr (m/z 126). The presence of these additional peaks in the
spectra of isomeric bromonitrothiophene 5-anions may also be
assigned to a ring-opening pathway by the low resonance
energy of thiophene ring, which is 6.5 kcal mol . It is worth
noticing that the ion at m/z 126 may correspond to the forma-
tion of 3,4-didehydrothiophene anion. However, this process is
not expected, since no experimental evidence of the existence
of such type of hetaryne structures have been obtained, but one
precedent, where the existence of 2,3-didehydrothiophene,
formed in the flash-vacuum thermolysis of thiophene-2,3-
dicaboxylic acid anhydride, was postulated [32].

Reactions of Nitrothiophene Anions with C-H Acids

The results of the gas-phase reactions of 2-nitrothiophene 5-
anion with selected C-H-acids are summarized in Table 1. The
appropriate spectra are included in the Supporting Information
Figure S1.

In the reactions of 2-nitrothiophene 5-anion with C-H acids,
the conjugate base of which has a lower PA than the 2-
nitrophenide 5-anion (i.e., in the reactions with chloroform,
methyl chloroacetate, and chloroacetonitrile), adduct formation
was not observed. The main reaction products were the anions
of the appropriate C-H acids resulting from the proton transfer
with the formation of anion with the lower proton affinity.
Additionally, the reactions with methyl chloroacetate and
chloroacetonitrile led to the products corresponding to the
formation of anions resulting from HCI elimination from ad-
duct and CI. In the case of the reaction with methyl
chloroacetate the low intensity peak corresponding to the ionic
product from MeOH elimination from adduct [A — MeOH]
was also observed. The product of this type was also detected
in the reaction with ethyl acetate as [A — EtOH] ion. The
addition of a nucleophile to carbonyl group of ester followed
by the elimination of an alcohol molecule (ester hydrolysis) is a
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Figure 1. CID mass spectra (collision energy, CE=5 eV) of heteroaromatic anions: (a) 2-nitrothiophene 5-anion, (b) 3-

nitrothiophene 5-anion, (€) 2-nitrofuran 5-anion, (d) 2-bromo-3-nitrothiophene 5-anion, and (e) 3-bromo-2-nitrothiophene 5-anion
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Table 1. Results of the Ion-Molecule Reactions of 2-Nitrothiophene 5-Anion with Selected C-H-acids
No.* C-H acid APA Reaction results
[Y]
[A] [Y-H]" [A —HNO,]" [A - HCI]” Other products
CHCl; —4 - + - - -
CICH,CN —4 - + - + Ccr
CICH,CO,Me -2 - + - + Cr,
[A —MeOH]™
1.4 Cyclopentanone 5 + - + n/a -
1.5 CH;COCH; 7 + - + n/a -
1.6 CH;CO,Et 7 + - - n/a [A — EtOH]”
1.7 CH;CN 10 + - + n/a -
1.8 CH,Cl, 14 - - - + -

* No. = spectrum number in Supporting Information.

AP A=proton affinity difference between C-H acid conjugate base and 2-nitrothiophene 5-anion (calculated within this work as 362 kcal mol ™).

[A] =adduct.

Y — H] =C-H acid anion resulting from the proton transfer.

A — HNO,] =anion resulting from HNO, elimination from adduct.
A — HCI] =anion resulting from HCI elimination from adduct.

[
[
[
[

well-known process in a gas phase [20, 33]; therefore, it will
not be discussed in this work.

The presence of [A — HCI] ions may be explained by S\2
reaction with the mechanism’s details shown in Scheme 3.
Taking into account the reactions in solution, Cl ion as the
Sn2 reaction product should be observed. However, owing to
the higher proton affinity of ClI compared with the proton
affinity of [5-nitro-2-thienylacetonitrile anion or methyl 2-(5-
nitrothiophen-2-yl)ethanoate anion] [A — HCI], the latter ion
was postulated as the product of Sy2 reaction.

The gas-phase nucleophilic displacement reactions were the
subject of extensive studies mainly in saturated systems [34]. A
variant of the nucleophilic substitution, i.e., halogenophilic
reactions (also known as halophilic reactions) in which the
nucleophile attacks the halogen instead of the carbon atom,
which in this case acts as the leaving group, were also observed
in aromatic systems [16, 35, 36]. The examples of the gas-
phase reactions in which an arene carbanion initiates the addi-
tion process, €.g., reactions with carbonyl compounds and o, 3-
unsaturated compounds possessing electron-withdrawing
groups have been also recently reported [19, 20, 37]. These
studies show that indeed the arene carbanion may react as an
effective nucleophile producing a broad set of products. Hence,
the heteroaromatic carbanions may be also considered as active
nucleophiles in addition processes.

The other possible mechanism leading to the formation of
[A — HCI] may include proton transfer from C-H acid to 2-
nitrophenide 5-anion, followed by the formation of 6" adduct

H
ozN/Q* faThz T ozNﬂ*}i‘\H

Z=CN, CO,Me

A — ROH] =anion resulting from ROH (alcohol molecule) elimination from adduct.

and HCI elimination from the adduct, according to the well-
known VNS reaction (Scheme 4).

The results obtained so far do not allow us to unambigu-
ously determine the exact mechanism of [A — HCI] formation.
The main question that should be answered is whether in the
first step of the reaction the proton transfer from C-H acid to 2-
nitrophenide 5-anion occurs. Taking into account the differ-
ence in the proton affinities between 2-nitrophenide 5-anion
and C-H acid conjugate bases (Table 1) it can be assumed that
the exothermic process of proton transfer will destabilize the
complex of the reactants in the gas phase, causing its dissoci-
ation. However, it should be also noted that the exothermicity
of this process is not too large (2—4 kcal mol "); considering the
difficulties in estimating the exact error of PA calculation, it
could be even less. Therefore, one can expect that [A — HCI]
ionic products may be formed according to both of the
abovementioned mechanisms.

Formation of CI in the reactions of 2-nitrophenide 5-anion
with methyl chloroacetate and chloroacetonitrile may be ex-
plained by fragmentation of their conjugate bases. The frag-
mentation spectra revealed that such explanation may account
for chloroacetonitrile. The most probable explanation of CI
formation in the reaction with chloroacetate is a subsequent
fragmentation of [A — MeOH] .

In the reactions of 2-nitrothiphene 5-anion with C-H acids,
the conjugate base of which has a higher PA than the 2-
nitrothiophene 5-anion, but not higher than the energy released
during ion-molecule association in the gas phase, which is

S

A
PA(Z = CN) = 317 kcal mol!

PA(CI')=333.5kcal mol!  PA(Z=CO,Me) = 321.5 keal mol’!

Scheme 3. Reaction of 2-nitrothiophene 5-anion with chloroacetonitrile and methyl chloroacetate according to Sy2 mechanism
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Scheme 4. Reaction of 2-nitrothiophene 5-anion with chloroacetonitrile and methyl chloroacetate according to proton transfer

followed by o"-adduct formation and elimination of HCI

typically about 18 kcal mol ' [38, 39], formation of adducts
was mainly observed. The conceivable structures accessible for
associates of heteroaromatic anion with C-H acid may corre-
spond to c-adducts, © complexes, or hydrogen-bonded com-
plexes. However, considering the main requirement for adduct
formation, which is the endothermic proton transfer from C-H
acid to heteroaromatic anion (which allows the stabilization of
the resulting ion—molecule complexes) [18] and further trans-
formations of adducts, the structure of s-adduct may be safely
postulated. This is in agreement also with the results obtained
by Chiavarino et al. [25] who proved the existence of anionic o-
adducts in the gas phase.

The exception in adduct formation is the reaction with
dichloromethane, in which only the [A — HCI] product (m/z
176) was observed. Similarly to the previous reactions as in this
case, the [A — HCI] may be formed according to the Sy2 and/or
VNS mechanisms.

In the spectra recorded during the reactions of 2-
nitrothiophene 5-anion with cyclopentanone, acetone, and ace-
tonitrile the peaks corresponding to adducts were accompanied
by the products of [A — HNO,] resulting from HNO, loss from
an adduct. One of the possible explanations of the formation of
[A — HNO,] ions is the cine (pathway a) and/or tele (pathway
b) substitution of the nitro group followed by proton transfer, as
depicted in Scheme 5.

The examination of structure proposed for [A — HNO,] was
accomplished by comparison of the fragmentation spectra
(CID spectra) recorded for ionic products with the general
formula of [A — HNO,] generated from the gas-phase reaction

O,N
/a‘/ 2 S
ﬂ_ * CHCN— /@\ + "CH,CN
OZN 02N H

S S

Scheme 5. Reaction of 2-nitrothiophene 5-anion with acetonitrile

of 2-nitrothiophene S-anion with acetonitrile with those of the
proposed model anions (Figure 2).

The obtained results were inconclusive so additional exper-
iment with deuterated acetonitrile (Figure 3) has been per-
formed. It showed clearly that the formation of [A — HNO,]
ion according to the mechanism of the tele substitution of the
nitro group has to be excluded because of the exclusive elim-
ination of HNO, instead of DNO, from the adduct (Scheme 6).
Therefore the cine mechanism for the [A — HNO,] formation is
expected. The formation of c-adduct in position 3 of 2-
nitrothiophene has been observed as the dominating or exclu-
sive orientation in the vicarious nucleophilic substitution
(VNS) of hydrogen in 2-nitrothiophene with various carban-
ions [40], however other reaction pathways, such as ring open-
ing as a result of nucleophilic attack of the acetonitrile anion in
position 5, cannot be excluded. Such reactions, in which the
ring of 2-nitrothiophene is being opened, are known and pos-
tulated for the reactions occurring in solution with secondary
amines [41].

Similar results to that found for 2-nitrothiophene 5-anion
have been obtained for 3-nitrothiophene 5-anion with C-H
acids (Table 2). In this case, according to the orientation in
nucleophilic addition observed in solution [40], one can expect
the formation of an adduct exclusively in position C2.

The results of the reactions of 3-nitrothiophene 5-anion with
C-H acids, the conjugate base of which has a lower PA than the
heteroaromatic anion, are strictly the same as those obtained for
isomeric 2-nitrothiophene 5-anion; hence, the analogous expla-
nation for the formation of [A — HCI] and CI ions is

CH,CN NCHC_
H
\ _ > /8
- -HNO,, s
1,3-H

K
O
“O,N CH,CN | 9% Ng” ~CHCN

S 1,5-H

o adducts [A-HNO, ]
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Figure 2. CID spectra (CE=15 eV) of anions generated from deprotonation of (a) 2-thiophenoacetonitrile, (b) 3-
thiophenoacetonitrile, and (c) [A — HNO,] ion formed upon reaction of 2-nitrothiophene 5-anion with acetonitrile

postulated. In most cases, the reactions with C-H acids such as
cyclopentanone, acetone, and acetonitrile lead to the formation
of adducts. However, in these cases, the intensities of the peaks
in the mass spectra corresponding to adducts were very low.
Overall decrease of intensity of the adduct peaks as well as the
lack or very low intensity of the peaks corresponding to the
products of their further transformations indicated the lower
reactivity of 3-nitrothiophene towards nucleophilic addition in
comparison to 2-nitrothiophene. The observed decrease in
reactivity can be explained by considering the mechanism of
the adduct formation, taking acetonitrile as the example
(Scheme 7).

The formation of o'-adduct in position C2 requires an
attack of the acetonitrile anion from above or below the
heteroaromatic ring. Since the moving anion must overcome

the repulsive energy derived from @ electrons of the thiophene
ring and the electron pair located at the sulfur atom, this
transition requires energy. The calculations have shown that
the activation energy of such a movement in the case of
benzene ring is approximately 13 kcal mol ' [42]. Taking into
account the endothermicity of this transfer, it seems possible
that the activation energy of such a transition is too high and,
consequently, the corresponding adducts are formed at very
low abundance or are not formed at all.

Reactions of 2-Nitrofuran 5-Anion with C-H Acids

The results of the reactions of 2-nitrofuran 5-anion with select-
ed C-H acids are summarized in Table 3. Because of the
general similarity of the ionic products formed in the reactions
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Figure 3. Gas-phase reaction of 2-nitrothiophene 5-anion with CD;CN

of heteroaromatic anions with C-H acids, we would like to
focus only on the differences induced by the presence of the
oxygen atom in the aromatic ring.

In contrast to the previous examined reactions, in this case
the reaction of 2-nitrofuran 5-anion with cyclopentanone and
acetone leads to the formation of appropriate anions of these C-
H acids [Y — H] , despite unfavorable proton affinity difference.
According to the earlier remarks, the stability of 2-nitrofuran 5-
anion is very low and, hence, in the collision cell, where the
ion-molecule reactions occur, the presence of the 2-nitrofuran
5-anion is accompanied by the ions derived from its fragmen-
tation. Therefore, the presence of [Y — H] may result from
proton transfer from cyclopentanone or acetone to fragment
anions such as anions resulting from HNO, and/or NO radical
loss from 2-nitrofuran 5-anion. Incorporation of NO, in proton
transfer process is not possible because of the lower proton
affinity of NO, (PA=338.5 kcal mol ') with respect to the

CN
/ \y +D — + =
OZND_ Q<D OZN/@\D £o

S
m/z 128

proton affinities of cyclopentanone and acetone conjugate ba-
ses, which are 367 kcal mol ' and 369 kcal mol ', respectively.
It is worth mentioning here that dehydrophenoxide radical
anions derived from NO radical loss from nitrophenide anions
readily react with C-H acids via proton transfer; hence, in the
case of 2-nitrofuran 5-anion such a process seems to be also
accessible. The final experimental evidence was obtained from
the study of the reactions of anions resulting from HNO, and
NO radical loss from 2-nitrofuran 5-anion with cyclopentanone
and acetone. Only the anion deriving from NO radical loss
underwent the reaction with cyclopentanone and acetone. In
addition, calculations have shown that indeed the proton affin-
ity of such a radical-anion (this type of ions is also known as
distonic anion containing both a radical and an ionic site on
different atoms of the same molecule) is higher by 3 kcal mol ™'
and 5 kcal mol ™" with respect to proton affinities of acetone and
cyclopentanone anions.

D
NC D
H
— > \ and/or O,N
O5N S
m/z 172
HNO2 %_DNOZ
1,3-D
D
m/z 125

Scheme 6. Proposed mechanism for the [A — HNOQ]_ ion formation in the reaction of 2-nitrothiophene 5-anion with CD;CN
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Table 2. Results of the Ion-Molecule Reactions of 3-Nitrothiophene Anion with selected C-H-Acids
No.* C-H acid APA Reaction results
[Y]

[A] [Y-H]" [A —HNO,]" [A - HCI]” Other products
2.1 CHCl; -8 - + - - -
2.2 CICH,CN -8 - + - + Ccr
2.3 CICH,CO,Me —6 - + - + Cr,

[A —MeOH]™

2.4 Cyclopentanone 1 + - + n/a -
2.5 CH;COCH; 3 + - - n/a NO,~
2.6 CH;CO,C,Hs 3 - - - n/a [A — EtOH]”
2.7 CH;CN 6 + - - n/a -
2.8 CH,Cl, 10 - - - - -

*No. = spectrum number in Supporting Information.

AP A=proton affinity difference between C-H acid conjugate base and 3-nitrothiophene 5-anion (calculated within this work as 366 kcal mol ™).

[A] =adduct.

Y — H] =C-H acid anion resulting from the proton transfer.

A — HNO,] =anion resulting from HNO, elimination from adduct.
A — HCI] =anion resulting from HCI elimination from adduct.

[
[
[
[

m_ + CH,CN

A — ROH] =anion resulting from ROH (alcohol molecule) elimination from adduct.

I

S S

~O,N

_,.Q}

CHCN NCH,C

ol-adduct

Scheme 7. Formation of o"'-adduct in the reaction of 3-nitrothiphene 5-anion with acetonitrile

In comparison to 2-nitrothiophene, the 2-nitrofuran seems to
be less reactive in reactions with selected nucleophiles. This
decrease in reactivity is due to the instability of 2-nitrofuran 5-
anion in the experimental conditions as well as lower aroma-
ticity of furan ring, which may facilitate ring-opening upon
reactions with a nucleophile. It is worth noting that the decrease
in reactivity associated with the ring-opening reaction of 2-
nitrofuran has been observed in the reaction with some nucle-
ophiles in the liquid phase [40].

Reactions of Bromonitrothiophene Anions with C-H
Acids

In the last series of experiments, we examined the reactions of
bromonitrothiophene anions with C-H acids. Owing to the
presence of a bromine atom in a heteroaromatic ring, we
expected the SyAr reaction to occur along with the reactions
observed previously for nitrothiophene anions. The products of
SnAr reaction in the gas phase have been observed for
halonitrophenide anions with selected C-H acids [18]. Taking

Table 3. Results of the Ion-Molecule Reactions of 2-Nitrofuran Anion with Selected C-H-acids

No.* C-H acid APA Reaction results
[Y]
[AT [Y-H] [A —HNO,]” [A-HCI] Other products
3.1 CHCl; -7 - + - - -
3.2 CICH,CN -7 - + - - Cl”
33 CICH,CO,Me ) - + - - Cr,
[A —MeOH]
3.4 cyclopentanone 2 + + - n/a -
35 CH3COCH; 4 + + - n/a [A—HNO]
3.6 CH;CO,Et 4 + - - n/a [A — EtOH]"
3.7 CH;CN 7 + - + n/a [A—HNO]
3.8 CH,Cl, 11 - - - - [A = NOCI]”

*No. = spectrum number in Supporting Information.

APA=proton affinity difference between C-H acid conjugate base and 3-nitrofuran 5-anion (calculated within this work as 365 kcal mol ).

[A] =adduct.

[Y — H] =C-H acid anion resulting from the proton transfer.

[A — HNO,] =anion resulting from HNO, elimination from adduct.
[A — HCI] =anion resulting from HCI elimination from adduct.

[

A — ROH] =anion resulting from ROH (alcohol molecule) elimination from adduct.
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Table 4. Results of the lon-Molecule Reactions of 2-Bromo-3-Nitrothiophene 5-Anion with Selected C-H-acids

No.* C-H acid APA Reaction results

[Y]

[A]T [Y-H] Br- [A —HCI] Other products

4.1 CHCl3 -2 + - - -
42 CI-CH,-CN -2 - + + + Cl', [A—HBr], m/z 152
43 CI-CH,-CO,Me 0 - + + + [A —MeOH] ", m/z 185
44 Cyclopentanone 7 + - - n/a -
45 CH3-CO-CH; 9 + - + n/a -
4.6 MeCO,Et 9 - - n/a [A — EtOH]
4.7 CH;CN 12 + - - n/a
4.8 CH,Cl, 16 - - - - -

*No. = spectrum number in Supporting Information.

AP A=proton affinity difference between C-H acid conjugate base and 2-bromo-3-nitrothiophene 5-anion (calculated within this work as 360 kcal mol ).
[A] =adduct.

[Y — H] =C-H acid anion resulting from the proton transfer.

[A — HBr] =anion resulting from HBr elimination from adduct.

[A — HCI] =anion resulting from HCI elimination from adduct.

[A — ROH] =anion resulting from ROH (alcohol molecule) elimination from adduct.

O,N O,N O,N Br O,N Br
ﬂ_ +cl” O eN —— /m o e T -2/ ) +Cl)\CN Z/ ) +CI)<CN
Br Br S ) S

S
PA = 344 kcal/mol

PA =361.5 kcal/mol

Scheme 8. Proposed reaction pathway for the formation of bromochloroacetonitrile anion according to the halogenophilic
mechanism

Table 5. Results of the Ion-Molecule Reactions of 3-Bromo-2-Nitrothiophene 5-Anion with Selected C-H-acids

No.* C-H acid APA Reaction results
[Y]
[A]” [Y-H] Br [A-HCI]” Other products

5.1 CHCl, 25 + + - + [A - HNO,T,
[A-NOCI] -

52 CICH,CN 2.5 - - + + [A — HBr]

53 CICH,CO,Me 4.5 + - ++ + [A — MeOH]

54 Cyclopentanone 11.5 + - + n/a -

5.5 CH;3COCH; 13.5 + - + n/a -

5.6 MeCO,Et 13.5 + - - n/a [A — EtOH]"

5.7 CH;CN 16.5 - - - n/a -

5.8 CH,Cl, 21 - - - - -

*No. = spectrum number in Supporting Information.

AP A=proton affinity difference between C-H acid conjugate base and 3-bromo-2-nitrothiophene 5-anion (calculated within this work as 355.5 kcal mol ).
[A] =adduct.

[Y — H] =C-H acid anion resulting from the proton transfer.

[A —HBr] =anion resulting from HBr elimination from adduct.

[A — HCI] =anion resulting from HCI elimination from adduct.

[A — ROH] =anion resulting from ROH (alcohol molecule) elimination from adduct.

cl Cl
H H
Br. cN Br. CN NC Br NC
. | D | ol o D
ON" g™ Cl O,N"Ng”"H Tl O,NTNg 0N Ng
o~ adduct

Scheme 9. Proposed pathway for the reaction between 3-bromo-2-nitrothiophene 5-anion with chloroacetonitrile leading to the
formation of Br~ anion
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Scheme 10. Proposed pathways for the reaction of 3-bromo-2-nitrothiphene 5-anion with chloroacetonitrile and methyl

chloroacetate leading to the elimination of HCI molecule

into account the features of the heteroaromatic compounds (see
the Introduction), one could anticipate that in this case the
products of SyAr reaction will be readily formed.

The results of the gas-phase reactions of 2-bromo-3-
nitrothiophene 5-anion with selected C-H acids are summa-
rized in Table 4. Similarly to the previously described reactions
for unfavorable APA value (i.e. APA<0) the anions of the
appropriate acids are formed along with [A — HCI], [A —
MeOH], and Cl ionic products, whereas the presence of
low-intensity peak of Br may be attributed to come from the
fragmentation of the 2-bromo-3-nitrothiophene 5-anion
(Figure 1d) or from decomposition of other fragment ions
containing bromine atom. In the reactions with
chloroacetonitrile and methyl chloroacetate, intensive peaks
appear at m/z 152 and 185, corresponding to the formation of
bromochloroacetonitrile anion and methylbromochloroacetate,
respectively (structure assignment on the basis of the isotopic
profiles). Reaction pathway leading to these ions is proposed to
comprise the halogenophilic reaction followed by proton trans-
fer according to the difference in proton affinities and forma-
tion of anion with lower proton affinity (Scheme 8).

The presence of the products of halogenophilic reaction
may be justified by the formation of a more stable 3-
nitrothiophene 2-anion attributable to the Br' detachment.
Moreover, the reaction presented above is exothermic with
the reaction enthalpy —17 kcal mol .

In the spectra recorded during the reactions of 2-bromo-3-
nitrothiophene 5-anion with C-H acids for 0<APA<
16 kcal mol ™' the peaks corresponding to adduct formation
are visible. Due to their very low intensity and the lack of
products of their transformations, it is not possible to present
a plausible explanation for their structure.

The results of the reactions of 3-bromo-2-nitrothiophene 5-
anion with C-H acids are summarized in Table 5. In further
discussion we focus only on the most important differences
between reactions of isomeric bromonitrothiophene anions.

The formation of adducts and products of their further
transformations was mostly observed for 2.5<APA<
16.5 kcal mol . In contrast to the earlier discussed isomeric
anion, in this case any peak corresponding to the product of
halogenophilic reaction was not observed. Instead, the high-
intensity peak corresponding to Br was visible in the spectra

recorded during the reactions with chloroacetonitrile,
methylchloroacetate, cyclopentanone, and acetone. The pro-
posed reaction pathway leading to the Br formation is present-
ed in Scheme 9, taking chloroacetonitrile as the example. It
comprises the SyAr reaction preceded by proton transfer. The
final ionic product is Br as the ion with lower PA
(APA=3 kcal mol ™).

In the reactions with chloroform, chloroacetonitrile, and
methyl chloroacetate the [A — HCI] is formed. This type of
ionic product may result from Sy2 reaction, according to the
Scheme 10a. However, because of the favorable APA between
heteroaromatic anion and anion of the C-H acid conjugate base,
in the first step of reaction the proton transfer from C-H acid to
3-bromo-2-nitrothiophene 5-anion may be privileged. A fur-
ther step may consist of the formation of ™ adduct (Scheme 9)
and the formation of 6" adduct (Scheme 10b). After elimina-
tion of HCI from the latter adduct the [A — HCI] ionic product
is formed. The proton transfer from HCl to [A — HCI] is not
expected due to the higher proton affinity of CI in comparison
to [A — HCI] .

Conclusions

In this manuscript, we reported preliminary results on the gas-
phase ion-molecule reactions of electron-deficient
heteroaromatic anions such as nitroderivatives of thiophene
and furan with selected C-H acids. According to the previous
gas-phase studies on c-adduct formation and the features of
heteroaromatic rings with respect to the nucleophilic agents,
these reactions, under favorable conditions, [i.e., corrected
difference between proton affinities of heteroaromatic anion
and a C-H acid conjugate base (APA)], were considered to lead
to the formation of c-adducts as well as to the products of their
further transformations. Indeed, the results obtained so far
clearly showed that under the correct value of APA such
adducts can be formed. This result was assumed by the obser-
vation of peaks with m/z values corresponding to the formation
of adducts and products of their further transformations accord-
ing to the VNS reaction, SyAr reaction, and cine and fele
nucleophilic substitution. However, for many of the reported
reactions, it was not possible to clearly distinguish between
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products of the above-mentioned reactions and the products
resulting from other possible mechanisms like S\2 reaction,
nucleophilic addition to the cyano group, ring-opening path-
way, etc. Therefore, further experimental and computational
studies are needed to obtain a detailed picture on the gas-phase
formation and transformation of the heteroaromatic s-adducts.
These studies are underway in this laboratory.

Acknowledgments

The authors acknowledge support for this work by the Polish
Ministry of Science and Higher Education grant no. N 204 062
32/1602.

Open Access

This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distri-
bution, and reproduction in any medium, provided the original
author(s) and the source are credited.

References

1. Terrier, F.: Modern Nucleophilic Aromatic Substitution. Wiley-VCH,
Weinheim 1-464 (2013)

2. Buncel, E., Dust, J.M., Terrier, F.: Rationalizing the regioselectivity in
polynitroarene anionic -adduct formation. Relevance to nucleophilic aro-
matic substitution. Chem. Rev. 95, 2261-2280 (1995)

3. Makosza, M.: Nucleophilic substitution of hydrogen in electron-deficient
arenes, a general process of great practical value. Chem. Soc. Rev. 39,
2855-2868 (2010)

4. Makosza, M.: Nucleophilic substitution of hydrogen in nitroarenes: a new
chapter of aromatic chemistry. Synthesis 2011, 2341-2356 (2011)

5. Makosza, M.: Reactions of nucleophiles with nitroarenes: multifacial and
versatile electrophiles. Chem.-Eur. J. 20, 55365545 (2014)

6. McGill, C.K., Rappa, A.: Advances in the chichibabin reaction. Adv.
Heterocycl. Chem. 44, 1-79 (1988)

7. Makosza, M., Stalinski, K.: Oxidative nucleophilic substitution of hydro-
gen in nitroarenes. Chem. Eur. J. 3, 2025-2031 (1997)

8. Wrabel, Z.: Silane-mediated direct condensation of nitroarenes with allylic
carbanions. Tetrahedron Lett. 38, 4913-4916 (1997)

9. Wrobel, Z., Kwast, A.: 2-Nitroso-N-arylanilines: products of acid-
promoted transformation of 6" adducts of arylamines and nitroarenes.
Synlett 2007, 1525-1528 (2007)

10. van der Plas, H.C.: Chapter I Degenerate Ring Transformations. In:
Advanced Heterocyclic Chemistry. Academic Press, San Diego: 74,
pp. 1-8 (1999)

11. van der Plas, H.C., Chapter II S\(ANRORC) Reactions in azines, contain-
ing an “outside” leaving group. In: Advanced Heterocyclic Chemistry.
Academic Press, San Diego: 74, pp. 9-86 (1999)

12. van der Plas, H. C., Chapter IIl S\(ANRORC) Reactions in azaheterocycles
containing an “inside” leaving group. In: Advanced Heterocyclic Chemis-
try. Academic Press, San Diego: 74, pp. 87-151 (1999)

13. Makosza, M., Wojciechowski, K.: Nucleophilic substitution of hydrogen in
heterocyclic chemistry. Chem. Rev 104, 2631-2666 (2004)

14. Blaziak, K., Makosza, M., Danikiewicz, W.: Competition between nucle-
ophilic substitution of halogen (SyAr) versus substitution of hydrogen
(SnArH)—a mass spectrometry and computational study. Chem.-Eur. J
21, 6048-6051 (2015)

15. Garver, J., Yang, Z., Kato, S., Wren, S., Vogelhuber, K., Lineberger, W.C.,
Bierbaum, V.: Gas phase reactions of 1,3,5-triazine: proton transfer, hy-
dride transfer, and anionic -adduct formation. J. Am. Soc. Mass Spectrom.
22, 1260-1272 (2011)

M. Zimnicka and W. Danikiewicz: Nitro Heteroaromatics Sigma-Adducts

16. Bienkowski, T., Danikiewicz, W.: Generation and reactions of substituted
phenide anions in an electrospray triple quadrupole mass spectrometer.
Rapid Commun. Mass Spectrom. 17, 697-705 (2003)

17. Danikiewicz, W., Bienkowski, T., Podd bniak, D.: Generation and reac-
tions of anionic o-adducts of 1,3-dinitrobenzene and 1,3,5-trinitrobenzene
with carbanions in a gas phase, using an electrospray ion source as the
chemical reactor. J. Am. Soc. Mass Spectrom. 15, 927-933 (2004)

18. Danikiewicz, W., Bienkowski, T., Koztowska, D., Zimnicka, M.: Aromatic
nucleophilic substitution (SyAr) reactions of 1,2- and 1,4-
halonitrobenzenes and 1,4-dinitrobenzene with carbanions in the gas phase.
J. Am. Soc. Mass Spectrom. 18, 1351-1363 (2007)

19. Zimnicka, M., Sekiguchi, O., Uggerud, E., Danikiewicz, W.: Reactions of
nitrophenide and halonitrophenide ions with acrylonitrile and alkyl acry-
lates in the gas phase: the case of [M — 2] ion formation. Int. J. Mass
Spectrom. 316, 76-83 (2012)

20. Zimnicka, M., Wilenska, B., Sekiguchi, O., Uggerud, E., Danikiewicz, W.:
Reactions of nitrophenide and halonitrophenide ions with acrylonitrile and
alkyl acrylates in the gas phase: addition to the carbonyl group versus
Michael addition. J. Mass Spectrom. 47, 425-438 (2012)

21. Song, Y., Cooks, R.G.: Atmospheric pressure ion/molecule reactions for
the selective detection of nitroaromatic explosives using acetonitrile and air
as reagents. Rapid Commun. Mass Spectrom. 20, 3130-3138 (2006)

22. Song, Y., Chen, C., Cooks, R.G.: Reactivity of acetonyl anion with
nitroaromatics: an atmospheric pressure chemical ionization study. Rapid
Commun. Mass Spectrom. 19, 3493-3499 (2005)

23. Popov, L.A., Chen, H., Kharybin, O.N., Nikolaev, E.N., Cooks, R.G.:
Detection of explosives on solid surfaces by thermal desorption and ambi-
ent ion/molecule reactions. Chem. Commun. 1953-1955 (2005)

24. Chen, H., Chen, H., Cooks, R.G.: Meisenheimer complexes bonded at
carbon and at oxygen. J. Am. Soc. Mass Spectrom. 15, 998-1004 (2004)

25. Chiavarino, B., Crestoni, M.E., Fornarini, S., Lanucara, F., Lemaire, J.,
Maitre, P.: Meisenheimer complexes positively characterized as stable inter-
mediates in the gas phase. Angew. Chem., Int. Ed 46, 1995-1998 (2007)

26. Chiavarino, B., Crestoni, M.E., Fornarini, S., Lanucara, F., Lemaire, J.,
Maitre, P., Scuderi, D.: Molecular complexes of simple anions with
electron-deficient arenes: spectroscopic evidence for two types of structural
motifs for anion—arene interactions. Chem.-Eur. J. 15, 8185-8195 (2009)

27. Katritzky, A.R., Barczynski, P., Musumarra, G., Pisano, D., Szafran, M.:
Aromaticity as a quantitative concept. 1. A statistical demonstration of the
orthogonality of classical and magnetic aromaticity in five- and six-
membered heterocycles. J. Am. Chem. Soc 111, 7-15 (1989)

28. Balaban, A.T., Oniciu, D.C., Katritzky, A.R.: Aromaticity as a cornerstone
of heterocyclic chemistry. Chem. Rev. 104, 2777-2812 (2004)

29. Gronowitz, S.: Thiophene and Its Derivatives, Part One. Wiley, New York
(1985)

30. Frisch, M.J., Trucks, G.W., Schlegel, H.B., Scuseria, G.E., Robb,
M.A., Cheeseman, J.R., Scalmani, G., Barone, V., Mennucci, B.,
Petersson, G.A., Nakatsuji, H., Caricato, M., Li, X., Hratchian,
H.P., Izmaylov, A.F., Bloino, J., Zheng, G., Sonnenberg, J.L., Hada,
M., Ehara, M., Toyota, K., Fukuda, R., Hasegawa, J., Ishida, M.,
Nakajima, T., Honda, Y., Kitao, O., Nakai, H., Vreven, T., Mont-
gomery, J.A., Peralta, J.E., Ogliaro, F., Bearpark, M., Heyd, J.J.,
Brothers, E., Kudin, K.N., Staroverov, V.N., Kobayashi, R.,
Normand, J., Raghavachari, K., Rendell, A., Burant, J.C., Iyengar,
S.S., Tomasi, J., Cossi, M., Rega, N., Millam, J.M., Klene, M., Knox,
J.E., Cross, J.B., Bakken, V., Adamo, C., Jaramillo, J., Gomperts, R.,
Stratmann, R.E., Yazyev, O., Austin, A.J.,, Cammi, R., Pomelli, C.,
Ochterski, J.W., Martin, R.L., Morokuma, K., Zakrzewski, V.G.,
Voth, G.A., Salvador, P., Dannenberg, J.J., Dapprich, S., Daniels,
A.D., Farkas, O., Foresman, J.B., Ortiz, J.V., Cioslowski, J., Fox,
D.J.: Gaussian 09, Revision B.01, Wallingford: CT (2009)

31. Linstrom, P.J., Mallard, W.G., NIST Chemistry WebBook. In: NIST Stan-
dard Reference Database Number 69. National Institute of Standards and
Technology: Gaithersburg, MD, 20899 (2005)

32. Reinecke, M.G., Newsom, J.G., Chen, L.-J.: Thermolysis of
thiophenedicarboxylic acid anhydrides as a route to five-membered
hetarynes. J. Am. Chem. Soc. 103, 2760-2769 (1981)

33. Takashima, K., Riveros, J.M.: Gas-phase pathways for ester hydrolysis. J.
Am. Chem. Soc. 100, 6128-6132 (1978)

34. Laerdahl, J.K., Uggerud, E.: Gas phase nucleophilic substitution. Int. J.
Mass Spectrom. 214, 277-314 (2002)

35. Chen, H., Cooks, R.G., Meurer, E.C., Eberlin, M.N.: Hydrogen/chlorine
exchange reactions of gaseous carbanions. J. Am. Soc. Mass Spectrom. 16,
2045-2051 (2005)



36.

37.

38.

Gronert, S., Garver, J.M., Nichols, C.M., Worker, B.B., Bierbaum,
V.M.: Dehalogenation of arenes via SN2 reactions at bromine:
competition with nucleophilic aromatic substitution. J. Org. Chem.
79, 11020-11028 (2014)

Wilenska, B., Swider, P., Danikiewicz, W.: Addition—elimination versus
Tishchenko reaction in the gas phase. J. Mass Spectrom. 49, 1247-1253
(2014)

DePuy, C.H.: An introduction to the gas phase chemistry of anions. Int. J.
Mass Spectrom. 200, 79-96 (2000)

. Zimnicka and W. Danikiewicz: Nitro Heteroaromatics Sigma-Adducts
39.
40.

41.

42.

1203

DePuy, C.H.: Understanding organic gas-phase anion molecule reactions.
J. Org. Chem. 67, 2393-2401 (2002)

Makosza, M., Kwast, E.: Vicarious nucleophilic substitution of hydrogen in
nitroderivatives of five-membered heteroaromatic compounds. Tetrahedron
51, 8339-8354 (1995)

Guanti, G., Dell’Erba, C., Leandri, G., Thea, S.: Reaction of 2-nitrothiophen with
secondary aliphatic amines. J. Chem. Soc. Perkin Trans. 1, 2357-2360 (1974)
Kato, S., DePuy, C.H., Gronert, S., Bierbaum, V.M.: Gas phase hydrogen/
deuterium exchange reactions of fluorophenyl anions. J. Am. Soc. Mass
Spectrom. 10, 840-847 (1999)



	1
	Abstract
	Section12
	Section13
	Section14
	Section25
	Section26
	Section27
	Section28

	Section19
	Acknowledgments
	References


