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Abstract: Halogenated carboxylic acids have been important compounds in chemical synthesis
and indispensable research tools in biochemical studies for decades. Nevertheless, the number of
structurally characterized simple x-brominated monocarboxylic acids is still limited. We herein
report the crystallization and structural elucidation of (R)- and rac-2-bromo-3-methylbutyric acid
(2-bromo-3-methylbutanoic acid, 1) to shed light on intermolecular interactions, in particular hydrogen
bonding motifs, packing modes and preferred conformations in the solid-state. The crystal structures of
(R)- and rac-1 are revealed by X-ray crystallography. Both compounds crystallize in the triclinic crystal
system with Z = 2; (R)-1 exhibits two crystallographically distinct molecules. In the crystal, (R)-1 forms
homochiral O-H:--O hydrogen-bonded carboxylic acid dimers with approximate non-crystallographic
C, symmetry. In contrast, rac-1 features centrosymmetric heterochiral dimers with the same carboxy
syn--syn homosynthon. The crystal packing of centrosymmetric rac-1 is denser than that of its
enantiopure counterpart (R)-1. The molecules in both crystal structures adopt a virtually identical
staggered conformation, despite different crystal environments, which indicates a preferred molecular
structure of 1. Intermolecular interactions apart from classical O-H---O hydrogen bonds do not appear
to have a crucial bearing on the solid-state structures of (R)- and rac-1.

Keywords: 2-bromo-3-methylbutyric acid; 2-bromo-3-methylbutanoic acid; 2-bromoisovaleric acid;
halogenated carboxylic acid; hydrogen bonding; chirality; absolute configuration; racemate; crystal
structure; X-ray crystallography

1. Introduction

Halogenated organic compounds have received considerable research interest for decades,
not only in the field of chemical synthesis [1-3] but also because of their biological properties [4,5].
In particular, a vast number of halogenated carboxylic acids have been synthesized and biochemically
studied. Since mono-, di- and tricarboxylic acids are important intermediates in many biochemical
pathways, their halogenated analogues have become an important research tool for the study of a
wide range of biological processes owing to their ability to imitate the properties of the respective
carboxylic acids or to inhibit crucial enzymes [6,7]. Despite tremendous research interest in halogenated
carboxylic acids, the number of crystal structures of simple «-brominated monocarboxylic acids in the
Cambridge Structural Database (CSD) is limited (13 as of June 2020) [8]. An example is bromoacetic
acid, which forms a common syn---syn hydrogen-bonded carboxy dimer (Scheme 1) in the crystal
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(CSD refcode: BRMACA) [9]. Others are (—)-2-bromosuccinamic acid (BRSCAM) [10] and two crystal
forms of 2,3-dibromo-3-phenylpropionic acid (CSD refcodes: ROFNOQ and ROFNOQO1) [11,12].

SyH anti
Scheme 1. Carboxy group syn and anti conformations [13].

2-Bromo-3-methylbutyric acid (2-bromo-3-methylbutanoic acid, 1), commonly known as
2-bromoisovaleric or x-bromoisovaleric acid is a chiral x-halogenated monocarboxylic acid. Scheme 2
depicts the two enantiomers, (5)-1 and (R)-1. Their resolution by fractional crystallization was
reported almost 100 years ago [14]. Auterhoff and Lang, for example, used this approach to prepare
both enantiomers of the hypnotic and sedative agent bromisoval (2-bromo-3-methylbutyrylurea or
commonly bromovalerylurea) from (S)-1 and (R)-1 by reaction of the respective acid chlorides with
urea [15]. Despite the fact that 1 has long been known and is commercially available, to the best of
our knowledge and based on a WebCSD search in May 2020 [16], a crystal structure of 1 has not been
reported so far.
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Scheme 2. Chemical diagrams of the enantiomers of the title compound, (5)-1 (left) and (R)-1 (right)
with stereodescriptors.

Chiral carboxylic acids have also attracted research interest in the fields of structural chemistry
and crystal engineering, owing to phenomena such as frustration between molecular chirality and
centrosymmetric hydrogen bond homosynthon formation in their crystal packing [17]. Enantiomeric
mixtures can essentially crystallize as racemic crystals, racemic conglomerates (physical mixture of
resolved crystals), inversion twins, disordered solid solutions [18] or, rarely, as kryptoracemates [19].
In this context, 1 attracted our attention. We have crystallized and investigated solvent-free 1 by X-ray
crystallography in order to reveal preferred molecular conformations, crystal packing, intermolecular
interactions and the outcome of crystallization of an enantiomeric mixture. Herein we report the
crystal and molecular structures of (R)-1 and rac-1.

2. Materials and Methods

(5)-and (R)-1 were purchased from Sigma-Aldrich (purity 96%) and used as received. Solvents were
of analytical grade and used without further purification. Crystals of (R)-1 suitable for single-crystal
X-ray diffraction were obtained from an ethanolic solution by slow evaporation of the solvent at
ambient conditions. To obtain rac-1, equimolar amounts of (S)- and (R)-1 were melted together on a
Reichert hot-stage (Mikroheiztisch) mounted on a Nikon SMZ 1500 binocular microscope and cooled
to room temperature [20]. The material so obtained was dissolved in ethyl acetate. Single-crystals
of rac-1 suitable for X-ray analysis appeared when the solvent was allowed to evaporate slowly at
ambient conditions.
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The X-ray intensity data were collected at 100(2) K on an Enraf~Nonius Kappa CCD for (R)-1and ona
Bruker AXS Apex II for rac-1, using Mo K o radiation in both cases. The data were scaled and corrected for
absorption effects with SADABS [21]. The crystal structures were solved with SHELXT [22] and refined
with SHELXL-2018/3 [23]. The highest residual difference electron density peak each for (R)-1 and rac-1
is ca. 0.7 A from a bromine atom and can be ascribed to absorption effects. Carbon-bound hydrogen
atoms were placed at geometrically calculated positions with Cpethine—H = 1.00 A, Cinethyl—H = 0.98 A
and refined using a riding model with Ujso(H) = 1.2 Ueq(C) (1.5 for methyl groups). Torsion angles
of the methyl groups were initially determined via difference Fourier syntheses and subsequently
refined while maintaining tetrahedral angles at the carbon atoms. The carboxy hydrogen atoms in
(R)-1 were located in difference electron density maps. In subsequent refinements, the O-H distances
were restrained to a target value of 0.84(2) A. In rac-1, the carboxy hydrogen atom was placed
in an idealized hydrogen bonding position with O-H = 0.84 A and refined using a riding model.
Uiso(H) = 1.2 Ueq(O) was used for all carboxy hydrogen atoms. Refined and post-refinement values of
the Flack x parameter [24] were obtained with SHELXL using TWIN/BASF instructions and Parsons’s
method [25], respectively. The Hooft parameter [26-28] was calculated with PLATON [29]. Crystal
data and refinement details for (R)-1 and rac-1 are listed in Table 1. Representations of the crystal and
molecular structures were drawn with DIAMOND [30]. The structure overlay diagram and r.m.s.
deviations of molecular structures from one another were obtained with MERCURY [31]. Packing
indices were calculated with PLATON.

Table 1. Crystal data and refinement details for (R)-1 and rac-1.

(R)-1 Rac-1
empirical formula CsHyBrO, CsHyBrO,
M; 181.03 181.03
T (K) 100(2) 100(2)
A (A) 0.71073 0.71073
crystal system triclinic triclinic
space group P1 P1
a(A) 6.0261(11) 6.5849(14)
b (A) 6.7000(16) 7.5490(16)
¢ (A) 9.900(2) 7.7328(17)
a(®) 102.144(17) 112.283(4)
B () 102.477(15) 92.655(4)
Y (°) 107.20(3) 101.085(3)
v (A3) 356.34(14) 346.03(13)
z,7 2,2 2,1
Peale (mg m~3) 1.687 1.737
g (mm1) 5.685 5.854
F(000) 180 180
crystal size (mm) 0.350 x 0.180 x 0.100 0.279 x 0.226 x 0.128
0 range for data collection (°) 3.411-38.060 2.872-37.221
reflections collected/unique 18,005/7664 12,972/3401
Rint 0.0237 0.0371
observed reflections [I > 20(I)] 6888 2743
T'max/Tmin 0.58973/0.2342 0.61929/0.32069
data/restraints/parameters 7664/5/155 3401/0/75
Goodness-of-fit on F? 1.089 1.041
R1[I>20(I)] 0.0287 0.0421
wR2 (all data) 0.0694 0.1116
Flack x parameter (refined) 0.000(8) -
Flack x parameter (from quotients)  —0.006(5) [3068 quotients] -
Hooft parameter -0.011(4) -
Apmax/DPmin (€ A-3) 1.30/-0.72 2.74/-0.56




Chemistry 2020, 2 694

3. Results

Both (R)-1 and rac-1 were found to crystallize in the triclinic crystal system with two molecules in
the unit cell. As shown in Figure 1, the molecules form O-H:--O hydrogen bonded dimers through the
carboxy groups in the syn conformation with a R%(S) motif [32] in both crystal structures. Geometric
parameters of the hydrogen bonds in both (R)-1 and rac-1 are given in Table 2, and selected bond lengths,
bond angles and torsion angles are listed in Table 3. The encountered homochiral hydrogen-bonded
dimer in (R)-1 comprises two crystallographically unique molecules (Z” = 2) and features approximate
non-crystallographic C, symmetry with the twofold rotation axis passing through the center of the
R% (8) hydrogen-bonded set and perpendicular to the mean plane of the two carboxy groups. In contrast,
the hydrogen-bonded dimer in rac-1 is heterochiral and lies across a crystallographic inversion center
and, thus, is centrosymmetric. The molecule in the chosen asymmetric unit of rac-1 (Z’ = 1) exhibits R
configuration (see Figure 1, bottom). The two distinct molecules in (R)-1 and the R enantiomer in rac-1
adopt the same staggered conformation, as illustrated by a Newman projection in Scheme 3. A structure
overlay diagram for the three molecular structures is depicted in Figure 2. The r.m.s. deviation of
the respective non-hydrogen atoms in the two distinct molecules in (R)-1 is 0.0322 A. Between the
respective non-hydrogen atoms and those of the R enantiomer in rac-1, the r.m.s. deviations are 0.0234
and 0.0243 A.

(R)-1

rac-1

Figure 1. Homochiral and heterochiral hydrogen-bonded dimers respectively in (R)-1 (top) and rac-1
(bottom) in their crystal structures. Displacement ellipsoids are drawn at the 50% probability level.
Hydrogen atoms are represented by small spheres of arbitrary radii. Dashed lines represent hydrogen
bonds. Symmetry code: (a) -—x+2, -y +1, -z + 1.
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Table 2. Hydrogen bond geometry for (R)-1 and rac-1 (A, °) 1.

D-H--A dD-H) dH-A) dD-A) <(DHA)

(R)1
O11-H11--022  0.82(2)  1.82(2) 2.636(3)  170(4)
O12-H12--021  0.82(2) 1.82(2) 26353) 171(4)

rac-1
O1-H1---O2a 0.84 1.82 2.658(2) 175

! Symmetry code: (@) —x +2, -y + 1, -z + 1.

Table 3. Selected bond lengths, bond angles and torsion angles (°) for (R)-1 and rac-1 (A, )1,

(R)-1 Rac-1
Molecule1l  Molecule 2
C2-Brl 1.969(3) 1.966(2) 1.972(2)
C1-01 1.291(3) 1.282(3) 1.302(3)
C1-02 1.242(3) 1.248(3) 1.217(3)
02-C1-01 124.5(2) 124.4(2) 123.84(19)
01-C1-C2 116.06(19)  116.07(18)  115.35(19)
02-C1-C2 119.4(2) 11951(19)  120.8(2)
C1-C2-C3-C4 —59.2(3) -61.1(2) —59.3(2)
C1-C2-C3-C5  179.7(2) 176.70(19)  179.18(19)
01-C1-C2-C3  -44.8(3) —46.7(3) ~46.3(3)
Brl-C2-C3-C4  -177.52(15) —179.30(15) —177.72(13)
Br1-C2-C3-C5  61.3(2) 58.5(2) 60.8(2)
Br1-C2-C1-O1  78.1(2) 75.9(2) 76.86(19)

1 Molecule 1 and molecule 2 in (R)-1 are depicted respectively on the left- and right-hand side in Figure 1 (top).

Br
H,C H

H COOH
CHs

Scheme 3. Newman-projection illustrating the staggered conformation of the R enantiomer encountered
in the crystal structures of (R)-1 and rac-1. For the corresponding torsion angles, see Figure 1 and
Table 3.

Figure 2. Structure overlay of the two crystallographic distinct molecules in (R)-1 (red and yellow) and
the R enantiomer in rac-1 (black).
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The supramolecular structure of (R)-1 in the crystal features short C-H---O contacts between the
a-carbon atom of the carboxylic acid and the (formal) carboxy C=0 moiety of an adjacent molecule
(Figure 3). The hydrogen bonding motif descriptor is likewise R% (8). In rac-1, the methine group of
the a-carbon atom does not form a similar short C-H---O contact. The (formal) carboxy C=0 moiety,
however, is approached by a methyl hydrogen atom of the isopropyl group of an adjacent molecule
(CO =3.58 A, see Figure S1). The crystal packing in rac-1 is denser than in (R)-1, which is evident
from the volumes of the triclinic unit cells of both Z = 2 structures (Table 1). Thus, each molecule
in rac-1 occupies 5.2 A3 less space in the crystal than in (R)-1. The calculated densities (Table 1) and
Kitaigorodskij packing indices [33] of 68.2% for rac-1 and 66.2% for (R)-1 further indicate a denser
crystal packing in rac-1 than in (R)-1. Short contacts (with respect to the sum of the corresponding van
der Waals radii) of the Br--Br or C-H--Br type are neither observed in (R)-1 nor in rac-1.

Figure 3. Section of the crystal structure of (R)-1, showing R%(S) motifs of intermolecular C-H---O and
O-H--O contacts (cf. Figure 1). C21-H21---O22a: d(D---A) = 3.384(3) A, <(DHA) = 145°; C22-H22---O21b:
d(D--A) = 3.519(3) A, <(DHA) = 162°. Symmetry codes: (a)x -1,y -1,z (b)x+1,y+ 1,z

4. Discussion

The absolute structure of a single-crystal of (R)-1 grown from solution was established by
anomalous-dispersion effects in the diffraction intensity measurements [34], thereby confirming the
absolute configuration reported for the purchased bulk material [35,36]. Absolute structure parameters
are listed in Table 1. The Flack x parameter estimated post-refinement based on quotients [25] and the
Hooft parameter based on Bayesian statistics [26-28] are close to zero with adequately small standard
uncertainties [18]. By way of comparison, the standard uncertainty of the refined Flack x parameter is
larger than that of the former two parameters by a factor of ca. two [37].

The X-ray analysis of rac-1 clearly revealed that an equimolar mixture of both enantiomers
(Scheme 2) forms a racemic crystal upon crystallization from ethyl acetate and not a racemic
conglomerate, which is observed in only ca. 10% of cases [38]. The higher crystallographic density of
rac-1is in accord with Wallach’s rule from 1895, which states that racemic crystals tend to be denser than
the chiral counterparts [39]. This phenomenon can essentially be explained by the fact that enantiopure
compounds can only crystallize in a Sohncke space group, devoid of inversion symmetry. To enable
densest packing with Z’ = 1 in rac-1, the molecular dimer must be placed across a crystallographic
inversion center, which would be impossible for homochiral R---R and S---S dimers. (R)-1 crystallizes
with Z’ = 2 in the space group P1, which is not among those available for densest packing of molecules
of arbitrary shape [33]. Crystallization with Z’ > 1 is a common phenomenon for chiral carboxylic
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acids and has been described as frustration between chirality (referring to the whole molecule) and
centrosymmetric dimer formation (referring to the hydrogen bond synthon) [17].

According to theoretical studies, the syn conformation of a carboxy group, as observed in (R)-1 and
rac-1, is energetically more stable than the anti conformation by ca. 21.4-28.9 k] mol~! [13]. A syn--syn
dimer (homosynthon) with a R%(S) motif is a hydrogen bonding pattern commonly observed for
carboxylic acids [40,41]. Its occurrence in the crystal structures of (R)-1 and rac-1 is thus as expected and
also in accord with Etter’s rules for hydrogen bonding, whereby all acidic hydrogen atoms and all good
hydrogen bond acceptors are involved in hydrogen bonds, and the best donor and the best acceptor
are hydrogen-bonded to one another [42]. The short C—-H--O contacts observed in (R)-1 (Figure 3)
could be interpreted geometrically as weak hydrogen bonds [43]. It reasonable to assume that the
hydrogen atom at the a-carbon atom here is prone to weak hydrogen bonds, since the carboxy group
as well as the bromine atom should exert an electron-withdrawing effect. Since such contacts are not
present in rac-1, their impact on the overall supramolecular structure in the crystal is probably minor.

The molecular conformations found in the crystal structures of (R)-1 and rac-1 are virtually
identical, as evidenced by the calculated r.m.s. deviations of the corresponding heavy atom skeletons
and visualized by a structure overlay diagram (Figure 2). It is reasonable to assume that a staggered
conformation corresponds to a minimum energy structure, since not only the carbon chains but also the
carboxy groups adopt the same orientation in the three molecular structures (Table 3) despite different
crystal environments. This suggests that the observed conformation represents a preferred molecular
structure of 1.

5. Conclusions

We have revealed the crystal and molecular structures of (R)-1 and rac-1 by single-crystal X-ray
analysis. The absolute configuration of (R)-1 was confirmed by means of anomalous dispersion
effects in the diffraction intensity measurements. Not unexpectedly, the ubiquitous carboxy syn---syn
homosynthon was encountered in both structures. Clearly, O-H---O hydrogen bonds are the dominant
intermolecular interaction in both structures. As compared with rac-1, the more open structure of
(R)-1 and the existence of two molecules in its asymmetric unit can be ascribed to frustration between
chirality and centrosymmetric homosynthon formation. The observed denser crystal packing of
centrosymmetric rac-1 than of its enantiopure counterpart (K)-1 is in accord with Wallach’s rule.
Short C-H--O contacts, as formed by the x-methine group in (R)-1, are not encountered in rac-1.
This suggests that these weak intermolecular interactions may not have a crucial bearing on the
packing of the hydrogen-bonded carboxylic acid dimers in the solid-state here, which appears to be
essentially governed by close packing. A virtually identical molecular conformation in all in total
three crystallographically distinct molecules in (R)-1 and rac-1, despite different crystal environments,
suggests that the observed geometry represents the preferred low energy structure.

Supplementary Materials: The following are available online at http://www.mdpi.com/2624-8549/2/3/44/s1,
Figure S1: Section of the crystal structure of rac-1, showing short contacts between methyl hydrogen atoms of the
isopropyl groups and the (formal) carboxy C=0 moieties of adjacent molecules (C--O = 3.58 A). CCDC 200603
[(R)-1] and 2006031 (rac-1) contain the supplementary crystallographic data for this paper. These data can be
obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdec.cam.ac.uk/structures.
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