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HIGHLIGHTS

e Traces of water in the sample can
change the signs of ROA bands.

e This was explained by supramolecular
organization of studied acids around
water and changed acidobasic
equilibria.

e Raman and ROA spectra of halogenated
compounds were interpreted using MD/
DFT.

o Esterification of the halo acids caused
significant changes in vibrational
spectra.
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ABSTRACT

Chiral 2-halopropionic acids and their derivatives were synthesized and their properties studied computationally
using Raman and Raman optical activity (ROA) spectroscopy. For neat acids present as liquids small amount of
water led to significant changes in the spectra, resulting even to flipping of some ROA band signs. We find this
interesting for the role water plays in interpretation of vibrational optical activity spectra of biomolecules.
Analysis of the results shows that when the water is present, it can change ROA band signs due to the changes in
acidobasic equilibrium. Corresponding esters without acidic hydrogens do not exhibit such effects.

1. Introduction

Prochiral or chiral 2-haloalkanecarboxilic acids and their esters serve
as synthons for syntheses of chiral compounds and sophisticated

polymers. Especially bromoalkanoates play a crucial role in atom-
transfer radical polymerization (ATRP) [1,2] and were used for syn-

theses of brush polymers. [3] Polymers containing 2-bromopropionates
at the terminus were used for construction of shell cross-linked

Abbreviations: ACN, Acetonitrile; ATRP, Atom-transfer radical polymerisation; BRE, Ethyl 2-bromopropionate; BRK, 2-Bromopropionic acid; BRN, 2-Bromopro-
pionate anion; CCT, Cartesian coordinate-based tensor transfer method; CID, Circular intensity difference; CLE, Ethyl 2-chloropropionate; CLK, 2-Chloropropionic
acid; CLN, 2-Chloropropionate anion; CPCM, Conductor-like polarizable continuum model; DFT, Density functional theory; ESI, Electrospray ionization; FWHH, Full
width (of a spectral peak) at half height; HF, Hartree Fock; IE, Ethyl 2-iodopropionate; IR, Infrared absorption; MD, Molecular dynamics; MS, Mass spectrometry;

ROA, Raman optical activity; TFA, Trifluoroacetic acid; VCD, Vibrational circular dichroism.
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Fig. 1. Synthesis of studied compounds from L-alanine. Top: ethyl (2R)-iodopropionat (via Cl analogue), bottom: Br analogue, i) NaNO,/HCl, ii) EtOH/PhH/H5SO,,

iii) Nal/acetone, iv) NaNO,/HBr/NaBr.

nanoparticles. [4] Ethyl bromopropionate was used as a precursor of
juvenoids. [5,6] Moreover, the chiral halocompounds can play a role of
pesticides, antimicrobial and antiviral drugs.

There is a limited number of methods allowing to study structure and
properties of these compounds, but chiroptical spectroscopy appears
very useful for this purpose. For example, optical rotation showed that
interactions between methyl (2R)-chloropropionate and micelles were
quite complex, and better understanding of molecular conformations is
required. [7] Conformational tracking of ethyl propionate was achieved
using theoretical methods and vibrational spectroscopies. [8] Chiral
ethyl 2-bromopropionate was studied by circular dichroism [5,6] and
chiral bromochlorofluoromethane was studied by Raman optical activ-
ity (ROA). [9] 2-Chloropropionic acid was investigated by combination
of VCD and calculations, and the effects of strong and weak hydrogen
bonding were discussed. [10] Hydrogen bonding of homochiral dimers
of hydroxyesters was studied by ROA. [11] For ROA spectrum of methyl
(2S)-chloropropionate the authors calculated structures of monomers
and dimers of corresponding haloester. 4-Halo-2-azetidinones were
studied using combination of ROA and calculations including the
anharmonic effects. [12] A very detailed interpretation of anharmonic
VOA spectra was achieved for relatively rigid 2-chloropropionitrile.
[13]

Also for the 2-halopropionic acids and their esters studied here the
ROA spectra provided useful information about chiral purity and mo-
lecular conformations. Surprisingly, tiny amount of water caused
changes in ROA spectra of neat acids. We find this interesting because in
common experiments water is taken as a solvent, while here it acts as an
impurity. Observed spectral shapes could be interpreted using molecular
dynamics and DFT simulations.

2. Material and methods
2.1. Synthesis

Briefly, L- and D-alanine were converted to (2S)- and (2R)-hal-
opropionic acids, respectively. [14] Then, the acids were converted to
ethyl (25)- and (2R)-halopropionates by azeotropic esterification, using
a mixture of benzene/ethanol and a small amount of sulfuric acid. [15].

Similar synthesis of iodoacids and iodoester was not possible due to
reaction of iodides with nitrites, and Finkelstein’s synthesis of the ester
was carried out instead [16] (Fig. 1).

(2S)-Chloropropionic acid (2s) - Yield: 25.6 g, 53%. EA calcd. for
C3H5ClO5 (1.95% m/m H,0): C, 32.55; H, 4.77. Found C, 32.52; H, 4.59.
ESI HRMS (m/z): for [M—H]  C3H4ClO, caled. 106.99053; found
106.99028 (—2.33917 ppm). Specific rotation asgg —17.6 (neat); lit.
[14] — 13.98 (neat). H NMR (400 MHz, DMSO-dg) 5 4.56 (q, J = 6.8
Hz, 1H, CHCI), 1.56 (d, J = 6.9 Hz, 3H, CHj). 13¢ NMR (100 MHz,
DMSO) & 171.15 (COOH), 53.45 (CH), 21.52 (CH3).

(2R)-Chloropropionic acid (2r) - Yield: 19 g, 49%. EA calcd. for
C3H5ClO5 (2.1% m/m H50): C, 32.50; H, 4.78. Found C, 32.48; H, 4.65.

ESI HRMS (m/z): for [M+H]" C3HgClO, caled. 109.00508; found
109.00487 (—1.95422 ppm). Specific rotation asgg + 17.5 (neat); lit.
[17] 4+ 17.39 (neat). 1H NMR (400 MHz, DMSO-dg) 6 13.23 (s br, 1H),
4.57 (q, J = 6.8 Hz, 1H, CHCl), 1.56 (d, J = 7.0 Hz, 3H, CH3). 13C NMR
(100 MHz, DMSO) 6 171.04 (COOH), 53.36 (CH), 21.44 (CH3).

Ethyl (2S)-chloropropionate (3s) — Yield: 19.2 g, 61%. EA calcd. For
CsHoO,Cl: C, 43.97; H, 6.64. Found C, 43.96; H, 6.68. ESI HRMS (m/2):
for [M+Nal® CsHgO2CINa caled. 159.01833; found 159.01776
(—3.56830 ppm). Specific rotation asgg —20.28 (neat), lit. [18] asgg
—21.8. 'THNMR (400 MHz, DMSO-dg) 6 4.69 (q, J = 6.8 Hz, 1H, CHCI),
4.16 (q,J=7.1 Hz, 2H, CHy), 1.58 (d, J = 6.8 Hz, 3H, CH3CHCl), 1.22 (t,
J = 7.1 Hz, 3H, CH,CH3). 13C NMR (100 MHz, DMSO) & 169.54 (COO),
61.59 (CH,), 52.77 (CH), 21.19 (CH3CHCI), 13.84 (CH,CHj3).

Ethyl (2R)-chloropropionate (3r) — Yield: 19 g, 60%. EA calcd. for
CsHgO,Cl: C, 43.97; H, 6.64. Found C, 44.02; H, 6.55. ESI HRMS (m/z):
for [M]™ CsHgO5Cl caled. 136.0291; found 136.0288 (—2.2 ppm).
Specific rotation asgg + 19.8 (neat), lit. [19] asy9 + 20.9 (neat). H
NMR (400 MHz, DMSO-dg) 5 4.68 (q, J = 6.8 Hz, 1H, CHCl), 4.16 (g, J =
7.1 Hz, 2H, CHy), 1.58 (d, J = 6.8 Hz, 3H, CH3CHCI), 1.22 (t, J = 7.1 Hz,
3H, CH3CHby). 13¢ NMR (100 MHz, DMSO) & 169.56 (COO), 61.61
(CHy), 52.78 (CH), 21.20 (CH3CHCI), 13.85 (CH3CHy).

Ethyl (2R)-iodopropionate (4r) — Nal (3.3 g, 22 mmol) was dried at
100 °C for 2 h at 40 mbar. After cooling down, ethyl ester 3s (3 g, 22
mmol) and acetone (15 ml) were added to the flask. Reaction mixture
was stirred at 60 °C, solid was filtered off, and acetone was evaporated to
dryness. Compound 4r was obtained by vacuum distillation (90 °C, 70
mbar). Yield 120 mg, 2%. ESI HRMS (m/z): for [M+H]t GsH;o05l
caled. 228.9726; found 228.9727 (0.4 ppm). Specific rotation asgg
—2.8 (neat), lit. [20] 1.88 (neat). TH NMR (400 MHz, CDCl3) 6 4.47 (q, J
= 7.0 Hz, 1H, CHI), 4.20 (qd, J = 7.1, 3.1 Hz, 2H, CHy), 1.95 (d, J = 7.0
Hz, 3H, CH3CHI), 1.28 (t, J = 7.1 Hz, 3H, CH3CH>).

(2S)-Bromopropionic acid (5s) — To a stirred cold solution of
H—Ala—OH (20 g, 224 mmol), NaBr (62 g, 0.6 mol) in HBr (48%, 45 ml)
and water (100 ml) at -10 °C, a solution of cold NaNO, (24.7 g, 358
mmol, in 50 ml water) was added dropwise within 3 h. The resulting
reaction mixture was left stirring over night. It was washed with Et;0 (3
x 200 ml). Organic layer was washed with brine (2 x 50 ml) and dried
with NaySO4. Residuum after evaporation (17 g) was vacuum distilled.
The liquid fraction was collected at 105 °C using 16 mbar. Yield: 9 g,
26%. EA calcd. for C3HsBrO»: C, 23.55; H, 3.29. Found C, 23.64; H, 3.25.
ESI HRMS (m/z): for [M—H]  C3H4BrOy calcd. 150.94002; found
150.94011 (0.62232 ppm). Specific rotation [o]Z’ —26.90 (c 80.156,
MeOH); lit. [21] asgo —27.2 (neat). 'H NMR (400 MHz, CDCls) § 10.83
(s, 1H, COOH), 4.40 (q, J = 7.0 Hz, 1H, CHBr), 1.85 (d, J = 6.9 Hz, 3H,
CH3). 13¢ NMR (100 MHz, CDCl3) & 176.40 (COOH), 39.47 (CH), 21.56
(CH3).

(2R)-Bromopropionic acid (5r) — Yield: 17 g, 50 %. EA calcd. for
C3HsBrOs: C, 23.55; H, 3.29. Found C, 23.43; H, 3.06. ESI HRMS (m/2):
for [M—H]™ C3H4BrO, calcd. 150.94002; found 150.94016 (0.93953
ppm). Specific rotation asgg + 18.52 (neat); lit. [21] + 27.2 (neat). 1y
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Fig. 2. Chloropropionic acid and ethyl chloropropionate, dependencies of the free energy on selected torsion angles, obtained from the MD simulations.

NMR (400 MHz, CDCl3) & 11.89 (s, 1H, COOH), 4.40 (q, J = 7.0 Hz, 1H,
CHBr), 1.85 (d, J = 7.0 Hz, 3H, CH3). 13¢ NMR (100 MHz, CDCl3) &
176.74 (COOH), 39.48 (CH), 21.52 (CH3).

Ethyl (2S)-bromopropionate (6s) — Yield: 25 g, 60%. EA calcd. For
CsHgO5Br: C, 33.17; H, 5.01. Found C, 32.89; H, 4.99. ESI HRMS (m/2):
for [M+Na]™ CsHogO,BrNa caled. 202.96781; found 202.96789
(0.39875 ppm). Specific rotation [a]Z’ —17.68 (¢ 65.09, MeOH); lit.
[22] —26.2 (c 1.00, CHCl5). TH NMR (400 MHz, CDCl3) 6 4.35 (q, J =
6.9 Hz, 1H, CHBr), 4.22 (qd, J = 7.1, 1.7 Hz, 2H, CHj), 1.81 (d, J = 6.9
Hz, 3H, CH3CHBr), 1.29 (t, J = 7.1 Hz, 3H, CH3CH,). '3C-APT NMR
(100 MHz, CDCl3) & 170.35 (COO0), 62.10 (CHy), 40.35 (CH), 21.77
(CH3CHBr), 14.05 (CH3CH)).

Ethyl (2R)-bromopropionate (6r) — Yield: 7 g, 45%. EA calcd. For
CsHgO-Br: C, 33.17; H, 5.01. Found C, 33.11; H, 5.02. ESI HRMS (m/z):
for [M+Na]®™ CsHgO.BrNa caled. 202.96781; found 202.96753
(—1.40475 ppm). Specific rotation [0]&° + 17.44 (c 64.31, MeOH); lit.
[5] +23.9 (c 0.43, CHCl3). 'H NMR (400 MHz, CDCl3) 6 4.33 (q, J = 6.9
Hz, 1H, CHBr), 4.20 (qd, J = 7.2, 1.8 Hz, 2H, CH,), 1.79 (d, J = 6.9 Hz,
3H, CH3CHB), 1.27 (t, J = 7.1 Hz, 3H, CH3CHy). 13¢c NMR (100 MHz,
CDCl3) 8§ 170.28 (COO), 62.04 (CHy), 40.30 (CH), 21.72 (CH3CHBTr),
14.00 (CH3CHy).

2.2. Raman and ROA spectra

Raman and ROA spectra of the halo derivatives acquired with a
BioTools ChiralRAMAN-2X instrument (532 nm excitation wavelength,
laser power 20 (iodine), 150 (bromine), or 400 (chlor) mW at source,
1.03-3.30 s illumination time per scan) were processed using home-
made software. [23,24] Frequencies of the strongest Raman and ROA
bands were labeled with the aid of a dedicated software. The samples
were measured as neat liquids in 3 x 4 mm cell sealed with parafilm. If
necessary, fluorescence was suppressed using subtraction of Akima
polynomial.

2.3. Calculations

Starting geometries were optimized using the B3LYP/6-311++4G**
method as implemented in the Gaussian program. [25] With the aid of
Gaussian, the atomic partial charges from electrostatic potential fitting
were obtained and used in the molecular dynamic simulations per-
formed in the Amber14 program. [26] A cube of 4 x 4 x 4 nm?® volume
was filled with investigated halo compounds, eventually some molecules
of water or ions were added. In Amber, the geometry in the box was
minimized, and free dynamics ran for 60-90 ns. Free energies as func-
tions of the torsion angles were obtained from the trajectories (Fig. 2)
and representative clusters selected for further computations.

The MD trajectories were analyzed using the cpptraj program of
AmberTools, and a density-based clustering algorithm. Minimum num-
ber of points for a cluster was set to 10, distance cutoff for forming a
cluster (¢) was set to 1.873 to 5.3 f\, sieve to frame options was on, and
coordinate root-mean-squared deviation distance metric was used with
sieve 5 for all atoms from the first solvation sphere of halocompounds or
water (for selection of appropriate ¢ see our previous work [27]). This
provided 52-228 representative, also used for further modeling.

Next, DFT calculations [28] were performed. The clusters were
divided to dimers (cf. Scheme S1 in supplementary information), [29]
their geometries partially optimized at the B3PW91/6-311++G** level
with the CPCM(dichloroethane) solvent model and the GD3BJ disper-
sion correction. [30] For iodine, pseudopotential MWB46 was used. [31]
The optimization used the vibrational normal mode coordinates, modes
with frequencies smaller than 100 cm ! were fixed. [32] For the opti-
mized geometries vibrational spectra were calculated at the same level,
using 532 nm excitation for Raman and ROA intensities. [33].

Alternatively, geometries of whole clusters were partially optimized
and their harmonic force field calculated at the B3PW91/6-31G* level,
using the same dispersion and solvent models. Vibrational parameters
(polarizability tensors and force fields) of the dimers calculated at the
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Fig. 3. Various model of chloropropionic acid solvation: H20OCIK5, CIK8 + 1W,
CIK8 + 2W, CIKS8 (see text).

B3PW91/6-311++G** level were then transferred to the clusters,
[34,35] and vibrational frequencies and spectral intensities calculated.

3. Results and discussions

3.1. Molecular conformers, selection of conformers/clusters for further
calculations

The MD simulations suggest that the acids form cis and trans isomers,
whereas the esters can exist solely in the trans isomers (Fig. 2, bottom
plots, w angle). The y angle supports three energy minima. In the case of
the ester, there are also three local minima with respect to the ¢ angle.
We have selected 3001 conformers using either loose or strict algorithm
for the selection, to have a representative conformer distribution
(Fig. S1). For the acid, the loose algorithm was used where the
conformer can have energy equal or less than a threshold. For those

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 309 (2024) 123852

conformers, normal mode minimization somewhat modified the
geometrical parameters, while for the strict algorithm original geome-
tries were conserved more.

Since the chloropropionic acid (CLK) contained water, the influence
of its presence on the spectra was modeled by box of 4 x 4 x 4 nm®
volume containing 406 molecules of chloropropionic acid and 52 mol-
ecules of water. During such MD run, up to three molecules of water
appeared in the first solvation sphere of chloropropionic acid (Fig. S2).
Two types of clusters were selected for spectra simulations using cpptraj:
with one water surrounded by 5 molecules of CLK, and with a CLK
molecule surrounded by 8 other CLK molecules and three waters. For the
second type, in a further selection molecules farther than 2.8 A from the
central CLK were deleted. Examples of obtained clusters are shown in
Fig. 3: H20CIK5 water in middle with 5 solvent molecules of CLK; CIK8
-+ 1W CLK in middle with up to 8 solvent CLK and one solvent of water;
CIK8 + 2W CLK in middle with up to 8 solvent CLK and two solvent of
water; and CIK8 CLK in middle with up to 8 solvent CLK. Combined
model of solvation CIK8 +W consisted of all cluster from models CIK8 +
1W, CIK8 + 2W and CIKS.

3.2. Overview of experimental spectra

The most stable CLK and CLE derivatives were measured with a laser
power of 400 mW. For the bromine analogues and the iodine ester 150
mW and 20 mW were used, respectively (Fig. 4). The higher power
allowed for reduction of the illumination times. To be better visible at
the same scale, the spectra of the bromine and iodine analogues were
multiplied by the factor of 1.6 and 5000, respectively. At ~1072 cm ™},
circular intensity differences (CID) for CLK, BRK, CLE, and BRE were 2.9
x107%1.6x107%,1.7 x 107* and 1.2 x 1074, respectively. Spectra of
enantiomeric pairs of CLK, BRK, CLE, and BRE are shown in supple-
mentary materials (Figs. S3-S6). Spectral similarities and differences are
discussed in section 3.4. Measurement of ethyl (2R)-iodopropionate
ROA is discussed in section 3.5.

3.3. Calculations versus experiments

The simulated spectra of the chloro acid reproduced many experi-
mental features (Fig. 5). The region of 600-1100 cm~! is best

ROA [ a.u.]
[\]
[¢]
+
o
~

BRK 1.6x

CLK

—T1 r 1 1 1T 1T 1T T T T "1
200 400 600 800 1000 1200 1400 1600 1800 2000

v[cmhl]

Fig. 4. Experimental spectra of (25)-2-chloropropionic acid (CLK), (2S)-bromopropionic acid (BRK), ethyl (2S)-chloropropionate (CLE), ethyl (2S)-bromopropionate

(BRE), and ethyl (2R)-iodopropionate (IE).
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Fig. 5. Experimental (a) and calculated spectra (b-e) of (2S)-chloropropionic acid. The calculation models included b) monomers; ¢) dimers; d) H20CIK5 clusters;
and e) CIK8 + W clusters, averaged spectra from 79 ns. At 1079 em! (exp.) and ~1087 em ™! (calc.), CIDs were 2.9 x 1074, 5.2 x 1074, 5.8 x 107, 5.1 x 10™%, and

4.4 x 1074, respectively.

reproduced by the clusters with water molecule solvated by five CLKs. In
experiment, the main carbonyl band (1668 cm™?) is followed by side-
bands at 1721 and 1749 cm™! of decreasing intensity. This is only
reproduced by using the solvated water molecule (spectrum d). Inter-
estingly, the carbonyl frequencies calculated for the neutral species are
blue shifted by about 86 cm™?, whereas those of anionic species are red
shifted, by about 16 cm ™! (Fig. 5 and S8). This inconsistency come most
probably from the used solvent model. At the carbonyl region all cal-
culations predict ROA with a wrong sign, and spectra shape depends
strongly on the solvation model (cf d and e; see also Fig. S7 in SI).

For ethyl (25)-chloropropionate, Raman spectrum is well reproduced
using all models; relative intensities of the bands at 374 cm™l, 1298
em™! and 1209 em™! are slightly overestimated, while they are

underestimated at 880 cm™! and 1114 cm™! (Fig. 6, cf. Table S5 with
band assignments). The ROA sign pattern is reasonably reproduced by
all models as well, but relative intensities vary (Fig. 6). Unlike for the
acid, the sign of the main carbonyl ROA peak 1747 cm™! (exp.) is
calculated correctly. The small negative carbonyl peak at 1731 cm ™
(exp.) is reproduced only when monomer spectra were averaged (b).
Relative intensities of the —/4 bands at 981 and 1021 cm™! are
underestimated by the calculations. Within 200-500 cm ! experimental
ROA is best reproduced by the cluster calculation (d).

A worse agreement was achieved for the bromo derivative (Fig. S11
in SI, band assignment in Table S6), which might indicate inaccuracies
of DFT for heavier elements.

Next we focused on the carbonyls in the experimental data for the
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(calc.), CIDs were 1.7 x 107, 6.9 x 1074, 6.9 x 107% and 5.7 x 107, respectively.

chloro and bromoacids (Fig. 7). There is always a band at ~1668 cm’l,

followed by shoulders at ~1721 and ~1749 cm™". This can be explained
by partial deprotonation of the acids and appearance of corresponding
anion in presence of water. This is consistent with simulation of the
solvated anion (Fig. S8 in SI). The anionic carbonyl is predicted to have
opposite ROA sign than the acidic one, which would explain prediction
of the wrong sign without consideration of the deprotonation (Fig. 5). In
Fig. 7, we can also see that large parts of the spectra are for the two acids
similar, suggesting similar conformations of both.

To further explore the effect of water, we treated the acid with CaCly,
to remove all water (Fig. 8 and S10). A short-term drying (150 min, b)
led to the change of the prevalent ROA sign in the carbonyl region.
However, drying for a longer time (one week, c) led to increase of
fluorescence and deterioration of ROA signal. As expected, the drying
also caused a decrease of the Raman COO~ signal at ~1664 cm™!, and

increase of the COOH signals at ~1722 and 1745 cm™'. In ROA, the
positive band of carbonyls at 1728 cm ™! disappeared, and only negative
bands at 1669 and 1754 cm ™! remained.

Due to the strong hygroscopicity of the halo acids, it was impossible
to dry them completely (i.e. to achieve complete disappearance of the
COO signal), either by CaCl; or P401. Usage of P4O1( probably led to a
formation of acid anhydrides and appearance of a new carbonyl band at
1831 cm™? (Fig. S9 in SI). Thus CaCly appeared as a more powerful and
safer drying agent for the halogenated acids. Bromo acid is less hygro-
scopic than the chloro acid, and its drying with CaCl, led to a more
visible decrease of the carboxylate signals. Similarly to chloro acid, the
bromo acid gives opposite signs of ROA carbonyl bands in protonated
and anionic forms (Fig. S10 in SI).

Similarly as for the chloro acid, for (2R)-bromopropionic acid the
computational model can explain some but not all features in
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experimental spectra. For instance, the carbonyl frequency of BRK is
blue shifted by 78 cm ™! in neutral species and red shifted by 15 cm™! in
anionic species. In experimental spectrum obtained with higher con-
centration of the anion (Fig. S10, a), there are two negative peaks at
1672 and 1760 cm™}, and a positive one at 1728 cm ', This corresponds
to the calculated spectrum of the BRK + BRN dimer (Fig. S10, f) where
there are two negative peaks at 1759 and 1803 em ™}, and two over-
lapping positive at 1641 and 1649 cm™!. When the concentration of

anionic species was reduced by the drying agent (Fig. S10, b),two
negative peaks at 1669 and 1754 cm™! appeared, which is again
reproduced by the simulation of the BRK + BRK dimer (Fig. S10, e) with
two negative peaks at 1782 and 1801 cm*. Below 1600 cm ™! most of
ROA signs and relative intensities are well-reproduced by the compu-
tation, such as the couplet at (exp) 266 and 286 cm™! or the negative
peak at 656 cm ™. For a better agreement, one perhaps has to consider
more complicated mixture of acids, anions, water and oxonium ions,
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Table 1
Selected bands of studied compounds, frequencies in cm ™, calculated values are averages from 3000 conformers.
Vibration CLK BRK CLE BRE IE
Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc. Exp. Calc.
v(C=0) 1749, 1806, 1745, ~1812, 1743 1786 1738 1781 1730 1774
1721, 1652 ~1722, 1800,
1668 1664 1651
S(HCH) 1454 1472, 1450 1471, 1453 1471 1451 1471 1449 1471
1468 1466
S(HCX) 1254 1274, ~1195, ~1235, 1272 ~1276, 1225, 1260, 1210, 1242,
1255, 1180 1205 1249, 1209 1205, 1194 1137, 1172,
1242 1210 1159 1083 1112
UC—X), 721, 719, 646, 627, 720, 722, 675, 685, 672, 673,
670 658, 476 450, 695, 698, 647, 656, 635, 645,
415, 350, 618 629 552, 568, 517, 616,
678 626, 462, 449, 479, 597-537,
434, 376 366 444, 434,
348 373 359
8(CpmeCX) 322 303, 280 271, 221 216 193 192 ~172 177
305 272
8(Cc=0CX) - - - - 382, 374, 273 271 249 ~261,
291 308 239

Italic numbers relate to anion, v - stretching, & - bending.

which goes beyond the topic of the present study. As for the chloro ester,
the ROA sign of bromo ester carbonyl is positive, in agreement with the
calculation (Fig. S11 in SI).

We were not able to obtain experimental ROA spectra of ethyl (2R)-
iodopropionate (see section 3.5), but we can compare the experiment

and simulation for the Raman spectrum (Fig. 9). There are some in-
consistencies in region of 283-625 cm™! containing modes such as
v(C—I), 8(CCI), 5(CCO), 8(CCC), T(CO) (see also Table S7 with detailed
assignment). Other “problematic” region of iodo ester spectra of
1059-1270 cm ! involves S(HCI) vibrations. Here, calculated intensities
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with (black) and without (red) halogen contributions, a) CLK; b) CLN; c) BRK;
d) BRN. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)

at 1112, 1172 and 1242 cm™! are much higher than corresponding
experimental ones.

3.4. Spectral similarities/differences between chloro and bromo
derivatives

In Fig. 7, we saw some quasi conserved regions in the spectra of
chloro and bromo propionic acids, such as the v(C=0) vibrations at
1746 and 1667 cm™! (see also Table 1). Other well preserved patterns
include modes S(HCH) and S(HCC) at 1454 and 1427 c¢cm ! (chloro
derivative), which frequencies differing by about 3 cm™! between chloro
and bromo derivatives. Obviously, bands related to the halogens change
more, such as the strong negative ROA §(HCX) peak moved from 1220
em™! (CD to 1179 em™! (Br). The more polarizable bromine provides
stronger ROA (if normalized to laser power and accumulation time).
ROA bands involving 8(HCC), v(C-C), 8(HOC), and t(CO) around 860

Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 309 (2024) 123852

cm ™! change signs from positive to negative at chloro and bromo de-
rivatives, respectively. The distinct v(C—Cl) vibration at 721 em ! s
unique for the chloro derivative. It was previously shown that position of
the v(C—Cl) vibration of PVC can vary depending on mutual orientation
of the chlorine containing units, between 614 and 704 cm L. [36] From
the calculations (Fig. S12 in SI), we see that v(C—Cl) also contributes to
vibrations within 408-417, 424-463, 650-683, and 717-725 cm ™.

To better understand influence of the halogen atoms on the spectra,
we calculated them with and without contributions of the polarizability
derivatives related to the halogen (Fig. 10). Vibrations containing
8(HCX) movement are especially affected in Raman intensities. On the
other hand, ¥(C—Cl) and 8(Cy;eCCl) modes loose only ca. 50% of Raman
intensity after the chlorine deletion. Similar effect is also observed for
the ¥(C—Br) and 8(CyeCBr) modes. In case of the chlorpropionate, the
chlorine atom also significantly contributes to Raman intensities of all
vibrations between 800 and 2000 cm L.

Further analysis of changes of internal coordinates under vibrational
motions revealed that the acid ethylation causes reordering of the
8(CpmeCX) and 8(Cc=pCX) vibrations in corresponding acids and esters
(Figs. S12-516 in SI). For esters, the 8(Cc=oCX) movement significantly
contributes to Raman intensity, especially for iodine. Raman spectra of
chloro and bromo esters differed in bands where §(HCX) motion con-
tributes (Fig. 11).

3.5. Photochemical instability of ethyl 2-iodopropionate

In contrast to chloro and bromo derivatives, the iodo ester is
extremely unstable. We were able to prepare only a limited amount of
the ester, and with limited purity. This is because of the photochemical
instability of the compound in visible light, confirmed also during at-
tempts to measure Raman and ROA. As a result, ROA spectra of ethyl 2-
iodopropionate could not be accumulated due to rapid photolysis
(Fig. 12). The iodine formed by the photolysis absorbed most of the
scattered light and significantly suppressed the Raman signal. The
Raman spectra were acquired using a low laser power at the sample, 14
mW (Fig. 12). The stretching vibration of iodine in ethyl 2-iodopropio-
nate 200 cm " is slightly redshifted in comparison with the vibration
in ethanol and acetone (202 cm ™) [37] and slightly blueshifted than
that in dimethylnitrosamine (198 cm’l). Even when the iodo ester was

T T
500 750

1750 2000

1731 p 1747

T T T
250 500 750

1000 1250 1500 1750 2000

v[cnfl]

Fig. 11. Raman and ROA spectra of ethyl (2S)-chloropropionate (black) and ethyl (2S)-bromopropionate (yellow, 1.5x magnified). Quasi conserved regions are
indicated by dotted rectangles. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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stored in freezer for month, the colorless liquid turned to dark brown 3.6. Spectra of the haloacids measured in water solutions

due to the dissolved iodine.

As shown earlier [38-40] the acids dissociate in water. Because of
the propensity to nucleophilic substitution [41], they may also

10
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Fig. 14. Experimental and calculated Raman and ROA spectra of (25)-chloropropionic acids (CLK) and its anion (CLN) in water. Calculated spectra are for average of

3000 conformers.

decompose. In our case, it was possible to obtain Raman and ROA
spectra for chloropropinoic acid only. At pH 1, 2-bromopropionic acid
formed a compound with a signal at 1642 cm™! (Figs. 13 and $17). In
neutral pH, an impurity developed a vibration at ca 854 cm™!, while
basic pH 12 led to a dramatic growth of fluorescence (not shown).
Comparison of the dissociated and neutral form of 2-chloropropionic
acid helps us to verify the band assignments. The main trends in the
spectra were reproduced (Fig. 14). In contrast to the neat acid (Figs. 4
and 5) carbonyl ROA is not visible. The calculated carbonyl frequencies
are by 117 cm™! and 62 cm™! higher than experiment for neutral and
anionic species, respectively. Also the changes in Raman spectra within
600-900 cm ! caused by the deprotonation are well reproduced,

11

including the v(C—Cl) signal at (exp) 722 cm~ L. The influence of
deprotonation on §(HCH) and §(HCC) bands was also partially repro-
duced by calculation, within 1350-1500 cm™!. Bigger problems are
within 1200-1350 em ™! (mostly S(HCCI)) and 400-530 cm ™! (5(HCCI)
and v(C—Cl)), where the theory reproduces fine Raman patterns only
approximately, and even bigger inconsistencies appaer in ROA (Fig. 14).
Most probably, this can be attributed to inadequate conformer sampling
in MD.

4. Conclusions

We have synthesized model halogen acid and their derivatives, and
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studied them with molecular dynamics, Raman and ROA spectroscopy.
We have shown that residual water can change both Raman and ROA
spectra of studied halogenated acids. This “reversed” solvation of the
water by the studied compounds caused spectral changed explicable by
two mechanisms. First, the solvation led to specific organization in first
solvation sphere, different from those in absence of water. Second, the
water served as a base and influenced the acido-basic equilibrium. A
significant decomposition of iodo ester in laser light prevented mea-
surement of reliable ROA spectrum. The MD and DFT simulations were
found suitable to explain some observed trends in spectral behavior,
with some inconsistencies namely for the bromo and iodo derivatives.
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