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Fig. 1 Bromination reaction
dibromofumarate.

aDepartment of Chemistry, University of Ne

E-mail: sinitskii@unl.edu
bDepartment of Electrical and Computer Eng

Lincoln 68588, NE, USA. E-mail: rkorlacki2@

† Present address: Food and Drug Admin

Cite this: RSC Adv., 2022, 12, 32471

Received 22nd September 2022
Accepted 1st November 2022

DOI: 10.1039/d2ra05996g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ization of dimethyl 2,3-
dibromofumarate

Timothy H. Vo,†a Rafał Korlacki *b and Alexander Sinitskii *a

The isomerization of dimethyl 2,3-dibromofumarate in chloroform solutions was investigated by the

combination of nuclear magnetic resonance (NMR) and density functional theory (DFT) calculations. The

bromination of dimethyl acetylenedicarboxylate leading to dimethyl 2,3-dibromofumarate produces the

trans isomer initially, which however converts into the more stable cis isomer. The conversion from trans

to cis is spontaneous and greatly accelerated by light.
1 Introduction

Dimethyl 2,3-dibromofumarate is an important precursor that
is being used in many synthetic routes leading to complex
molecules.1–9 It can be obtained by bromination of commer-
cially available dimethyl acetylenedicarboxylate precursor, see
Fig. 1. It appears generally well established in the literature that
dimethyl 2,3-dibromofumarate exists predominantly as the
trans isomer.2,3,5–9 Additionally, several chemical suppliers as
well as PubChem list it as a pure trans isomer only. At the same
time, the ratios between the trans and cis forms reported in the
literature vary between the pure trans and up to 39% cis.10–13 The
latter number is close to the value reported for its diethyl
homologue, which is 41–42% cis.14,15 Intrigued by these
discrepancies, we decided to investigate this matter in greater
detail. In this paper, we show that the cis to trans equilibrium
for this molecule is extremely sensitive to environmental
conditions. Our experimental and theoretical data show that the
cis isomer is more stable and thus the preferable form. Addi-
tionally, the experimental results show that the trans isomer
readily converts to the cis form over time.
leading to dimethyl 2,3-
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2 Methods

All materials were purchased and used without further puri-
cation. Dimethyl acetylenedicarboxylate (95%) and bromine
(99.5%) were purchased from Alfa Aesar. Anhydrous chloroform
($99.8%) and anhydrous deuterated chloroform (99.8 atom %
D) were purchased from Sigma-Aldrich. Fresh, unopened
anhydrous deuterated chloroform was used in each experiment.
Nuclear magnetic resonance (NMR) study was performed on
a Bruker 300 MHz NMR instrument. In situ NMR study was
performed on a Bruker 500 MHz NMR equipped with a Cryo-
Probe. In situ UV-vis optical absorption spectroscopy was per-
formed using a Jasco V-670 spectrophotometer.

2.1 Synthesis of dimethyl 2,3-dibromofumarate under
ambient light condition

Anhydrous deuterated chloroform (10 ml) and then dimethyl
acetylenedicarboxylate (200 ml, 1.63 mmol) were added to
a 50 ml round bottom ask equipped with a magnetic stir bar.
The stirrer was started and bromine (167.5 ml, 3.26 mmol) was
added to the reaction ask. Immediately aer bromine was
added, the reaction mixture was analyzed by 1H NMR. The
reactionmixture was analyzed every 15min for a duration of 150
min. The reaction mixture was stirred under the ambient light
for approximately 1645 min and analyzed again. The reaction
was capped for the duration of the experiment.

2.2 In situ NMR study

The experiment was run in a dark room. In an NMR tube
anhydrous deuterated chloroform was added (0.7 ml) and fol-
lowed by bromine (11.73 ml, 2.326 mmol). The mixture was
mixed well. Dimethyl acetylenedicarboxylate (14 ml, 1.163
mmol) was added to the mixture, mixed for a couple of seconds,
and then the tube was inserted into the NMR chamber. A 1H
NMR spectrum was acquired immediately and then every 15
min thereaer for 905 min. While the sample was still inside
the NMR instrument, a light source was placed on top of the
RSC Adv., 2022, 12, 32471–32474 | 32471
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Fig. 2 (a) Selected NMR spectra of the reaction mixture taken at
different stages of the process. (b) Relative concentrations of the
reagents as obtained from the NMR spectra. SM denotes the starting
material. Lines connecting points are intended as a guide for the eye.

Table 1 Experimental and calculated NMR chemical shifts (ppm) (SM
denotes the starting material)

Schuh and Glorius13 Exp. Calc.

SM 3.85 3.84
cis 3.83 3.87 3.75
trans 3.88 3.91 3.88
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NMR chamber to expose the sample to light. 1H NMR spectra
were acquired every 15 min for additional 255 min. The sample
was then removed from the NMR chamber and exposed to
ambient light for 10 min. The sample was analyzed by 1H NMR.
This process was repeated one more time, but only with an
exposure to ambient light for 5 min.

2.3 In situ UV-vis study

Chloroform (3.5 ml) was added to a UV-vis cuvette, followed by
dimethyl acetylenedicarboxylate (2.5 ml, 20.3 mmol), and then
a UV-vis optical absorption spectrum was acquired. Bromine
(1.04 ml, 20.3 mmol) was then added and the cuvette was agitated
for a couple of seconds. UV-vis spectra were acquired immedi-
ately and then every 15 min thereaer for 120 min. The exper-
iment was run in a dark room.

2.4 DFT calculations

Density functional theory (DFT) calculations of NMR chemical
shis were performed using a commercial package PQS.16 NMR
chemical shis were calculated using a slightly modied
procedure of Jain et al.17 First, the molecular structures of the
isomers were optimized at the B3LYP/6-31G* level18–21 followed
by the calculation of nuclear magnetic shieldings using the
gauge-including atomic orbital (GIAO) method.22,23 We used the
method that Jain et al.17 found the most accurate: the combi-
nation of the WP04 functional24 with one of the basis sets from
the Dunning family, aug-cc-pvdz.25–27 Our modication of the
procedure was modeling the solvation using the conductor-like
screening model (COSMO)28 implemented in PQS rather than
the polarizable continuum model (PCM) used by Jain et al. (in
both cases chloroform was used as solvent). Nevertheless, we
used the same empirical scaling factors to convert the calcu-
lated nuclear magnetic shieldings to the relative chemical
shis.17

3 Results and discussion

Fig. 2 shows a typical reaction leading to dimethyl 2,3-dibro-
mofumarate, probed by NMR at regular intervals throughout
the process. Fig. 2a shows several representative NMR spectra to
illustrate the nonlinear dynamics of the reaction. The starting
material (SM) is characterized by the NMR peak with a chemical
shi of 3.85 ppm. Upon the addition of pure bromine (which
constitutes the beginning of the time axis), it is rapidly con-
verted into two distinct products, which correspond to the NMR
peaks with chemical shis of 3.87 and 3.91 ppm, respectively.
The NMR spectra in Fig. 2a show that while the peak at
3.87 ppm is steadily growing with time, the peak at 3.91 ppm
rst increases in intensity but then decreases aer a certain
period of time. Fig. 2b illustrates this behavior in greater detail
by showing relative concentrations of the starting material and
the two reaction products as a function of time; the data were
obtained from the NMR spectra similar to the ones shown in
Fig. 2a. It is evident that one of the products is dominant at the
beginning of the synthesis, but aer some time its concentra-
tion starts to decline whereas the concentration of the second
32472 | RSC Adv., 2022, 12, 32471–32474
product grows steadily all the time. Aer long enough time only
the second product is present in the reaction mixture. Based on
the previous study by Schuh and Glorius,13 we identied the
products as trans- and cis-dimethyl 2,3-dibromofumarate,
respectively.

As this course of the reaction is clearly inconsistent with
what was reported in the literature before, we rst decided to
verify whether the identication of the products is actually
correct. Table 1 compares the experimental NMR chemical
shis with the corresponding values calculated using DFT,
showing an excellent agreement between the two data sets (In
addition to the computational method described in the
Methods section we tried several others as well. While their
accuracy was not nearly as good as the results presented in
Table 1, they all consistently show that the chemical shi for the
trans isomer is larger than for the cis isomer). Hence, we have no
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Parameters of fitting of the experimental data in Fig. 4 (in the
range of up to 900min) with the second order Gaussian decay curves:
y = A1 exp(−x/t1) + A2 exp(−x/t2) + y0, where A1 and A2 are amplitudes,
t1 and t2 are time constants, and y0 is an offset

A1 t1 A2 t2 y0

SM 0.56 25.9 — — 7 × 10−4

cis −0.17 30.9 −0.095 216 0.398
trans −0.38 20.4 0.074 291 0.598
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reason to question the assignment of NMR peaks with isomers
of dimethyl 2,3-dibromofumarate, but it implies that in contrast
to all the previous reports we obtain the pure cis isomer at the
very end of our synthesis cycle.

This result is not only surprising, but also counter intuitive.
Bromine, in addition to being a relatively large and heavy atom
is also electronegative, i.e. carries a partial charge. Hence we
would expect that both steric hindrance and electrostatic
repulsion would promote the trans isomer. The dynamics at the
beginning of the reaction (Fig. 2) seems to be consistent with
this reasoning, with much more trans than cis isomer being
initially produced. Aer some time, however, this trend
reverses, and the reversal coincides with the end of the bromi-
nation of the starting material. It seems, therefore, that the
bromination of the starting material produces predominantly
the trans isomer, which then converts to cis at an approximately
constant rate.

We decided to test a hypothesis that the conversion of
isomers is affected by the presence of light. Optical spectra in
Fig. 3 clearly show that despite the fact that the materials
involved absorb mainly in the ultraviolet range, there is enough
absorption in the transparent region of typical laboratory
glassware for it to matter.

Fig. 4 shows that the light has indeed a dramatic effect on
the ratio of isomers. However, it also shows that the intercon-
version occurs even without the light, only at a much lower rate.
Looking at the results of our DFT calculations we can observe
that the absolute energy of the cis isomer is lower than the trans
isomer by several kcal mol−1 for most methods tested, with the
difference being even larger in vacuo than in chloroform.
Therefore, the interconversion of isomers is expected to occur
spontaneously under ambient environmental conditions. The
dataset presented in Fig. 4 in the range of up to about 900 min.
(i.e. no exposure to light), allows us to try to quantify the
dynamics of the process, by performing a least-squares t of
model curves to the data points. For the cis and trans isomers we
t the experimental data with second order exponential decay
curves (two processes). In case of the starting material it is
Fig. 3 UV-vis spectra acquired during the synthesis. Black line – the
absorption spectrum of the starting material; red line – typical trans-
mission curve of glass, here a standard glass slide.

© 2022 The Author(s). Published by the Royal Society of Chemistry
expected that two independent processes occur, the conversion
of the SM into the trans isomer, and the conversion of the SM
into the cis isomer, but it seems clear from the data that these
processes have similar time constants and are hence indistin-
guishable. Therefore, we t the experimental data points for the
SM with a rst order exponential decay curve (a single decay
process). The solid lines in Fig. 4 are the results of the tting
process and, as one can see, they reproduce the experimental
data points with excellent accuracy. The obtained parameters
from the ts are listed in Table 2. The rise of the concentration
of the cis isomer is well represented (tted) using two distinct
time constants: 31 min (nearly coinciding with the time
constant of the decay of the SM, which is 26 min), and a much
slower 216min, which we attribute to the trans-to-cis conversion
process. The dynamics of the trans isomer is well reproduced by
two concurrent processes: an initial rise (a negative amplitude
decay) with the time constant of 20 min, and a slow decay
(positive amplitude) with the time constant of 290 min.
Extrapolated to innity, the concentrations of the trans and cis
isomers indicate that the equilibrium between the two forms, in
the absence of light, appears to stabilize at the ratio of 60% trans
to 40% cis. It is worth noting that this value is very close to what
Fig. 4 Relative concentrations of reagents monitored by NMR. The
experiment was performed in situ, inside the NMR chamber. The
arrows indicate points when (1) a small light bulb was turned on inside
the NMR chamber and (2) the NMR tube with the reaction mixture was
taken out of the NMR chamber and exposed to light in the lab. Solid
lines are exponential decay fits to the data points before light was
introduced, as described in the text.

RSC Adv., 2022, 12, 32471–32474 | 32473
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was reported for diethyl 2,3-dibromofumarate,14,15 as we
mentioned in the introduction.

While the results of this study do not support that dimethyl
2,3-dibromofumarate exists predominantly as the trans
isomer,2,3,5–13 cis isomerization of related compounds is not
without precedents. For a number of 1,2-dihaloethylenes the cis
form is more energetically favorable than the trans form,29–31

and acid-promoted hydrohalogenation of 2-propynoic acid and
its derivatives results in the Z-isomers as nearly exclusive
products,32 to name just a couple of examples. Therefore, this
study does not only clarify the structure of dimethyl 2,3-dibro-
mofumarate, which is an important precursor in synthetic
organic chemistry,1–9 but also provides an additional experi-
mental data point for the discussion of the “cis effect”.

4 Conclusions

We investigated isomerization dynamics of dimethyl 2,3-
dibromofumarate in chloroform solutions by means of nuclear
magnetic resonance and density functional theory. In contrast
to previous reports in the literature and chemistry databases we
observed that the cis isomer is more stable. The trans isomer,
which is the preferred product of the bromination reaction,
quickly converts to the cis form. This process is greatly accel-
erated by even small amounts of light.
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