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ABREVIATIONS

Gem - geminal

SolFC - solvent free conditions
MsCI — methanesulfonyl chloride
THF - tetrahydrofuran

TLC - thin layer chromatography
NMR - nuclear magnetic resonance
Rf - retention factor

Hex - hexane

EtOAcC - ethyl acetate

J - coupling constant

rt - room temperature

Elcb — Unimolecular elimination of the conjugate base



1. INTRODUCTION

Gem-halonitro compounds have the characteristic of being substituted at the same
position by a nitro group and a halogen giving geminal position. There are two different
classes: gem-halonitro alkanes and gem-halonitro alkenes, being the latest the ones of
interest in this project.
In particular, this work will be focused on the study of gem-bromo nitroalkenes (Figure
1) and their synthesis, as they are potentially important as intermediates in drug
synthesis! and relevant organic reactions?.
Gem-halonitro alkenes represent a large family of compounds. They present a variety of
characteristics and applications depending on the nature of the halogen and R
substituent utilized.?
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Figure 1: General structure of gem-bromo nitroalkenes.

1.1 Synthetic routes to prepare gem-bromo nitroalkenes

Over the years, there have been many different routes for the preparation of gem-bromo
nitroalkenes. Given the fact that there are different gem-bromo nitroalkenes depending
on the nature of the R substituent, some of the most relevant ones will be revised. There
are two main different procedures to be followed when preparing gem-bromo
nitroalkenes: Henry reaction followed by dehydration and bromination/

dehydrobromination.

1.1.1. Henry reaction and dehydration

Henry type reaction was discovered in 1895 by L. Henry and consists on the combination
of a nitroalkane 3 and a carbonyl compound 2 in the presence of catalytic amounts of a

base to form nitroalcohols 6 (Scheme 1).3
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Scheme 1: General scheme for the Henry reaction.



Dehydration of the resulting nitroalcohols 6 afford the corresponding nitroalkenes 1. To

facilitate the dehydration, the hydroxyl is usually transformed into a good leaving group.

A representative example is illustrated in Scheme 2.* Thus, treatment of corresponding
aldehyde 2 and bromo nitromethane 3 with a catalytic amount of base yielded crude
alcohols 6. Reaction of the Henry adducts 6 with MsCl gave the intermediate
methanosulfonyl derivatives which undergo an Elcb elimination to finally afforded the
desired gem-bromo nitroalkenes 1 in excellent yields (87%-92%) and with Z/E 98/2

selectivity.
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Scheme 2: General synthesis for gem-bromo nitroalkenes through Nal-catalyzed Henry reaction and
dehydration.

Regarding the mechanism of this process, it can be appreciated in Scheme 3 that first
the nitroalkane 3 is deprotonated by the base and then, the nitronate 4 attacks the
carbonylic carbon of the aldehyde 2. Afterwards, the oxygen gets protonated by the
conjugated acid of the base, recovering the catalytic base and giving the corresponding

nitro alcohol 6.
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Scheme 3: General mechanism for the Henry reaction.

This reaction is stereoselective to give the anti-adduct as major product. That is

explained in Figure 2.
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Figure 2: Felkin-Ahn model for sugar aldehydes.

Following Felkin-Ahn model, Figure 2 clearly shows how the nitronate 4 attacks the
aldehyde perpendicular to the carbonyl group and through the opposite position with
respect to the other oxygen. This attack is the preferred one due to the reduction of the
coulombic repulsion between the nucleophile (nitronate) and the electronegative atom.

The depicted interaction clearly shows the stereospecific formation of anti-product.
As previously mentioned, the Henry adducts 6 undergo dehydration in basic conditions®

to give the corresponding bromo nitroalkenes 1 as shown in Scheme 4. This dehydration

is the driving force for the equilibrium to be displaced to the formation of the nitro alkene.
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Scheme 4: Mechanism for the dehydration of Henry adduct.

The dehydration usually occurs through the conversion of the hydroxyl group into a better
leaving group, such as the OMs as previously depicted in Scheme 4. From mesylate 9,

an Elcb elimination afford the desired bromo nitroalkene 1.

In the search for more environmentally friendly conditions, the synthesis of gem-bromo
nitroalkenes 1 was also achieved under solvent-free conditions (carbonate on silica). The
dehydration was performed directly over the crude Henry adducts 6 with strongly acidic
Amberlyst 15, to afford the corresponding gem-bromo nitroalkenes 1 in moderate to good

yields (31%-85%) and with total Z-selectivity (Scheme 5).
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Scheme 5: Synthesis of bromo nitroalkenes under solvent-free conditions.

Pechalrieu et al.® recently described an example of the direct one-step synthesis of gem-

bromo nitroalkenes from bromo nitromethane 3 and aldehyde 2 (Scheme 6).
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Scheme 6: Direct one-pot synthesis of gem-bromo nitroalkenes.

Thus, the reaction of benzaldehyde 2a with bromo nitromethane 3 in the presence of
catalytic amounts of KF in refluxing xylene afforded the corresponding gem-bromo
nitroalkene la in a 32% yield and total Z selectivity (Scheme 6). The low yield can be

explained by the fact that elimination of hydroxyl is thermodynamically unfavored

(Scheme 7).
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Scheme 7: Dehydration of an alcohol mechanism.



1.1.2. Bromination and dehydrobromination of nitroalkenes

Other main strategy for the synthesis of gem-bromo nitroalkenes 1 is the bromination

and subsequent dehydrobromination, whose general scheme is as follows:

NO
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Scheme 8: General scheme for the formation of bromo nitroalkene through bromination and
dehydrobromination.

A representative example is depicted in Scheme 9. Nitroalkene 13 was treated with
bromine and pyridine in refluxing cyclohexane to afford bromo nitroalkenes 1 in moderate

to good yields (17%-86%) and with total Z stereoselectivity.
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Scheme 9: Synthesis of gem-bromo nitroalkenes via one-pot bromination/dehydrobromination.

The bromination/dehydrobromination mechanism is depicted in Scheme 10. The
mechanism starts with the reaction of nucleophilic alkene to the polarizable bromine to
afford intermediate cyclic bromonium 14. Then, attack of the released bromide over the
electron deficient carbon forms dibrominated intermediate 15. From vicinal dibromide 15,
an Elcb elimination finally affords the desired gem-bromo nitroalkene 1.
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Scheme 10: General mechanism for the bromination and dehydrobromination reaction.



Similarly, Han et al.” and Yavari et al.® synthesized several 2-aryl gem-bromo
nitroalkenes 1 from 2-aryl nitroalkenes 13. In this case, sodium acetate was used as the
base instead of pyridine, affording desired gem-bromo nitroalkenes in moderate yields

(64-67%) and with total Z-stereoselectivity, as depicted in Scheme 11.
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Scheme 11: Synthesis of gem-bromo nitroalkene through bromination/dehydrobromination.

Considering the previous examples, we can conclude that
bromination/dehydrobromination is a reliable procedure for the synthesis of gem-bromo
nitroalkene. Not only the experimental setup is easy but also the starting materials are

commercially available and cheap, and the yields are consistently good.

As previously stated, gem-halo nitroalkenes are useful synthetic intermediates and can
be employed for the synthesis of different organic compounds. One example is the
synthesis of functionalized alkenes by means of a transition metal-catalyzed cross-

coupling reaction.

1.3 Palladium-catalyzed cross-coupling reactions

Cross-coupling reactions involve the combination of an organometallic reagent and an
organic electrophile, facilitated by a metal catalyst, to form new covalent bonds such as
C-C, C-N, or C-O.° In these reactions, both the organometallic reagent and the organic
electrophile contain activating groups that react with each other, resulting in the formation

of a new covalent bond while losing their individual activating properties.*°

There are a variety of reactions depending on the reagents and metal catalysts used.

The first reported cross-coupling reaction was Cadiot-Chodkiewicz one.!! However,



nowadays, there are many different important ones, such as Heck!?, Sonogashira®,
Negishi'#, Stille'® and Suzukil®.

Although several transition metals can be used as catalysts in cross-coupling reactions,
undoubtedly the most used is Pd. All the Pd-catalyzed cross-coupling reactions follows
the same general mechanism, the catalytic cycle depicted in Scheme 12.

The mechanism of this reaction consists of the following steps. In the first one, a Pd(0)
complex reacts with an alkyl halide through oxidative addition. Palladium inserts into the
alkyl halide getting oxidized to Pd(ll). Secondly, a transmetalation occurs by the reaction
of the previously generated compound with an alkylmetal in the presence of a base. This
generates an organopalladium substituted compound. Finally, the C-C bond of interest
is generated through a reductive elimination, which regenerates the Pd catalyst and

yields the desired cross-coupling product.t’

1—R2 X

R—R LPd(0) o

Reductive elimination Oxidative addition

1 1

/R /R

LPd(l) LPd(I)
N AN
R? X
Transmetalation W
M-X M-R?

Scheme 12: Catalytic cycle for the Pd-catalyzed cross-coupling reactions.

The rate determining step is usually the oxidative addition because it depends on the
strength of the C-X bond (being X a halide atom). Improvements are tried to be made on
these reactions by finding more efficient supporting ligands or alternatively by using new

halides which speed up the rate-determining step. ®

Suzuki reaction or Suzuki-Miyaura reaction is one of the most used Pd-catalyzed cross-
coupling reactions. It involves the use of a base, a palladium complex as catalyst and
imply the formation of a new C-C bond between an organoboron species and a halide
species.'® One of the most important parts of cross-coupling reactions is controlling the
chemo-,stereo- and regioselectivities to avoid undesired substitutions and secondary

products.*® Moreover, the reaction presents some advantages such as the employment



of organoboron compounds which are stable and non-toxic and the mild conditions are
required.*®
From gem-bromo nitroalkenes 1, a Suzuki reaction would afford o,B-disubstituted

nitroalkenes which are synthetically and biologically useful compounds.?

1.4 Suzuki-Miyaura reaction on gem-bromo nitroalkenes

For the application of the Suzuki-Miyaura reaction, an a,p-disubstituted nitroalkene 18
will be synthesized. As explained before, the Suzuki-Miyaura reaction involves the use
of a boronic acid, a haloalkene and a palladium complex catalyst.

The C-B bond of the boronic acid is weakly polarized and so, it is weakly nucleophilic.
Thus, it should undergo fast transmetalation instead of conjugate addition. However, it
is important to choose the best reaction conditions, that means, best palladium catalyst,

base and solvent.'® The employed synthetic pathway is depicted in Scheme 13.

NO Pd(PPhy);, NaHCO, NO
RS2 4 Ar—B(OH), U

Br Toluene-EtOH-H,0, Ar
1 17 reflux, 6.5h 18

Scheme 13: General scheme for the cross-coupling Suzuki reaction.

Thus, reaction of equimolar amounts of bromo nitroalkenes 1 and aryl boronic 17 in the
presence of Pd(PPhs)s and NaHCOs; in Toluene-EtOH-H20 mixture as solvent afforded
desired nitroalkenes 18 in good yields (76%-86%). The reaction is general for several

bromo nitroalkenes 1 and aryl boronic acids 17 with substituents.?



2. OBJECTIVES

The main objective of this work is to design a short and efficient synthetic route for the
preparation of gem-bromo nitroalkenes and their application in cross-coupling reactions.

Framed in this generic objective, the following specific objectives were considered:

1) The synthesis of gem-bromo nitroalkene 1a following a one-pot
bromination/dehydrobromination (Figure 3).

N0

Br
1a

Figure 3: Z-(2-bromo-2nitrovinyl)benzene.

2) The synthesis of o,pB-disubstituted nitroalkene 18a (Figure 4) via a Suzuki cross-
coupling reaction of nitroalkene 1la and phenylboronic acid using Pd as transition

metal catalyst.

! N0

18a
Figure 4: E-(1-nitroethene-1,2-diyl)dibenzene.
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3. EXPERIMENTAL PROCEDURE

General information

Clean and dried glassware was used to perform all the reactions. An oil bath was used
when heating was required. The addition of bromine was performed using an ice bath at
0°C. There was no need for further purification of the starting materials obtained from the
commercial suppliers. The reagents used for the reactions are B-nitrostyrene (98%),
bromine, pyridine (99.7%), cyclohexane, phenylboronic acid (99%), Pd(PPhs)4, NaHCOs3,
toluene, water and ethanol. For the cross-coupling reaction, it was performed under N2
atmosphere. All TLC were performed using 0.2 mm precoated silica gel 60 F2s4 aluminum
sheets with visualization of the compounds by UV light. For the column chromatography
silica gel was used and they were eluted in different eluent combination of EtOAc/Hex.
All *H-NMR and 3*C{*H}-NMR spectra were recorded on 300 MHz Bruker AV, using as
reference CDClI; (7.26 ppm for *H-NMR, 77.0 ppm for 2C-NMR). Coupling constants (J
value) were expressed as hertz (HZ) and chemical shift was expressed in ppm. The
multiplicity was expressed as follows: s= singlet, d= doublet, t= triplet, m= multiplet. Two
software were used, ChemDraw for all the schemes and MestreNova for the analysis of
the NMR spectra.

3.1 Synthesis of gem-bromo nitroalkene la

Br,, pyridine NO
NG Ve i PR N2
Cyclohexane, reflux, Br
13a 4h 1a

Scheme 14: General scheme for the synthesis of Z-(2-bromo-2nitrovinyl)benzene.

To a solution of nitrostyrene 13a (2.6 g, 17.1 mmol), cyclohexane (35 mL) and pyridine
(1.5 mL, 18.5 mmol) at 0°C, bromine (0.9 mL, 17.1 mmol) was added dropwise over 5
min. Then, the reaction mixture was heated to reflux for 5h. The resulting yellow solution
was decanted to a separation funnel and the solid residue was washed with EtOAc (20
mL). The combined organic layers were wash successively with Na,S,03 (10 mL), H.O
(20 mL) and brine (20 mL), dried (Na,SO.) and filtered. The crude was concentrated in
vacuo. The residue was purified by column chromatography (SiO2, Hex to EtOAc/Hex
1:40) to afford desired gem-bromo nitroalkene 1a as a bright yellow solid (1.01 g; 26%
yield).

11



IH NMR (300 MHz, CDCls): & 8.68 (s, 1H, H-2), 7.97-7.92 (m, 2H), 7.58-7.54 (m, 3H)

ppm

13C NMR (75 MHz, CDCls): 8 136.5, 132.0, 131.0, 130.2, 129.0, 128.1 ppm

( 4 2
f 5 3 \1 N02
| 6 8 Br
| } 7
) )
T
17 16 15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 a1

Figure 5:

'H-NMR of Z-(2-bromo-2-nitrovinyl)benzene.
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Figure 6: *C-NMR of Z-(2-bromo-2-nitrovinyl)benzene.
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Figure 7: *C-DEPT of Z-(2-bromo-2-nitrovinyl)benzene.
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3.2 Suzuki cross-coupling reaction

NO Pd(PPhs),, NaHCO, NO
PRS2 4 Ph—B(OH), Ph™ Sy

Br Toluene-EtOH-H,0, Ph
1a 17a reflux, 6.5h 18a

Scheme 15: General scheme for the synthesis of E-(1-nitroethene-1,2-diyl)dibenzene.

To a stirred solution of phenyl boronic acid 17a (0.19 g, 1.5 mmol), NaHCOs (0.26 g, 3.0
mmol), toluene (2.2 mL), EtOH (0.12 mL) and H2O (0.12 mL) bromo nitroalkene 1a (0.23
g, 1.0 mmol) was added. The resulting mixture was stirred under nitrogen for 45 min.
Then, Pd(PPhs)s (0.03 g, 2.5 mmol%) was added and the resulting mixture was stirred
at reflux for 6.5h, cooled down to rt and filtered through a celite pad washing with diethyl
ether (6mL). After extraction with diethyl ether (2x5 mL), the organic phases were
washed with brine (2x5 mL), dried under anhydrous Na.SO. and filtered off. The organic
solvent was evaporated in vacuo. The crude product was purified by column
chromatography (SiO-, Hex to EtOAc/Hex 1:20) to afford desired cross-coupling product
18a as a dark yellow solid residue (0.10g; 32% vyield).

'H NMR (300 MHz, CDCls): 8 7.54-7.46 (m, 3H), 7.40-7.29 (m, 3H), 7.23 (t, 2H), 7.10
(d, 2H) ppm

15 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 -1 -

Figure 8: H-NMR spectra of E-(1-nitroethene-1,2-diyl)dibenzene with some impurity.
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4. RESULTS AND DISCUSSION

In this section, the chemistry of the reactions carried out is discussed, along with the
spectroscopic data of the obtained intermediates and products.

As stated in the objectives, the main aim was the synthesis of E-(1-nitroethene-1,2-
diyl)dibenzene 18a from nitrostyrene 6a. As depicted in Scheme 16, we envisioned a

two-step synthetic procedure.

NO,
O N ~NO, ~_NO,
— —
shatvl
18a 1a

13a
Scheme 16: Retrosynthetic pathway for the synthesis of E-(1-nitroethene-1,2-diyl)dibenzene.

The first step consisted of the bromination/dehydrobromination reaction. The reaction

was carried out following the procedure showed in Scheme 17.

Br,, pyridine NO
o N 2 PY PNy 02
Cyclohexane, reflux, Br
13a 4h 1a

Scheme 17: Reaction of bromination/dehydrobromination

Nitrostyrene 13a was reacted with Br, and pyridine in cyclohexane to give a bright yellow
solid with a 26% yield and total Z stereoselectivity. The compound was analyzed by *H-
NMR, C-NMR and **C-DEPT which confirmed the formation of the desired bromo

nitroalkene 1la.

The 'H-NMR spectra (Figure 9) displays a singlet at 8.67 ppm corresponding to H-2. The
low field is due to the electronegativity of the bromine atom. In the aromatic region, the
multiplet at 7.94-7.90 ppm corresponds to equivalent H-4 and H-8 and the multiplet at
7.58-7.49 ppm is due to protons H-5, H-6 and H-7.

15



)

0o 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 7

Figure 9: Region of interest in *H-NMR of Z-(2-bromo-2nitrovinyl)benzene to show the significant
signals.

Regarding the 3C {*H}-NMR spectrum (Figure 10) there are six different signals. The
less intense ones correspond to both quaternary carbons, signal at 128.1 ppm to C-1
and that at 130.2 ppm to the ipso carbon C-3. In the **C-DEPT (Figure 7) it can be
observed that both signals disappear. The most deshielded signal, that at 136.5 ppm,

corresponds to C-2. This chemical shift is explained by the following resonant forms:

o} o)
N LN
AN +CO 2 Ne)
Br Br
1a 1a
Scheme 18: Resonant forms of that explain the deshielded in the C-2.

As there is a resonant form which presents a positive charge in that C-2, it is more
deshielded in the **C-NMR spectra because less electron density is found in that carbon
(Scheme 18). Signal at 132.0 ppm could be assigned to the other less electron dense
carbon, which is found to be the para carbon (C-6) in the aromatic ring (Scheme 19).

This can be explained with the following resonant forms:

16
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Scheme 19: Resonant forms that explain the chemical shift of the para-carbon (C-6) in the *C-NMR.

136.53
131.98
130.99
130.16
128.99
128.08

r T T T T T T T T T T T T T T T T
126.0 12

T T
128.0 127.0

2.0 135_0 13é_0 13‘7_0 13‘6‘0 13‘5.0 13‘4.0 135.0 13‘2,0 13‘1v0 136_0 125_0
Figure 10: Region of interest in the *C-NMR of Z-(2-bromo-2nitrovinyl)benzene.
The reaction occurs through the mechanism depicted in Scheme 20.
/(ir_\l?r . {~ Pyridine

Br) Br NO, BrH

NO, o — 3 = LY/

Ph" """ H'A"'NOZ H'¢ "= Hy o,

Ph H Ph Br Ph Br

13a Br 14a 15a ‘

Scheme 20: Mechanism for the bromination/dehydrobromination.
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The mechanism starts with the reaction of nucleophilic nitrostyrene 13a (Scheme 21) to
the polarizable bromine to afford intermediate cyclic bromonium 14a. Then, attack of the
released bromide over the electron deficient carbon forms dibrominated intermediate
15a. From vicinal dibromide 15a, an Elcb elimination, using pyridine as base, finally

affords the desired gem-bromo nitroalkene la.

o} O
y Lo
(Y — (7
13a 13a
Scheme 21: Resonant forms of the nitro styrene 13a.

Once the synthesis of pure Z-(2-bromo-2-nitrovinyl)benzene la was achieved, the
Suzuki-Miyaura cross-coupling reaction was carried out next, as depicted in the Scheme
22.

Pd(PPhj), (2.5 mol %) o NO2
«NO, B(OH),  NaHCOs (3 equiv) O
+
Br [ j Toluene-EtOH-H,O O
(18,1,1)
1a 17a reflux (6.5h), N 18a

Scheme 22: Cross-coupling reaction for the obtention of E-(1-nitroethene-1,2-diyl)dibenzene 18a.

For the performance of this reaction, bromo nitroalkene la was reacted with boronic acid
17a, NaHCOs3 and a catalytic amount of Pd(PPhs)s in a mixture of toluene, EtOH and
H2O to yield pure E-(1-nitroethene-1,2-diyl)dibenzene with a moderate yield (32%).

The use of aqueous reaction media is due to the enhanced reactivity of the borate in the
presence of water. 2°

The formation of the desired product was confirmed by the *H-NMR (Figure 11) data.
Thus, the singlet at 8.24 ppm corresponds to H-1. When compared to the starting gem-
bromo nitroalkene 1la, this proton is shifted to a higher field because of the effect of the
electronegative bromine atom present in 1a. In the aromatic region, the multiplets at
7.54-7.46 ppm and 7.40-7.29 ppm integrate together for 6H and correspond to H-5, H-6,
H-7, H-11, H-12 and H-13. The triplet at 7.23 ppm is due to H-4 and H-8 and the doublet
at 7.10 ppm corresponds to H-10 and H-14.

18



Moreover, the H-NMR clearly indicates that the desired product is contaminated with
other minor compound, ratio product/impurity 12:1, displaying doublets at 8.03 ppm and

a singlet at 7.6 ppm.

r T T T T T T T T T T T T T T T T T T T T T T T T
0O 89 88 87 86 85 84 83 82 81 80 79 78 77 76 75 74 73 72 71 70 69 68 6.7 6.6

Figure 11: Region of interest of the *H-NMR spectra of the E-(1-nitroethene-1,2-diyl)dibenzene.

The possible compound that can be formed during this reaction is nitrostyrene 13a itself.
To confirm this hypothesis, the signals in (Figure 12) are compared with those in the
literature. *H-NMR of nitrostyrene in the literature shows: 8.02-7.98 (d, 1H), 7.61-7.57 (d,
1H), 7.56-7.53 (m, 2H), 7.50-7.43 (m, 3H).?! Some signals described in the literature
cannot be appreciated in Figure 12 because they are mixed with that from the cross-
coupling product 18a. However, it clearly shows a coincidence between both spectra in
the signals at 8.00 ppm and that at 7.50 ppm, confirming the presence of nitrostyrene
13a. A possible explanation is that the bromine was substituted by a hydrogen atom.
When the palladium catalyst got inserted into the alkenyl halide, there could occur a
normal metal hydrolysis in which, in presence of water, the metal is lost and replaced by
a proton, forming a metal hydroxide and the nitrostyrene 13a.?2 Similar reactions have
been reported in the bibliography.?32* That would also explain some unreacted boronic
acid 17a was also recovered. Thus, the *H-NMR of one fraction of the column displays

the signals corresponding to the phenyl boronic acid 17a: two triplets integrating for 1H
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(para hydrogen) and 2H (meta hydrogens) and one doublet integrating for another 2H
(ortho hydrogens). (Figure 13)
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Figure 12: Region of interest of the 1H-NMR of E-(1-nitroethene-1,2-diyl)dibenzene where the signals
for the impurity are clearly inferred.
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Figure 13: *H-NMR of phenylboronic acid.

20



The mechanism for the Suzuki cross-coupling reaction is depicted in Scheme 23.

NO
LN Pd(0) PhNY NG,
18a Ph Br 1a
Reductive elimination Oxidative addition

Ph/\(NO2 Ph N NO,

22 ~

Ph
Transmetalation W 19

OH" + B(OH),Br Ph-B(OH),(OH)" =<— OH" + Ph-B(OH),
21 20 17a
Activation of boronic specie

Scheme 23: Mechanism of the Suzuki-Miyaura cross-coupling reaction.

Three fundamental steps are involved in this catalytic cycle. In the first one, the Pd(0)
complex gets inserted in the C-Br bond of the alkenyl halide 1a, to give the intermediate
19. This step occurs with retention of configuration. The following reaction is the
transmetalation, in which the phenyl group of the boronic specie gets transferred to the
alkenyl one to form the intermediate 22. The role of the base in this type of reactions is
to convert the boronic acid 17a into the more reactive organoborate species 20, which
facilitates transmetalation with the Pd-halide intermediate.?® In the previously depicted
reaction, the boronic specie 17a is activated by the base to form a more reactive specie
that can transfer the Ph substituent to the palladium complex. The halogen and the
boronic specie combined with the base it lost and the product of the transmetalation 22
is formed. Finally, the last step is the reductive elimination in which the Pd(0) catalyst is
regenerated to start the cycle again and the desired cross-coupling product 18a is
formed.

The stereochemistry of the product can be explained in terms of the mechanism depicted
in Scheme 23. In the oxidative addition step, the Pd inserts in the carbon-halogen bond.
After the transmetalation, the Pd ends up substituted with the phenyl ligand. Eventually,
during the reductive elimination the Pd catalyst is removed, thus forming the C-C

presenting the retained configuration. Therefore, giving only the E-product.
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5. CONCLUSIONS

In conclusion, a method for the synthesis of gem-bromo nitroalkenes 1 from f-
nitrostyrene based on a one-pot bromination/dehydrobromination sequence was
developed. The corresponding gem-bromo nitroalkene was isolated with moderate yield
and total Z selectivity and was then employed in a Suzuki reaction with phenyl boronic
acid. The cross-coupling reaction afforded the desired functionalized alkene with
retention of configuration. When analyzing the *H-NMR, it was appreciated the formation
not only of the desired compound but also some B-nitrostyrene as side product.

This work highlights the relevance of gem-bromo nitroalkenes as synthetic intermediates
and the potential of palladium in catalyzed cross-coupling reactions to form C-C bonds.
Moreover, the importance of NMR spectroscopy for compound characterization was also

demonstrated.

22



6. REFERENCES

1) Palmieri, A.; Gabrielli, S.; Ballini, R. Laettner An Improved, Fully Heterogeneous,
Diastereoselective Synthesis of (Z)-a-Bromonitroalkenes. Cheminform. 2013, 24, 0114—
0116. https://doi.org/10.1055/s-0032-1317695.

(2) Shen, Y.; Yang, B. A Convenient Synthesis of Substituted 1-Bromo-1-
Nitroalkenes. Synth. Commun. 1993, 23, Q), 1-5.
https://doi.org/10.1080/00397919308020394.

3) Soengas, R. G.; Acurcio, R. C.; Silva, A. M. S. Recent Developments in the
Chemistry of Gem-Halonitro Compounds: Chemistry of Gem-Halonitro Compounds. Eur.
J. Org. Chem. 2014, 2014 (29), 6339-6359. https://doi.org/10.1002/ejoc.201402043.
(4) Soengas, R. G.; Rodriguez-Solla, H.; Silva, A. M. S.; Llavona, R.; Paz, F. A. A.
Synthesis of Enantiopure 2- C -Glycosyl-3-Nitrochromenes. J. Org. Chem. 2013, 78 (24),
12831-12836. https://doi.org/10.1021/j04021634.

(5) Jadhav, S. D.; Patil, R. C.; Jagdale, A. A.; Patil, S. S. Revisit to Henry Reaction
by Non Conventional Heterogeneous and Efficient Catalyst for Nitroalcohol Synthesis.
Res. Chem. Intermed. 2022, 48 (2), 593-606. https://doi.org/10.1007/s11164-021-
04608-2.

(6) Pechalrieu, D.; Dauzonne, D.; Arimondo, P. B.; Lopez, M. Synthesis of Novel 3-
Halo-3-Nitroflavanones and Their Activities as DNA Methyltransferase Inhibitors in
Cancer Cells. Eur. J. Med. Chem. 2020, 186, 111829.
https://doi.org/10.1016/j.ejmech.2019.111829.

(7) Han, X.; Huang, Y.; Wei, L.; Chen, H.; Guo, Y.; Tang, Z.; Hu, W.; Xia, Q.; Wang,
Q.; Yan, J.; Ren, Y. Biological Evaluation and SAR Analysis of Novel Covalent Inhibitors
against Fructose-1,6-Bisphosphatase. Bioorg. Med. Chem. 2020, 28 (18), 115624.
https://doi.org/10.1016/j.bmc.2020.115624.

(8) Yavatri, |.; Mohsenzadeh, R.; Ravaghi, P. A Molecular lodine-Mediated Synthesis
of Cyclopenta[ ¢ JFuro[3,2- b ]JFuran-5,6-Diones: Assembly of an Angular Dioxatriquinane
Core. J. Org. Chem. 2022, 87 (5), 2616—2623. https://doi.org/10.1021/acs.joc.1c02572.
(9) Nolan, S. P.; Navarro, O. C-C Bond Formation by Cross-Coupling. In Reference
Module in Chemistry, Molecular Sciences and Chemical Engineering; 2013.
https://doi.org/10.1016/B978-0-12-409547-2.03966-4.

(10) Wu, X.; Lamb, K. J.; Lara-Sanchez, A.; Alonso-Moreno, C.; North, M.; Castro-
Osma, J. A. Chapter 1 - Homogeneous Aluminum and Iron Catalysts for the Synthesis
of Organic Molecules and Biodegradable Polymers. In Synthetic Inorganic Chemistry;

Hamilton, E. J. M., Ed.; Developments in Inorganic Chemistry; 2021; pp 3-43.

23



https://doi.org/10.1016/B978-0-12-818429-5.00002-8.

(11) Sindhu, K. S.; Thankachan, A. P.; Sajitha, P. S.; Anilkumar, G. Recent
Developments and Applications of the Cadiot—Chodkiewicz Reaction. Org. Biomol.
Chem. 2015, 13 (25), 6891-6905. https://doi.org/10.1039/C50B00697J.

(12) Richard F. Heck. Palladium-Catalyzed Vinylation of Organic Halides. Org. React.
1982, 27, 345-389. https://doi.org/10.1002/0471264180.0r027.02.

(13) Chinchilla, R.; Najera, C. The Sonogashira Reaction: A Booming Methodology in
Synthetic Organic  Chemistry. Chem. Rev. 2007, 107 (3), 874-922.
https://doi.org/10.1021/cr050992x.

(14) del Pozo, J.; Salas, G.; Alvarez, R.; Casares, J. A.; Espinet, P. The Negishi
Catalysis: Full Study of the Complications in the Transmetalation Step and
Consequences for the Coupling Products. Organometallics 2016, 35 (20), 3604—-3611.
https://doi.org/10.1021/acs.organomet.6b00660.

(15) Cordovilla, C.; Bartolomé, C.; Martinez-llarduya, J. M.; Espinet, P. The Stille
Reaction, 38 Years Later. ACS Catal. 2015, 5 (5), 3040-3053.
https://doi.org/10.1021/acscatal.5b00448.

(16) Ganesh, M.; Namboothiri, I. N. N. Stereospecific Approach to a,B-Disubstituted
Nitroalkenes via Coupling of a-Bromonitroalkenes with Boronic Acids and Terminal
Acetylenes. Tetrahedron 2007, 63 (48), 11973-11983.
https://doi.org/10.1016/j.tet.2007.09.012.

(17) Singh Gujral, S.; Khatri, S.; Riyal, P.; Gahlot, V. Suzuki Cross Coupling Reaction-
A Review. Indo Glob. J. Pharm. Sci. 2012, 02 (04), 351-367.
https://doi.org/10.35652/IGJPS.2012.41.

(18) Wu, X.; Lamb, K. J.; Lara-Sanchez, A.; Alonso-Moreno, C.; North, M.; Castro-
Osma, J. A. Homogeneous Aluminum and Iron Catalysts for the Synthesis of Organic
Molecules and Biodegradable Polymers. In Synthetic Inorganic Chemistry; 2021; pp 3—
43. https://doi.org/10.1016/B978-0-12-818429-5.00002-8.

(19) Suzuki, A. Synthetic Studies via the Cross-Coupling Reaction of Organoboron
Derivatives with Organic Halides. Pure Appl. Chem. 1991, 63 (3), 419-422.
https://doi.org/10.1351/pac199163030419.

(20)  Ganesh, M.; Namboothiri, I. N. N. Stereospecific Approach to a,B-Disubstituted
Nitroalkenes via Coupling of a-Bromonitroalkenes with Boronic Acids and Terminal
Acetylenes. Tetrahedron 2007, 63 (48), 11973-11983.
https://doi.org/10.1016/j.tet.2007.09.012.

(21) Ambala, S.; Singh, R.; Singh, M.; Cham, P. S.; Gupta, R.; Munagala, G.;
Yempalla, K. R.; Vishwakarma, R. A.; Singh, P. P. Metal-Free, Room Temperature, Acid-
K>S,0g Mediated Method for the Nitration of Olefins: An Easy Approach for the Synthesis

24



of Nitroolefins. RSC Adv. 2019, 9 (52), 30428-30431.
https://doi.org/10.1039/C9RA06414A.

(22) K. Peter C. Volhardt, Neil E. Schore. Organic Chemistry. In Organic Chemistry,
structure and function; pp 304-306.

(23) Lukas Jedinak, Renata Zatopkova, Hana Zemankova, Alena Sustkova, and Petr
Canka. The Suzuki-Miyaura Cross-Coupling Reaction of Halogenated Aminopyrazoles:
Method Development, Scope, and Mechanism of Dehalogenation Side Reaction. J. Org.
Chem. 2016, 82 (1), 157-169. https://doi.org/10.1021/acs.joc.6b02306.

(24) Garre, M. S.; Sucunza, D.; Aguilar, E.; Garcia-Garcia, P.; Vaquero, J. J.
Regiodivergent Electrophilic Cyclizations of Alkynylcyclobutanes for the Synthesis of
Cyclobutane-Fused O-Heterocycles. J. Org. Chem. 2019, 84 (9), 5712-5725.
https://doi.org/10.1021/acs.joc.9b00618.

(25) Lima, C. F. R. A. C.; Ana. Rodrigues, A. S. M. C.; Silva, V. L. M.; Silva A. M. S;
Santos, L. M. N. B. F. Role of the Base and Control of Selectivity in the Suzuki-Miyaura
Cross-Couploing Reaction. ChemCatChem 2014, 1291-1302.
https://doi.org/10.1002/cctc.201301080.

(26) Lu, G.-P.; Voigtritter, K. R.; Cai, C.; Lipshutz, B. H. Ligand Effects on the
Stereochemical Outcome of Suzuki—Miyaura Couplings. J. Org. Chem. 2012, 77 (8),
3700-3703. https://doi.org/10.1021/j0300437t.

(27) Shakhmaev, R. N.; Ignatishina, M. G.; Zorin, V. V. Solvent-Controlled Retention
or Inversion of Configuration in the Suzuki Reaction of 2-Bromo-1,3-Dienes:
Stereodivergent Synthesis of Trisubstituted Conjugated Alkenes. Tetrahedron 2022,
126, 133011. https://doi.org/10.1016/j.tet.2022.133011.

25



APPENDIX

In this Appendix, the appearance of the relevant TLCs will be shown as well as the aspect
of the products obtained.

Figure 14: Image of TLC after Figure 15: Image of the crude o0 16 Aspect of the

completion of the bromination/ Product 1a. column for the purification
dehydrobromination. of Z-(2-bromo-
2nitrovinyl)benzene.

Figure 17: Pure crystals of Z- Figure 18: Sticky solid (mainly salts) Figure 19: TLC after

(2-bromo-2nitrovinyl)benzene. after decanting the clear solution. completion of the Suzuki-
Miyaura  cross-coupling
reaction.
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Figure 20: Column for the purification of Figure 21: |mages of the TLC obtained from the
E-(1-nitroethene-1,2-diyl)dibenzene. column.

Figure 22: Fraction obtained from the
column where the product should be.
Mixture of two products was obtained.

Figure 23: Image of the boronic acid purified in the
column.
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