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HIGHLIGHTS

» The crystal structure of the title
compound has been solved by X-ray
diffraction.

» The solid has two mixed and closely
related conformers with unequal
occupancies.

» Strong intermolecular O—H-- -0
bonds give rise to a polymeric
structure in the lattice.

» The crystallographic data affords a
complete assignment of FTIR and
Raman spectra.

» The observed and calculated 'H and
13C NMR chemical shifts are in close
agreement.

ARTICLE INFO

Article history:

Received 2 August 2012

Received in revised form 22 September
2012

Accepted 26 September 2012

Available online 5 October 2012

Keywords:
4-Hydroxy-3-(3-methyl-2-butenyl)
acetophenone

Vibrational spectra

Molecular structure

Force field

DFT calculations

GRAPHICAL ABSTRACT

ABSTRACT

The molecular structure of two mixed and closely related conformers of the title compound, C;3H;¢05,
found in the solid with unequal occupancies has been determined by X-ray diffraction methods. The sub-
stance crystallizes in the monoclinic Pca2; space group with a =17.279(2), b=5.1716(7), c = 12.549(2) A,
and Z=4 molecules per unit cell. The structure was solved from 1314 reflections with I>2g(I) and
refined to an agreement R1-factor of 0.049. The minor conformer (34.7%) is nearly mirror-related to
and extensively overlapped with the major one. The skeleton of the 4-hydroxyacetophenone molecular
fragment and the prenyl group, —(CH,)—(CH)=C(CHs),, pendant arm attached to it are both planar
and perpendicular to each other. A strong intermolecular O—H---O bond links neighboring molecules
in the lattice to produce a polymeric structure. The conformational structures of the compound in the
gas phase have been calculated by the DFT method and the geometrical results have been compared with
the X-ray data. These data allow a complete assignment of vibration modes in the solid state FTIR and
Raman spectra. The calculated 'H and '3C chemicals shifts are in good agreement with the corresponding
experimental NMR spectra of the compound in solution.

© 2012 Elsevier B.V. All rights reserved.

* Corresponding author. Tel.: +54 381 4247752; fax: +54 381 4248169.
E-mail address: sbrandan@fbqf.unt.edu.ar (S.A. Brandan).

Introduction

The 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone (for
short, HMBA) compound has mainly pharmacological interest be-

1386-1425/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
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cause this prenylated acetophenone derivative acts as an effective
antifungal agent and also exhibits a moderate antibacterial activity
[1]. From the chemical point of view, 4-hydroxyacetophenone
derivatives prenylated at position 3 of the aromatic ring are bioge-
netic precursors of benzofurans and benzochromenes, two signifi-
cant groups of bioactive metabolites in the plant kingdom [2]. For
these reasons, the knowledge of the experimental structure of
HMBA is important for the design and synthesis of new and better
prenylated p-hydroxyacetophenone drugs. As part of our structural
and spectroscopic studies on compounds containing different
rings, such as furan, benzyl, imidazol, lactone, oxadiazole, and qui-
nazolin rings [3-15], we have reported recently the theoretical
structure and vibrational properties of HMBA, isolated from Sene-
cio nutans Sch. Bip. (Asteraceae). This work was based on combined
solid state infrared and Raman vibrational spectroscopy and gas
phase theoretical calculation with the Density Functional Theory
(DFT) method. The theoretical study showed a potential energy
curve with seven stable conformers. One of them was observed
in the solid state spectrum and its corresponding bands fully as-
signed [16]. The aim of the present paper is to report a further
experimental and theoretical structural study on HMBA in the so-
lid by X-ray diffraction methods and FTIR and FTRaman spectros-
copies and in solution by 'H and '3C NMR spectroscopy. Here we
disclose the X-ray crystal structure of the compound, re-analyze
its solid state vibrational spectra based on this new experimental
evidence, and compare this result with the optimized geometries
for the seven conformers of HMBA, calculated previously [16].
We also discuss the corresponding NMR spectra in solution.

Experimental methods
Synthesis

Crystalline 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone
(HMBA) was obtained from aerial parts of S. nutans, as reported
in a previous paper [16]. The substance was characterized by UV,
EI-MS, 'H and '3C NMR, FTIR and FTRaman spectroscopy [1,16-
18] and its structure was determined by single crystal X-ray dif-
fraction method.

X-ray diffraction data

The measurements were performed at low temperature on an
Oxford Xcalibur Gemini, Eos CCD diffractometer with graphite-
monochromated CuKo (2 =1.54178 A) radiation. X-ray diffraction
intensities were collected (w-scans with ¥ and x-offsets), inte-
grated and scaled with CrysAlisPro [19] suite of programs. The unit
cell parameters were obtained by least-squares refinement (based
on the angular settings for all collected reflections with intensities
larger than seven times the standard deviation of measurement er-
rors) using CrysAlisPro. Data were corrected empirically for absorp-
tion employing the multi-scan method implemented in
CrysAlisPro. The structure was solved by direct methods with SHEL-
XS-97 [20] and the non-H molecular model refined by full-matrix
least-squares procedure on F? with SHELXL-97 [21]. At this stage,
a difference Fourier map showed a residual electron density which
could be interpreted in terms of a minor contributing (about 34.7%)
4-hydroxy-3-(3-methyl-2-butenyl)  acetophenone conformer
(nearly mirror-related to the stronger diffracting molecule) which
fully overlap the dominant conformer molecule except for the pre-
nyl pendant arm. This pair of conformer molecules was refined
while keeping the sum of the corresponding occupancy factors
equal to one. A difference Fourier map phased on this model
showed the approximated locations of several hydrogen atoms.
However, they were positioned stereo-chemically and refined with

the riding model. The locations of the methyl and oxydryl H-atoms
were refined by treating them as rigid groups subjected to rotation
around the corresponding C—C or C—0 bonds such as to maximize
the experimental electron density at the optimized positions. The
methyl groups converged to nearly staggered conformations. Crys-
tal data and structure refinement results are summarized in Table 1.
Tables of fractional coordinates and equivalent isotropic displace-
ment parameters of the non-H atoms, atomic anisotropic displace-
ment parameters and hydrogen atoms positions are summarized in
Tables S1, S2 and S3, respectively of the Supporting material.

NMR spectroscopy

Nuclear magnetic resonance (NMR) spectra were recorded on a
Bruker 300 AVANCE spectrometer at 300 MHz for 'H and 75 MHz
for 3C in CDCl; solutions containing 0.03 vol.% TMS as internal
standard. The substance was characterized by UV, EI-MS, 'H and
13C NMR, FTIR and FTRaman spectroscopy [1,16-18]. GC-MS spec-
trum was recorded on a 5973 Hewlett-Packard selective mass
detector coupled to a Hewlett Packard 6890 gas chromatograph
equipped with a Perkin-Elmer Elite-5MS capillary column (5% phe-
nyl methyl siloxane, length = 30 m, inner diameter = 0.25 mm, film
thickness = 0.25 um); ionization energy, 70 eV; carrier gas: Helium
at 1.0 mL/min. UV spectra were collected on a UV-Visible 160 A
Shimadzu spectrophotometer.

Computational details

In the potential energy curves reported previously for the com-
pound, seven stable conformations (C;, Cy;, Cyy;, Crv, Cy, Cyi and Cyyp)
with C; symmetries were obtained according to the spatial orienta-
tion of the three different substituent groups on the aromatic ring
[16]. The structure of all conformers and atoms labeling can be seen
in Figs. S1a and 1b of the Supporting material. The nature of all the
vibration modes was established by means of the GaussView pro-

Table 1
Crystal data and structure refinement for 4-hydroxy-3-(3-methyl-2-butenyl)
acetophenone.

Empirical formula Cq3H1602

Formula weight 204.26

Temperature 120(2)K

Wavelength 1.54184 A

Crystal system Orthorhombic

Space group Pca2,

Unit cell dimensions a=17.279(2) A
b=5.1716(7) A
c=12.549(2) A

Volume 1121.4(3) A3

Z 4

Density (calculated) 1.210 Mg/m?

Absorption coefficient 0.637 mm™'

F(000) 440

Crystal size 0.19 x 0.14 x 0.04 mm>

Crystal shape/color

¥-range for data collection
Index ranges

Reflections collected
Independent reflections
Observed reflections [I > 2a(I)]
Completeness to 9 = 71.97°
Absorption correction

Max. and min. transmission
Refinement method
Data/restraints/parameters
Goodness-of-fit on F?

Final R indices® [I > 2a(I)]

R indices (all data)

Absolute structure parameter
Largest diff. peak and hole

Prism/colorless

5.12-71.97°

-16 <h<21, -4<k<6,-15<I<15
2505

1588 [R(int) = 0.0243]

1314

99.3%

Semi-empirical from equivalents
1.000 and 0.729

Full-matrix least-squares on F?
1588/1/175

1.062

R; =0.0490, wR, = 0.1190

Ry =0.0621, wR, = 0.1392
-0.4(5)

0.158 and —0.177 e A—3

? Ry = Z|IFo| - IFClI/Z1Fol, wRy = [ZW(IFo|* — [Fel*)/ Zw(IFo*Y']'2.
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gram [22]. The calculated chemical shielding of the '"H NMR and '3C
NMR spectra for all conformers of HMBA were obtained by the GIAO
method [23] at the B3LYP/6-311++G"™ level of theory. The calcula-
tions have been performed using the optimized geometries for this
level of theory. The harmonic wavenumbers and the resulting force
fields were performed following the SQMFF procedure [24] by using
the MOLVIB program [25]. The natural internal coordinates for
HMBA were reported in the Tables S1 and S2 of Ref. [14]. All calcula-
tions were performed by using the GAUSSIAN 03 program [26]. The
potential energy distribution components (PED) higher than or
equal to 10% are subsequently calculated with the resulting SQM.
The FT-IR and Raman spectra were taken from Ref. [16].

Results and discussion
Structural analysis

Crystal and molecular structure

Fig. 1 is an ORTEP [27] plot of the dominant conformer molecule
(65.3% occupancy) in the lattice. Intra-molecular bond distances
and angles are in Table 2. The minor conformer (34.7%) is nearly re-
lated to the major one by a mirror reflection. The rms separation
between homologous non-H atoms in the best least-squares struc-
tural fitting of one conformer to the other (mirror-related) one, cal-
culated by the Kabsh’s procedure [28], is 0.181 A. As expected from
an extended m-bonding structure, the skeleton of the 4-hydroxy-
acetophenone [(HO)CgH3(C=0)CH5] molecular fragment is planar
[rms deviation of atoms from the best least-squares plane of
0.030 A]. The prenyl [—(CH,)—(CH)=C(CHs),] pendant group is
also planar [rms value of 0.010 A] and it is perpendicular to the
above fragment to which it is attached [dihedral angle of
89.8(2)°]. The intra-molecular bond distances and angles satisfy
the Organic Chemistry’s rules. Particularly, the observed ring C—C
bond lengths are in the 1.378(5)-1.409(5) A range, corresponding
to the expected resonant bond structure for the phenyl group. Car-
bonyl C=0 and oxydryl C—O bond distances of 1.230(5) and
1.358(4) A respectively agree with the double and single bond
character of these links. The short C10—C11 distance of
1.306(6) A confirms the double bond nature expected for this
chemical link. The solid is further stabilized by a strong intermo-
lecular 02—H.--01’ bond [d(02---01’)=2.713 A, <(02—H...01’) =
172.2°], involving the oxydryl group of a molecule as a donor
and the carbonyl oxygen atom of a c-glide symmetry related neigh-
boring molecule as an acceptor. This gives rise to a polymeric su-
pra-molecular structure in the lattice (see Tables S1-S3).

Geometry optimization

The calculated bond lengths and angles for all conformers of
HMBA reported in [16] are compared in Table 2 with the corre-
sponding ones observed in the crystal for the dominant conformer.
In general, the theoretical values for all the conformers are in agree-
ment with one another and with the experimental values. It is to be
noted that the calculation predicts that the C; and C;; conformers are
energetically the most stable ones contrary to the X-ray diffraction
results showing that the Cy; is the dominant conformer present in
the solid state. In fact, the rms separation between homologous
non-H atoms in the best least-squares structural fitting of the solid
state main conformer to the gas phase Cy; conformer is 0.182 A. The
difference between the experimental and theoretical results could
be attributed to the effect of crystal packing forces acting on HMBA
molecules in the lattice, perturbations not taken into account in the
calculations. As mentioned above, these perturbing effects include
strong O—H- - -O intermolecular bonds. Furthermore, the crystalli-
zation process could have selected the Cy; rather than the C; con-
former because of the larger electric dipole moment of the former

Fig. 1. Upper: view of the solid state 4-hydroxy-3-(3-methyl-2-butenyl) acetophe-
none main conformer showing the labeling of the non-H atoms and their
displacement ellipsoids at the 30% probability level. Bottom: calculated molecular
structure of the Cy; conformer.

(4.51 D) as compared with the latter (3.52 D). Similar dependence
of crystal structure stabilization upon molecular dipole moment
had been observed by Ledesma et al. [29] for the anti conformer
of 2-(2'-furyl)-1H-imidazole; by Sambrano et al. [30] for the M4
tautomer of 5-methylcytosine and by Brandan et al. [31] for the
imino-hydroxy tautomer of 1,5-dimethylcytosine. Moreover, the
Cii conformer showed the highest theoretical value for the
AET7* — 7+ charge transfer, obtained through NBO calculations
(AEtora Of 3393.78 and 3293.42 kJ/mol by using 6-31G* and 6-
311++G* basis set, respectively) [14], a finding that probably justify
its presence as dominant conformer in the solid. The results ob-
tained by using the AIM analysis justify the stabilities of the C;
and Cy conformers, as reported previously [14].

NMR analysis

Fig. S2 shows the 'H NMR spectrum for crystalline HMBA dis-
solved in CDCl;, while Fig. S3 shows the corresponding '*C NMR
spectrum. Experimental and calculated chemical shifts for the 'H
and 3C nuclei are compared in Tables S4 and S5 respectively. The
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Table 2
Bond lengths and angles for 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone.
Parameter B3LYP/6-31G*? Exp.’
I 1l il 1\ \% Vi VIl
Bond lengths (A)
016—C4 1.360 1.360 1.365 1.367 1.365 1.365 1.365 1.358(4)
C3—C4 1.414 1.412 1.411 1.410 1.408 1.412 1.410 1.408(5)
C3—C2 1.391 1.396 1.390 1.390 1.394 1.391 1.395 1.378(5)
C2—C1 1.404 1.403 1.406 1.406 1.405 1.405 1.403 1.409(4)
Cc6—C1 1.404 1.406 1.401 1.401 1.403 1.403 1.405 1.391(5)
C6—C5 1.389 1.385 1.392 1.392 1.387 1.389 1.385 1.381(5)
C4—C5 1.400 1.402 1.399 1.399 1.401 1.398 1.401 1.394(5)
C10—C1 1.491 1.491 1.492 1.492 1.492 1.492 1.492 1.474(5)
C10—C12 1.522 1.523 1.523 1.522 1.522 1.523 1.523 1.502(5)
€10—011 1.224 1.224 1.224 1.223 1.224 1.224 1.224 1.230(5)
C3—C18 1.521 1.521 1.519 1.520 1.519 1.526 1.526 1.507(5)
C18—C21 1.514 1.514 1.513 1.513 1.513 1.506 1.507 1.532(6)
C21—C22 1.347 1.347 1.341 1.341 1.341 1.342 1.342 1.306(6)
C22—C24 1.511 1.511 1.511 1.511 1.511 1.510 1.511 1.540(7)
C22—C28 1.510 1.510 1.509 1.509 1.509 1.509 1.509 1.501(7)
RMSD® 0.0170 0.0175 0.0161 0.0162 0.0162 0.0175 0.0176
Bond angles (°)
016—C4—C3 1224 122.4 117.2 117.0 117.2 122.4 122.5 116.7(3)
016—C4—C5 117.0 117.0 121.8 121.9 121.8 116.6 116.5 122.5(3)
C2—C3—C4 117.9 117.9 117.6 117.5 117.6 117.7 117.8 117.4(3)
C3—C2—C1 1224 122.3 1226 122.6 1224 122.3 122.1 122.5(3)
C6—C1—C2 118.3 118.3 118.4 118.5 118.4 118.6 118.6 118.8(3)
C5—C6—C1 120.6 120.7 120.3 120.3 120.4 120.5 120.6 119.7(3)
C5—C4—C3 120.6 120.6 120.9 121.1 121.0 121.0 121.0 120.7(3)
C4—C5—C6 120.2 120.1 120.1 120.1 120.1 119.9 119.9 120.8(3)
C6—C1—C10 123.3 118.6 118.4 123.1 118.4 123.2 118.5 122.6(3)
C2—C1—C10 118.3 123.1 118.4 118.4 123.2 118.3 122.9 118.6(3)
C1—C10—C12 118.8 119.0 118.8 118.8 118.9 118.8 118.9 119.3(3)
011—C10—C1 121.1 121.0 121.0 121.0 120.9 121.1 120.9 120.8(3)
C12—C10—011 120.1 120.1 120.2 120.2 120.2 120.1 120.1 119.3(3)
C2—C3—C18 121.0 121.0 121.8 121.8 121.8 122.6 122.4 122.9(3)
C4—C3—C18 121.1 121.1 120.6 120.7 120.6 119.6 119.8 119.7(3)
C3—C18—C21 114.0 114.0 112.3 112.5 1124 115.0 115.0 115.2(3)
C18—C21—C22 128.4 128.4 1285 128.2 1285 128.2 128.2 126.7(4)
C21—C22—C28 125.0 125.0 125.1 125.3 125.1 125.1 125.1 124.7(5)
C21—C22—C24 1205 120.5 120.4 120.4 120.4 120.5 120.5 123.0(4)
C24—C22—C28 114.4 114.4 1145 114.2 114.5 114.4 114.4 112.2(4)
RMSD 2.09 248 1.52 1.14 1.83 2.05 247
@ This work.
b For the dominant 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone taken from X ray.
¢ See text.
calculated chemical shifts for the H nuclei show a reasonable agree-
ment in relation to experimental values with observed RMSD val- ' . '
ues between 0.652 and 1.105 ppm, while the chemical shifts for
the carbon nuclei show higher RMSD values (4.826 and
6.363 ppm). The calculated 'H chemical shifts show a good concor- 3
dance for the C; and C;; conformers while the calculated '>C chem- E
ical shifts favors the Cy; and Gy conformers. Both results probably ’g,; <
indicate that these conformers (C;, Cy;, Cyiy and Cyy) could be present 7]
. A . - . . c Y 'V]Y
in the solution phase. In this case, a very important observation is o
that the theoretical calculations do not correctly predict the chem- =
ical shift of the '"H17 nucleus belonging to the hydroxy group, as ob-
served in Table S4. This fact can be explained by the strong : . y
intermolecular H-bond observed experimentally between H17 4000 3000 2000 1000 500 0

and the carbonyl oxygen O1 atom of an acetyl moiety of a neighbor-
ing molecule.

Table S5 shows that the calculated '>C chemical shifts with the
GIAO method using the 6-311++G** basis set are in accordance with
the experimental values. In general, the calculated shifts for the '3C
nuclei are higher than the corresponding experimental values.

Vibrational analysis

Based on the crystal structure results, we shall deal here only
with the dominant Cj; conformer (65.3%) of HMBA and its

Wavenumbers/cm™!

Fig. 2. Comparison between the experimental IR absorption spectrum of solid state
4-hydroxy-3-(3-methyl-2-butenyl) acetophenone reported in Ref. [14] (upper; KBr
pellet) and the theoretical gas phase IR spectrum for the Cy; conformer (bottom).

nearly-racemic counterpart (34.7%) which show occupationally
disorder in the solid. Both conformers have 87 normal vibration
modes, all active in the infrared and Raman spectra [14]. The
experimental infrared spectrum is compared in Fig. 2 with the cor-
responding theoretical one for the conformer Cy;;. Table 3 shows the
experimental and calculated frequencies, the SQM based on the 6-



Table 3

Observed and calculated frequencies (cm~') using B3LYP method, and assignment of 4-hydroxy-3-(3-methyl-2-butenyl) acetophenone.

Experimental® [« Ci® C®
IR Raman sQmP IR® int. Raman* Assignment sQmP® IR® int. Raman* Assignment sQmP® IR® int. Raman* Assignment
3437 w 3456 448.1 359.9 v (016—H17) 3462 428.5 348.4 v (016—H17) 3593 55.2 184.1 v (016—H17)
3143 s 3086 10.5 155.7 vs C—H 3095 43 120.2 vs C—H 3092 0.7 51.8 v (C2—H7)
3069 m 3073 44 421 v (C2—H7) 3078 38 88.4 Vas C—H 3079 11.6 106.9 vs C—H
3071 59 50.7 Vas C—H 3058 103 0.4 v (C2—H7) 3037 93 108.7 Vas CHs
3058 m 3037 14.8 1159 vas CH3 (C12) 3037 153 122.1 Vs CH3 3034 26.8 120.5 Vas C—H
3032 vw 3018 299 324 vas CH3 (C28) 3017 30.6 313 Vas CH3 3012 33.6 333 Vas CH3
3012 vw 3014 15.9 70.0 v (C21—H23) 3014 15.2 70.3 v (C21—H23) 3009 24.3 78.1 v (C21—H23)
3006 w 3000 154 429 vas CH3 (C24) 3000 15.2 429 Vas CH3 2995 16.2 38.8 Vas CH3
2990 sh 2983 12 506 Vas CHs (C12) 2982 138 138 Vas CH 2982 115 504 Vas CHs
2971s 2973 m 2955 29.1 183.7 Vas CH3 (C28) 2956 288 183.0 Vas CH3 2948 40.8 158.2 Vas CH3
2960 vw 2951 5.4 379 vas CH3 (C24) 2951 53 36.7 Vas CH3 2944 13.5 101.3 Vas CHy
2960 vw 2945 14.4 72.1 Vas CHy 2942 16.5 79.3 Vas CHy 2943 6.2 30.1 Vas CH3
2929 s 2926 m 2926 33 118.6 vs CH3 (C12) 2925 37 106.8 vs CH3 2926 3.5 1119 vs CH3
2926 m 2915 450 408.7 v, CH; (C28) 2914 450 3749 v, CH; 2913 16.0 207.1 v, CH,
2926 m 2911 19.0 11.2 vs CHy 2907 288 183 vs CHy 2908 54.3 2154 vs CH3
2855 s 2893 sh 2906 20.6 92.2 vs CHs (C24) 2906 11.0 113.1 vs CHs 2900 243 69.0 vs CHs
1666 sh 1672 m 1703 170.7 81.1 v (€C10—011) 1703 209.7 100.5 v (C10—-011) 1706 1421 61.5 v (C10—011)
1646 s 1646 s 1667 8.6 64.2 v (C21—C22) 1667 7.6 66.5 v (C21—C22) 1690 43 62.8 v (C21—C22)
1596 s 1606 157.4 146.3 v; C—C 1613 933 94.7 v; C—C 1602 166.0 140.0 v; C—C
1583 s 1583 vs 1582 40.5 40.5 vs C—C 1574 121.0 88.0 vs C—C 1589 3.1 5.8 vs C—C
1507 m 1506 w 1496 70.4 1.7 B C5—H8 1499 45.7 2.1 p C5—H8 1499 379 1.0 f C5—H8
1461 4.4 76.4 da CHs (C24) 1461 4.9 77.0 da CHs (C24) 1463 28 61.5 da CHs (C24)
1455 136 1.2 da CH3 (C28) 1456 14.5 13 éa CH; (C28) 1455 7.8 1.2 Sa CHs (C24)
1452 w 1451 82 4.0 sa CH; (C28) 1451 75 41 sa CH, (C28) 1454 10.7 18 5a CH, (C28)
1446 m 1443 8.8 25.1 da CHs (C12) 1443 9.0 23.6 sa CHs (C12) 1444 8.7 235 da CHs (C12)
1437 m 1437 0.3 319 da CHs (C24) 1437 0.1 324 da CHs (C24) 1437 0.5 30.0 & CH, (C7)
1437 m 1435 8.7 114 da CHs (C12) 1436 103 10.5 da CHs (C12) 1436 0.6 5.5 da CHs (C28)
1437m 1431 56 21 5 CH, 1430 35 16 5 CH, 1434 8.9 10.0 sa CH, (C12)
1427 m 1428 sh 1427 24.7 59 Vas C—C 1422 263 11.8 Vas C—C 1423 19.9 8.4 Vas C—C
1386 sh 1384 m 1389 1.8 38.0 ds CH5 (C28) 1389 0.6 355 &s CHs (€28) 1388 0.7 27.7 ds CH; (C24)
1373 sh 1379 8.1 22,0 &s CH; (C24) 1379 9.0 215 &s CHs (C24) 1379 7.0 19.7 &s CH; (C28)
1362 m 1365 221 33 p C21—H23 1364 20 4.9 p C21—H23 1364 18.6 23 p C21—H23
1362 m 1350 46.8 7.8 Vas C—C 1349 63.5 6.7 &s CH5 (C12) 1347 240 11.6 8s CH; (C12)
1348 w 1347 39 237 55 CHs (C12) 1345 55 266 Vas C—C 1340 416 103 Vas C—C
1326 w 1310 43.7 17.9 p CH, 1312 134 2.3 p C2—H7 1318 109 135 p CH,
1283 vs 1285s 1289 96.5 31.6 Vgs C—C 1290 1071 423 p CH; 1285 15.9 23 B C6—H9
1283 vs 1274 165.4 19.4 v (C4—016) 1280 112.6 13.6 v (C4—016) 1264 2354 36.8 v (C4—016)
1256 sh 1267 33.2 23.0 v (C1—C10) 1268 71.6 34.1 v (C1—C10) 1252 170.3 15.1 wag CHy
1245s 1246 m 1220 81.1 18.2 wag CH, 1223 2331 10.0 wag CH; 1232 101.3 16.0 p C2—H7
1245s 1201 132.2 2.0 & (0—H) 1207 5.1 9.3 5 (0—H) 1172 324 73 Vas C—C
1167 m 1170 m 1170 13.9 4.9 Vas C—C 1170 53 6.7 Vgs C—C 1163 8.2 24 v (C3—C18)
1170 m 1158 6.3 74 v (C3—C18) 1153 4.8 4.4 v (C3—C18) 1160 3.5 3.0 & (0—H)
1121s 1123 vw 1115 6.5 5.6 p C6—H9 1106 6.1 7.7 B C6—H9 1114 583 9.7 v (C18—C21)
1100 26.1 124 v (C18—C21) 1099 26.2 9.6 p' CH; (C24) 1102 442 75 SRy
1103 sh 1104 w 1090 19 0.4 p CH3 (C28) 1090 16 0.3 p' CH; (C28) 1092 0.4 0.3 p' CHs (C28)
1068 s 1070 m 1067 4.4 16.3 p C2—H7 1069 7.4 26.1 Vgs C—C 1062 14.5 121 Vas C—C
1044 sh 1031 vw 1033 1.5 1.8 p CHs3 (C12) 1034 1.6 1.9 p CHs (C12) 1034 0.8 22 p CH3 (C12)
1023 w 1021w 1014 13 8.5 p CH, (C24) 1013 09 8.6 v (C18—C21) 1016 36 37 p CH, (C28)
1012sh  1010vw 1007 46 14 p CH; (C24) 1006 44 14 p CH; (C24) 1008 3.0 12 p CH, (C24)
981 w 983 m 963 19.6 7.8 p CHs3 (C12) 979 0.6 0.6 7 C6—H9 965 283 6.5 y C2—H7
962 sh 948 0.6 3.0 7 C6—H9 964 6.3 3.6 p' CHs (C12)
946 w 948 sh 945 17.3 24 p CHs (C28) 945 03 29 p CHs (C28) 946 05 25 o CHs (C24)
933 sh 938 vw 941 7.5 2.1 y C2—H7 939 36.4 74 p' CH; (C12)
908 w 908 sh 913 29.6 3.8 BRy 920 43 1.6 v C6—H9
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885 vw
854 vw
816 m
787 w
776 sh
744 sh
727 w
684 vw
623 vw
592 w

557 w

543 sh
527 w

512 vw
497 vw
477 sh
469 vw
452 vw
441 vw
435 vw
407 vw

895 m
882 vw
855 w
818 vw
789 m
778 sh
745 vw
731 vw
687 m
625 vw
595 m
570 w
558 w
534 vw
527 w
510w
490 sh
472 m

457 sh
442 w
435 sh
401 w
394 w
369 m
336 w
317w
297 m
269 m
251 sh
235w
212w
163 vvw

136 vww

906
883
848

831
77
741
727
681
641
610

569
534
518
501
490

460

402
401
343

309
286
274

238
196
171
150
140
122
110
81
53
38
32

30.7
2.7
101

22.3
79
33
1.2
1.7
3.0
34

42.7
72.9
3.2
0.5
5.6

3.2

0.7

0.7
0.3
0.7

0.2
1.5
2.6

1.7
0.3
14
0.3
4.7
0.6
14
0.5
4.0
0.3
0.4

3.5
8.4
144

23
37
16.6
04
4.6
3.0
4.6

0.9
5.4
1.0
0.6
15

24
29

0.3
0.5
1.7

38
0.7
11

3.7
12
0.9
0.0
19
0.4
0.6
29
0.9
22
0.9

7 C21—H23
v (C10—C12)
Tw CH,

7 C5—H8
v; C—C

vs C—C
TRy

PRy

PR3

7 C10—011

p C10-011
p C22—C28

7R3, TRy, y C4—016
7 C4—016

7 OH

yC21—C22
7 C3—C18

5 C24—C22—C28
C4—016
PRz

TRy
£ C3—C18
T C22—C24

& C18—C21—C22; 6 C12—C10—C1
TRy

tw CHj (C24)
p C1—C10
7w CHs3 (C12)
w CHj (C28)
7 C1—C10

4 CCC

tw 011C10C
7 C18—C3

7 C18—C21

907
891
850
845

776
742
728
679
640
610
587

526

511
498
479

455

407
403

336
314
288
274
243

193
170
149
141
122
112
82
51
38
32

7.4
7.9
21.6

6.1
19
1.6
0.7
2.3
54
23.5

68.8

4.6
7.2
15.7

11

0.7
2.7
0.4

1.7
1.2
14
4.0
3.7

0.5
1.8
0.2
1.1
0.5
1.6
0.4
2.1
0.8
0.3

4.7
2.1
11.8
37

37
18.1
0.6
6.1
2.5
24
21

44

0.8
26
0.4

14

24
1.5
0.3

25
24
0.8
1.2
3.6

1.5
1.2
0.2
1.6
0.4
0.4
32
0.9
2.0
1.1

7 C21—H23
y C2—H7

7y C5—H8
Tw CH,

vs C—C

vs C—C

TRy

v (C10—C12)
BRs

7 C10—011
p C10—011

p C22—C28
7 C4—016
7 OH

§ C4—016
7 C21—C22
7 (3—C18

4 C12—C10—C1
3 C24—C22—C28

PRz

TRy

pC3—C18

T (22—C24

4 C12—C10—C1
TRy

7w CHj (C24)
$ C1—C10

Tw CH; (C12)
Tw CHj (C28)
7 C1—C10

8 CCC
Tw011C1C10
7 C18—C3

7 C18—C21

893
879
857
800

777
757
715
678
620
588
564
554

518

491

460

439
429
392
361
336
302
294
279

231
188
171
154
139
130
105
68
53
25
20

0.4
2.7
5.6
30.2

16.0
1.8
0.5
0.4
7.3
29

144

24.8

8.1

49

13
2.5
105.1
2.4
0.9
4.7
2.3
1.6

1.1
1.9
1.2
0.7
03
0.0
0.0
0.9
2.3
0.9
1.9

12
6.6
18.6
3.0

13.2
28
0.6
5.2
1.2
9.8
0.4
0.6

0.2

4.2

1.2
14
35
0.6
3.8
14
0.4
1.5

1.1
0.3
25
1.2
0.2
0.2
0.7
13
0.4
4.6
28

7w CH,

v (C10—C12)
y C21—H23
7 C5—H8

vs C—C

vs C—C

7 C4—016
v (C1—C10)
7 C10—011
PR3

p C10—011
p C22—C28

TRy
$ C4—016

y C21—C22

TRy

4 C12—C10—C1
8 C24—C22—C28
7 OH

PRz

7 C3—C18

4 C18—C21—C22
T C22—C24

£ C3—C18
Tw CHs (C28)
TRy
$C1—C10

7w CH;3 (C12)
w CHs (C24)
7 C1—C10

5 (CCC)

tw 011C1C10
7 C18—C3

7 C18—C21

v, stretching; &, scissoring; wag, wagging; 7, out-of plane deformation; p, in-plane deformation or rocking; , torsion, tw, twisting; a, antisymmetric; s, symmetric.

a
b
<
d

e

This work.

From scaled quantum mechanics force field at B3LYP/6-31G" level.
Units are km mol "

Raman activities in A* (amu)

From Ref. [14].
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31G”" basis set, and the assignment for HMBA. Note that the theo-
retical infrared spectrum for Cy; conformer is in general agreement
with the experimental data, especially in the 1400 and 900 cm™!
region where a higher intensity of the C—O stretching band at
1283 cm™! is justified only by this conformer, as can be seen in
Fig. 2 and Table 3. Also, the intensities of the Raman bands at
3069, 2926 and 1596 cm™!, assigned to the symmetric stretching
modes, as observed in Table 3, can be justified by the presence of
the Cj; conformer. Furthermore, the assignments corresponding
to Cyy is slightly different from those reported previously for the
conformers C; and Cj; [14], as indicated in Table 3. Moreover, some
observed shoulders and bands in the infrared and Raman spectra
(938, 787, 534, 512, 452, 441, 251 cm™!), which are not predicted
in the corresponding theoretical spectra, can be attributed to the
nearly-racemic counterpart of the Cy; conformer that appears in
the disordered mixture within the solid. Hence, the vibrational
assignment of the experimental bands to the normal vibration
modes is based on the comparison with the above assignment
[16] and with the results of the calculations performed here. We
considered B3LYP/6-31G* calculations because the used scale fac-
tors are defined for this basis set. The SQM force field for Cy; struc-
ture of HMBA can be obtained upon request. Below, we discuss the
assignment of the most important groups for the dominant con-
former Cy.

Bands assignments

OH mode. Based on the assignments reported for molecules con-
taining this group [6,8,10-12,16] and the theoretical calculations
for the CIII conformer, the broad band observed in the IR spectrum
of HMBA at 3437 cm™! is attributed to the O—H stretching mode.
The OH in-plane deformation modes for both solid state conform-
ers were assigned at 1245 cm™! while the corresponding out-of-
plane deformation modes were at 497 cm~'. For Cy;;, those modes
are associated with the Raman bands respectively at 1170 and
731cm™ .

CH3 modes. The calculations for the Cy; conformer predict all vibra-
tion modes related with these groups to appear in the expected
spectral regions with some differences in the frequencies of some
bands, in relation to the C; and Cj conformers, as observed in
Table 3.

CH modes. The bands in the 3143-3012 cm™! region of the IR and
Raman spectra can be easily assigned to the C—H stretching modes
of the Cy; conformer as shown in Table 3. The three expected in-
plane deformation modes were assigned to the IR bands at 1507,
1283 and 1245 cm~! while the corresponding out-of-plane defor-
mation modes are clearly predicted to occur between 965 and
800 cm™!; for this reason, the bands observed at 981, 908 and
816 cm™! in the spectra are associated with these modes (see
Table 3).

CH, modes. Taking into account the previous assignments [16] for
Cyii, the two stretching modes are assigned to the bands observed in
the spectra at 2960 and 2926 cm~! while the corresponding CH,
bending modes is assigned to the band appearing at 1437 cm™',
as observed in Table 3. The wagging mode is easily assigned to
the shoulder in the Raman spectrum at 1256 cm~!. The IR and Ra-
man bands at 1326 and 895 cm™! are assigned respectively to the

expected rocking and twisting mode, as indicated in Table 3.

Skeletal modes. For the conformer Cy; of HMBA, the C=C stretching
corresponding to the prenyl side chain was assigned in accordance
with the values previously reported for C; and Cj to the strong IR
band at 1646 cm™'. The remaining stretching modes were assigned
as those reported in Ref. [16]. For this conformer, the shoulder and

the strong band respectively at 1666 and 1646 cm™! can be as-

signed to the C=0 stretching mode in accordance to the previous
assignment for C; and C;; [16]. The very strong band at 1283 cm™!
is associated with the C—O stretching modes. As in the previous
paper [16], the carbonyl stretching mode splits into two compo-
nents in the infrared at 1652 and 1645 cm™'. The splitting is prob-
ably due to intermolecular association based on C=0---H—O0 type
hydrogen bonding [32]. The remaining skeletal modes were as-
signed as detailed in Table 3.

Conclusions

The crystal and molecular structure of 4-hydroxy-3-(3-methyl-
2-butenyl) acetophenone were determined by X-ray diffraction
methods. The compound was characterized by IR absorption and
Raman dispersion spectroscopic techniques in the solid state and
by NMR spectroscopy in solution.

The DFT calculations suggest the existence of two energetically
low-laying conformations (C; and Cj). Although the C; conforma-
tion has the lowest energy in the gas phase, X-ray diffraction data
indicate that the Cy; conformation is the dominant and most stable
conformation in the solid phase.

We found that the normal mode analysis, based on the DFT
molecular force field for the Cy; conformer computed with the 6-
31G* basis set, provides a satisfactory description of the observed
vibrational spectra. On the other hand, the observed shoulders
and bands in the infrared and Raman spectra at 938, 787, 534,
512, 452, 441, 251 cm™!, which are not predicted in the corre-
sponding theoretical spectra, can be attributed to the minor qua-
si-enantiomeric counterpart of the dominant Cy; conformer
which occupies the same lattice site in a disordered mixture.
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