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On the Bromination of Diethyl 3,5-dimethyl-1H-pyrrole-2,4-dicarboxylate:
the True Structure of the Halbig’s Product

Pyrrole and its derivatives have attracted the attention of researchers as promising objects of practical im-
portance in various areas of human life. Focusing on Knorr pyrrole as the most readily available pyrrole de-
rivative, our objective was to obtain its bromo derivatives, containing an allyl bromine atom followed by
phosphorylation reactions. The reaction involving bromination was carried out with 2 mol of N-
bromosuccinimide per 1 mol of Knorr pyrrole 1 in carbon tetrachloride. This reaction was initiated with
azobis(isobutyronitrile) and carried out at a boiling point. In acetic acid, the bromination reaction was carried
out at a temperature of 38—45°C with a molar ratio of Knorr pyrrole to bromine of 1:4 and another reaction
was carried out at 40-50°C with a molar ratio of Knorr pyrrole to bromine of 1:5. The bromination reaction
was also performed in chloroform at 27-30°C in the presence of catalytic amounts of aluminum chloride. The
same crystalline product was obtained in all cases. X-ray diffraction analysis revealed that the single crystal
structure is diethyl 5-(dibromomethyl)-3-methyl-2-oxo-2,3-dihydro-1H-pyrrole-3,4-dicarboxylate 5 with two
bromine atoms. This composition is identical to that of the Halbig product. It was found that the bromination
of Knorr pyrrole 1 occurs stepwise with excess N-bromosuccinimide and bromine, resulting in the unsaturat-
ed lactam 5, commonly known as Halbig’s product. The true structure of product 5 was determined.

Keywords: Knorr pyrrole, a-methylpyrroles, bromination, the Halbig’s product, bromo derivatives, Diethyl
3,5-dimethyl-1H-pyrrole-2,4-dicarboxylate, phosphorylation, reaction mechanism.

Introduction

Pyrrole and its derivatives remain a significant focus of researchers due to their role in providing new
bioactive compounds. Some of them are crucial in various life processes [1]. Many pyrrole derivatives have
shown diverse biological activities [2-12]. Knorr pyrrole, also known as diethyl 3,5-dimethyl-1H-pyrrole-
2,4-dicarboxylate, is among the most commonly available pyrrole derivatives. There are additional studies
regarding the phosphorylation of pyrrole and Knorr pyrrole [13]. The bromination reactions of derivatives of
pyrrole followed by phosphorylation are unquestionably fascinating in the field of pyrrole chemistry [14].

The side-chain bromination of a-methylpyrroles has been well-known [15, 16]. At a pyrrole: bromine
molar ratio of 1.06:1, the bromination reaction of Knorr pyrrole with molecular bromine in acetic acid, at
45 °C, produced 2-bromomethyl-4-methylpyrrole-3,5-dicarboxylic acid diethyl ester 2 in 42 % vyield [15-
20]. Likewise, using N-bromosuccinimide in carbon tetrachloride, in the presence of benzoyl peroxide at re-
flux, resulted in the same product in 47% vyield [21]. The reaction scheme is displayed in Figure 1.
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Figure 1. The formation of 2-bromomethyl-4-methylpyrrole-3,5-dicarboxylic acid diethyl ester 2
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Simultaneously, Halbig P. and Walach B. [17] observed the extraction of a crystalized substance upon
cooling the reaction mixture of Knorr pyrrole with excess of bromine in acetic acid at 45-50 °C. After multi-
ple washes with acetic acid, a compound with a melting point of 130-131°C and a composition of
C12H;5Br,NOs was obtained.

Treibs A. and Bader H. [21] obtained a compound with identical properties by brominating Knorr
pyrrole in a blend of acetic acid and petroleum ether (1:1). Once the reaction mixture had been evaporated
and the substance obtained had been recrystallized from dilute acetic acid and then from ethanol, a vibration
band at 2.92 u (CHCI;) was detected in the compound’s IR spectrum [21]. Following the reaction of
a-unsubstituted pyrrole carboxylic acid esters with bromine, structure 3 was assigned to this substance [17],
which was not disputed subsequently. The substance was referred to as the Halbig’s product in the litera-
ture (Fig. 2).

CO,Et
\ CH
EtO,C
2 N OH
3

Figure 2. The structural formula of the Halbig’s product [17, 21]

Later, Angelini et al. [19] conducted a *H NMR spectroscopic study on the crude bromination products.
The study revealed the formation of a-dibromomethyl derivatives as byproducts. These byproducts were not
observed in detectable amounts when the molar ratio of Br; to pyrrole was <0.5. However, they were the on-
ly reaction product formed when the molar ratio of Br, to pyrrole was >2 and the reaction was allowed to go
to completion. a-Dibromomethylpyrroles were obtained as red oils that are sensitive to moisture. They were
characterized by a singlet (1H) at approximately & 6.5 ppm (CHBr;) in the NMR spectrum. Additionally,
they were converted into the corresponding aldehydes.

The aim of this study was to investigate the potential of obtaining 3,5-bis(bromomethyl) deriva-
tive 4 (Fig. 3) via the bromination of Knorr pyrrole as a starting compound for subsequent phosphorylation
reactions.
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Figure 3. Structural formula of diethyl 3,5-bis(bromomethyl)-1H-pyrrole-2,4-dicarboxylate 4

Experimental

Material and Instrumentation

All chemicals were of analytical grade and procured from Sigma-Aldrich suppliers without the need for
further purification. Reactions underwent monitoring via thin layer chromatography (TLC) on F 254 silica
gel coated plates from Merck. Bruker 400 and 600 MHz spectrometers were used to record the *H and **C
NMR spectra in CDCl; along with TMS functioning as the internal standard. Mass spectra were taken using
a Shimadzu mass spectrometer. IR spectra were taken with a Thermo Scientific Nicolet 6700 FTIR spec-
trometer (Madison, WI, USA). The melting point was determined using a Buchi Melting point M-560 in-
strument.

Diffraction experiments for 1 and 5 were performed on a Bruker D8 VENTURE Kappa Duo
PHOTON100 by IuS micro-focus sealed tube either with MoKa (A= 0.71073) radiation at a temperature of
120(2) K for 5, or CuKa (A = 1.54178) for 1at a temperature of 150(2) K.
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The structures were solved by direct methods [22] and refined by the full matrix F>-based least squares
method [23]. Hydrogen atoms on carbon were fixed into idealized positions (riding model) and assigned
temperature factors either Hi,,(H) = 1.2 Ugq (pivot atom) or His,(H) = 1.5 Ugq (pivot atom) for methyl moiety,
the hydrogen atoms in —N-H moiety were found on difference Fourier maps and refined under rigid body
assumption with assigned temperature factors His(H) = 1.2 Ugq (pivot atom).

Synthesis Section

General procedure for bromination of 2,4-dimethyl-3,5-diethoxycarbonylpyrrole with NBS:

3.1 g (0.013 mol) of Knorr pyrrole, 5.02 g (0.028 mol) of NBS, 0.23 g of AIBN as an initiator and
70 ml of CCl, were added into a three-neck flask equipped with a mechanical stirrer, a thermometer and a
reflux condenser. The reaction mixture was heated until boiling occurs at around 60 °C, due to the activation
of the initiator. The reaction mixture was heated and stirred at a temperature of 77-78 °C for a duration of
3 hours. Upon completion of the reaction (with monitoring via TLC), the succinimide formed was removed
by decantation from the still hot mixture. The residue was then left alone for 24 hours before the solvent was
distilled off using a rotary evaporator. The remaining residue gradually crystallized over time. To obtain the
final product, the crystallized residue was dissolved in benzene whilst being heated and subsequently precipi-
tated using hexane. The overall yield of the product was 63 %.

Bromination of 2,4-dimethyl-3,5-diethoxycarbonylpyrrole with bromine in acetic acid:

3g (0.012 mol) of Knorr pyrrole dissolved in 7.8ml of CH;COOH was brominated with 7.2 g
(0.045 mol) of bromine in 1.2 ml of glacial acetic acid. The temperature during bromination was maintained
at 38-45 °C. The starting pyrrole instantly dissolved when bromine in acetic acid was added and a slight exo-
effect was observed. The reaction mixture was kept at a temperature of 38-45 °C for 4 hours and after that it
was left overnight. The reaction mixture was diluted using chloroform, extracted with cold water twice, and
then twice with a saturated solution of sodium carbonate, followed by water, then with a saturated solution of
sodium sulfite, and again with water. When treated with sodium sulfite, the solution lost its colour. The ex-
tract was dried over sodium sulfate for two hours, and then chloroform was distilled off. The remaining sub-
stance was crystallized from hexane with a product yield 33 %.

Bromination of 2,4-dimethyl-3,5-diethoxycarbonylpyrrole with bromine in acetic acid under low heat:

3 g (0.012 mol) of 2,4-dimethyl-3,5-dicarboethoxypyrrole were heated gently in 45 ml of glacial acetic
acid. Then, 9.6 g (0.06 mol) of bromine were added at 40-50 °C.The reaction mixture was kept at a tempera-
ture of 40-50 °C for 4 hours. The reaction mass did not form crystals when left to stand for 24 hours. The
reaction mixture was then cooled to 0 °C, and after thawing at room temperature, a small amount of the pre-
cipitated crystals were dissolved. The reaction mixture was poured onto ice and transferred to a separatory
funnel. Chloroform was used for extraction, which was carried out thrice. This was then extracted twice with
ice water followed by a one-time extraction with a saturated solution of sodium sulfite. Further, it was
washed once with water and left to dry over sodium sulfate for 20 hours in a dark place. The yield of the
crude product was 30 %. The oily residue was crystallised in hexane, then dissolved in benzene. The crystals
precipitated from the solvent mixture and were subsequently recrystallised from benzene.

Bromination of 2,4-dimethyl-3,5-diethoxycarbonylpyrrole in the presence of AICI;as a catalyst:

3 ¢ (0.012 mol) of 2,4-dimethyl-3,5-dicarboethoxypyrrole were placed in a three-necked flask, followed
by the addition of 30 ml of chloroform and 0.25 grams of AIClI; as a catalyst. The mixture was stirred vigor-
ously, and a slight exothermic effect of +6 °C (21-27 °C) was observed. Subsequently, a solution of bromine
in chloroform (25 ml of chloroform and 7.2 g (0.045 mol) of bromine) was prepared. The bromine solution
was slowly added dropwise, leading to discoloration, and an exothermic effect of +3 °C (27-30 °C) was ob-
served. After the addition of bromine, the temperature of the reaction mixture decreased to 26-27 °C before
stabilizing at 25 °C. The mixture was stirred for 4-5 hours before being poured onto ice and extracted with
chloroform. The extracted mixture was then washed sequentially with cold water, sodium sulfite and water,
and sodium carbonate. Following this, it was dried with calcium chloride and the chloroform extract was fil-
tered off from the calcium chloride before being distilled off. The oily residue was crystallized and the re-
sulting product had a yield of 30 %. After recrystallisation from a mixture of benzene and hexane, the prod-
uct was found to be soluble in benzene, methanol, chloroform, ethyl acetate, and acetone but had poor solu-
bility in hexane.
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Diethyl 5-(dibromomethyl)-3-methyl-2-oxo-2,3-dihydro-1H-pyrrole-3,4-dicarboxylate (5):

IR spectrum, v, cm™: 3057 (N-H), 1711 (COOR), 1752 C=0, 1625 (C=C), 675 (C-Br)."H NMR
(400 MHz, CDCl3): 6 = 7.89 (s, 1H), 7.57 (d, J = 7.9 Hz, 1H), 7.26 (d, J = 8.1 Hz, 1H), 7.15-7.09 (m, 1H),
7.04-6.98 (m, 1H), 6.88 (d, J = 2.1 Hz, 1H), 4.45 (t, J = 7.4 Hz, 1H), 3.54 (t, J = 6.6 Hz, 2H), 2.25-2.17 (m,
2H), 1.63-1.54 (m, 2H), 1.48-1.37 (m, 2H) ppm; *C NMR (100 MHz, CDCls): § = 136.61, 127.10, 121.71,
121.57, 120.13, 119.58, 118.98, 111.20, 62.91, 62.78, 35.61, 32.80, 24.46 ppm; HRMS (ESI): m/z calcd for
[C15H1sNO] + ([M+H]") 202.2686, found 202.2651.

Results and Discussion

In light of the findings presented in [13, 14] concerning the phosphorylation of dibrominated Knorr
pyrrole, an extensive search was conducted to acquire precise methods for obtaining dibromo derivative 4.
Unfortunately, no viable approaches were discovered in the literature, with the exception of the synthesis
procedure for 2 [15, 16]. Consequently, we proceeded to evaluate the subsequent protocols:

— The reaction of two mols of N-bromosuccinimide per one mol of Knorr pyrrole in refluxing carbon
tetrachloride with traces of azobis (isobutyronitrile) for initiation.

— The reaction of Knorr pyrrole with excess of bromine (ratio from 1:4 to 1:5) in acetic acid at 40—
50 °C.

— The reaction of Knorr pyrrole and excess of bromine in chloroform at 27-30°C in the presence of cat-
alytic amounts of aluminum chloride.

The identical workup was utilised in both previous instances: extracting the reaction mixture in chloro-
form, washing with an aqueous sodium bicarbonate solution, reducing discoloured bromine residuals with an
aqueous sodium sulfite solution, drying the organic phase with sodium sulfite, and recrystallising the solute
from benzene or a benzene-hexane mixture. After removing the formed succinimide by filtration, the result-
ing filtrate was evaporated before reprecipitating the crystal mass with the addition of hexane to a hot solu-
tion in benzene.

All three methods for bromination referred to above were partly optimised (refer to Experimental sec-
tion), but they only produced maximum yields of about 30-60%. To make matters worse, the resulting prod-
uct was not compound 4. In each instance, the same crystalline product with a melting point of 132-133 °C
was produced.

The *H NMR spectrum in deuterochloroform displays a singlet at 1.66 ppm (3H), a singlet at 7.58 ppm
(1H) and a broad singlet at 8.40 ppm (1H, NH), along with two ethyl group signals from ester radicals. Upon
comparison with the Knorr pyrrole spectrum, one methyl group signal vanishes, while the other group’s sig-
nal shifts by 0.9 ppm to a stronger field. In this instance, it appears that the signal belongs to the region typi-
cal of methyl groups attached to the sp*-hybridized carbon atom. The signal of the ethyl radical from one of
the ester groups bears the same structure as that of Knorr pyrrole. However, both methyl and methylene pro-
tons resonate in a somewhat stronger field. On the other hand, the signal from the methylene protons of the
second ester group is divided into four quartets with coupling constants of 7.2 Hz at 4.14, 4.17, 4.20, and
4.24 ppm. The signals have an intensity ratio of 1:3:3:1, showing that the oxymethylene group is in a com-
plicated steric situation. It is clear that four stable conformers produce distinguishable signals.

Comparison of the *C NMR spectra of Knorr pyrrole and the resulting product indicates that the car-
bonyl group signal in the B-position of the pyrrole ring and in one of the carbonyl groups in the product are
similar (161.79 and 161.69 ppm, respectively). Conversely, the second carbonyl group signal in the product
shifts to 174.88 ppm, falling in the ester group region characterized by the sp*-hybridized carbon atom.
A correlation between the proton and carbon signals of the methyl group (6 1.66 ppm, 6C 18.70 ppm), the
carbonyl group, and the carbon nucleus at 26.39 ppm was established. Additionally, there is a correlation
between the proton signal of this methyl group and the carbon nucleus signal at 109.25 ppm, where the latter
lacks protons. Finally, a correlation has been observed between the protons of the methyl group and the car-
bon nucleus at 150.24 ppm.

The proton signal at 7.58 ppm corresponds with the signals of the carbon nuclei at 57.87 ppm,
167.00 ppm, and 150.24 ppm. Assuming we accept the assignment of the signals of the dibromomethyl
group [19], it becomes evident that this structural fragment is situated at a double bond. Furthermore, analy-
sis of the 'H and **C NMR spectra of Knorr pyrrole and the resulting product shows that the NH group is
preserved during bromination. However, the heteroaromatic system of the pyrrole is disrupted, leaving only a
singular C=C double bond in the molecule.
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Furthermore, we grew a crystal suitable for X-ray analysis, which revealed the crystal’s structure to be
of 5 with two bromine atoms. The crystal was found to be identical in composition to Halbig’s prod-
uct (Fig. 4).

NBS, AIBN, CCl4 on boil, 3h

yield 63%

1 Bry/AcOH, 38-45°C, 4 h

yield 33% \ Etoziz_icozEt
N
H
6

- HBr
CH
Br, / AcOH, 40-50°C, 4 h / storage
yield 30%
] Bry, AICI3, CHCI3, 25-30°C, 4-5 h
yield 30%
EtO,C CO4Et air moisture EtO,C CO,Et
- HBr M m
storage CH N CH ” @)

7

Figure 4. General synthesis scheme of diethyl 5-(dibromomethyl)-3-methyl-2-oxo-
2,3-dihydro-1H-pyrrole-3,4-dicarboxylate (5)

The crystal structure of compound 5 consists of neutral molecules. Two of them are always connected
by two intermolecular hydrogen bonds. The first is between the nitrogen atom N1 and oxygen atom O5 of
the neighboring molecule, and the second one is between O5 and N1 of the same neighboring molecule,
forming centrosymmetric pairs. The distance N1 ... O5 is 2.811(2) A and the angle at the H atom is 176.9°.
The values of the distances between the bonds in the ring are expected. The shortest one is 1.352(2) A for-
mally corresponds to the double bond C2-C3, the single bonds C3—-C4 and C4-C5 (1.518(1) A and 1.539(2)
A, respectively) are the longest ones.

The bond distances N1-C2 and N1-C5 are in the expected range. The geometry of dibromomethyl
group (C6-Brl = 1.943(1) A, C6-Br2 = 1.942(1) A and the angle at C6 is 109.05(4)° and again the normal
range.

However, the order of the substituents on the pyrrole ring is very interesting. Starting from the atom N1,
we found dibromo-substituent at C1, ester substituent at C2, another ester substituent together with a methyl
group at C3 and O= substituent at C5 (Fig. 5). So, the ester groups are located on adjacent atoms C3, C4. But
we started from compound 1, where the ester substituents are localized on positions 3 and 5 starting from
nitrogen atom N1. The structure is shown in Figure 6.

The crystal structure of compound 1 consists of neutral planar molecules. They are connected in endless
chains by one medium strong H-bond. Each molecule participates in two identical (due to symmetry)
H-bonds. The N1 atom acts as a hydrogen donor and the Oloxygen atom as a hydrogen acceptor. The dis-
tance of N1 ... O1 is 2.898(x) A and the angle at the H-atom is 158.0°. Values of the bond distances in the
ring are in the range 1.34-1.42 A. This is the range typical of aromatic pyrroles. Substitution pattern is me-
thyl at C1, ester group at C3, methyl at C4 and ester group at C5 (Fig. 6).
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Figure 5.Crystal structural of diethyl 5-(dibromomethyl)-3-methyl-2-oxo-
2,3-dihydro-1H-pyrrole-3,4-dicarboxylate (5)
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Figure 6. Crystal structural of 2,4-dimethyl-3,5-diethoxycarbonylpyrrole

The basic crystallographic data, measurement and refinement details for compounds 5 and 1 are pre-

sented in Table.

Table

Crystallographic data and details of refinements for compounds 5 and 1

Compound 5 1
CCDC no. 2239489 2239477
Empirical formula C1oH15BroNOg CoH17NO,
Formula mass, g mol 413.07 239.26
Crystal system Triclinic orthorhombic
Space group P-1  (no.2) Fdd2 (no. 43)
a, A 6.0558(4) 28.4442(15)
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Continuation of Table

Compound 5 1

b, A 10.1493(5) 38.959(2)
c, A 12.8464(8) 4.4053(3)
a, deg 81.251(2) 90
B, deg 76.753(2) 90
y, deg 81.216(2) 90
Z 2 16
v, A® 753.89(8) 4881.8(5)
Temperature, K 120(2) 150(2)
D catca, g €M > 1.820 1.302
u(Mo-Ka), mm* 5.393
u(Cu-Ka), mm* 0.812
F(000) 408 2048
Omin-Omax, deg 2.46 — 30.00 3.85-72.28
Reflections collected 20153 16538
No. of unique data 4362 2419
Rint 0.0253 0.1214
Obs.refl.ns [I> 20(1)] 4069 1876
Parameters refined 184 158
R1, wR2 (all data)*” 0.0201;0.0437 0.0835; 0.1657
Residuals, e A -0.517; 0.684 -0.215; 0.187

4w = 1/[¢2(F02)+(0.0559P)2],

*w = 1/[62(F02) + (0.0623P)2 + 0.2235P], where P = (Fo2 + 2Fc2) /3.

The X-ray structural analysis data were deposited in the form of CIF files at the Cambridge Crystallographic Data
Center (deposit CCDC n0.2239489 for compound 5 and no. 2239477 for compound 1).

Thus, the above information enables us to present the following sequence of reactions. Bromide 2 reacts
with an excess of bromine or bromosuccinimide to form dibromomethyl derivative 8. Based on the given
principles, the improved version is: subsequently, the bromine cation attacks position 2 of the pyrrole ring of
the product, resulting in the formation of a o-complex. During this attack or simultaneously, the ester group
is transferred to position 3. Since the reaction with N-bromosuccinimide and bromine leads to the same out-
come, we can conclude that:

a) the medium becomes polar enough to cause heterolytic cleavage of the N-Br bond with the formation
of the bromine cation due to the presence of succinimide and the significant NH-acidity of the pyrrole de-
rivatives in the reaction mixture;

or b) the process can take place viaboth ionic and radical pathways with the formation of the same end-
product.

In this instance, the final step involves stabilising the reorganised cation, resulting in compound 6. The
compound was obtained in every case when mild conditions were used to treat the reaction mixture. The
NMR spectroscopic data accurately describes compound 6's structure. It is expected that product 6 will easi-
ly cleave hydrogen bromide and convert into tribromide 7, which has a structure of a cyclic, unsaturated
imidoyl bromide. Accordingly, it should react with compounds containing hydroxyl groups (including mois-
ture in the air) to transition to unsaturated lactam 5, of which the crystal was analyzed by XRD.

The methods for synthesising Halbig’s product were discussed in detail previously. The data presented
illustrates that the reaction was conducted at high temperatures, with the product washed using hydroxyl-
containing substances before being recrystallised from them. Consequently, lactam 5 was the only feasible
product under the given conditions. Figure 7 depicts the proposed transformation scheme and mechanism.
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Figure 7. The transformations chain and the proposed mechanism of compound 5 formation

It was discovered that the bromination process of Knorr pyrrole follows a stepwise progression, when
carried out with an excess of N-bromosuccinimide or bromine. The methyl group at position 5 is targeted
first with the addition of two bromine atoms. Then, the ensuing attack of the bromine cation (or bromine rad-
ical) occurs at position 2 of the pyrrole ring, which causes the ester group to transfer to position 3 and dis-
rupts aromaticity of the system. Finally, the integration of one more bromine atom into the molecule stabilis-
es the structure, resulting in the formation of a 2,3-dihydropyrrole derivative. In the presence of bases and
substances containing hydroxyl groups, the latter undergoes successive transformations into cyclic imidoyl
bromide and ultimately unsaturated lactam 5. This compound is known as Halbig’s product and its true struc-
ture was established by our team.

Conclusions

In conclusion, the effort to produce a dibromo derivative of Knorr pyrrole where bromine atoms occupy
both allyl positions was not successful, even with the outcomes presented in [13, 14]. The bromination reac-
tion was carried out using 2 mol of N-bromosuccinimide per 1 mol of Knorr pyrrole 1 in carbon tetrachloride
by boiling and initiating with azobis(isobutyronitrile), in acetic acid at 40-50 °C at a molar ratio of Knorr
pyrrole 1: bromine 1:5 and at a temperature of 38-45 °C at a molar ratio of Knorr pyrrole 1: bromine 1:4 and
in chloroform at 27-30 °C in the presence of catalytic amounts of aluminum chloride. While all three bro-
mination methods were partially optimized, the yields obtained were limited to 30-63 %. In all instances, we
obtained the same crystalline product with a melting point of 132-133 °C. We confirmed the compound’s
structure of diethyl 5-(dibromomethyl)-3-methyl-2-ox0-2,3-dihydro-1H-pyrrole-3,4-dicarboxylate 5, with
two bromine atoms, through our analysis of 'H and *C NMR-spectroscopy, mass-spectrometry and X-ray
diffraction. This compound is identical in composition to the Halbig’s product. These findings demonstrate
the lack of systematic research on the -bromomethylpyrroles’ preparation.
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