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New approaches to the synthesis of selected crystalline hydroxyquinolines and their carboxylic acid
analogues were elaborated in this paper with the auxiliary of computational and spectroscopic character-
ization, such as FTIR, NMR and single crystal X-ray measurements. The experimental data were further
rationalized based on a DFT calculation method with B3LYP functional, which reflected the impact of
electron donating or withdrawing groups on the energy level of HOMO orbitals and the reactivity of
the substituted hydroxyquinolines.

� 2014 Elsevier B.V. All rights reserved.
Introduction groups on benzene ring have attracted increased attention due to
Quinolines were first discovered from coal tar by Friedlieb
Ferdinand Runge in 1834 [1]. After half century Skraup-
Doebner–Miller successfully synthesized the quinolines in
laboratory [2–5]. For 180 years many synthetic protocols and
applications have been developed based on the Skraup transforma-
tion because of its simplicity and the importance of the quinoline
itself [6–18].

We are particularly interested in the functionalization of ben-
zene (or phenol) ring in quinoline (or hydroxyquinoline) constitu-
tion from both theoretical and practical point view. Recently
derivatives of quinoline with both hydroxyl and carboxylic acid
their analogy to the precursor of a promising HIV-1 integrase
inhibitor, 2-[(E)-2-(3,4-dihydroxy-5-methoxyphenyl)ethenyl]-
8-hydroxyquinoline-7-carboxylic acid (FZ-41) which has been
demonstrated to block the replication of HIV-1 in cell cultures at
nontoxic concentrations [19,20]. The modifications of quinoline
moiety through introducing carboxylic acid function increased
their acidity and water solubility. In consequence this could
increase their bioavailability and biological activity, and could trig-
ger searches on new biological applications of the compounds.

In this paper, we reported new approaches to the synthesis of
the aforementioned compounds with in-depth spectroscopic char-
acterization. Computational and spectroscopic studies were carried
out to compare selected hydroxyquinolines and hydroxyquinoline
carboxylic acid, which have not been reported by previous studies
according to our best knowledge.
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Experimental

General

NMR spectra were obtained with Bruker Avance 400 and 500
operating at 400.13 MHz (1H) and 100.5 MHz (13C) at 21 �C; chem-
ical shifts referenced to ext. TMS (1H, 13C); coupling constants are
given in Hz. The 1H and 13C NMR calculations were performed with
the ACD Labs NMR Predictor v.8 program. For GC/MS, a Gas Chro-
matograph TRACE 2000 with MS Finnigan TRACE (ThermoQuest)
with autosampler Combi PAL (CTC) with capillary column DB-5
MS 30 m � 0.25 lm � 0.5 lm was used. Mass spectra were
obtained with a Varian 500 MS with applied ESI technique. FTIR
spectra were recorded on a Perkin Elmer spectrophotometer in
the spectral range 4000–450 cm�1 with the samples in the form
of KBr pellets. Electronic spectra were measured on a spectropho-
tometer Lab. Chromatography was carried out on Silica Gel 60
(0.15–0.3 mm) Machery Nagel. Melting points were determined
on MPA100 OptiMelt melting point apparatus and uncorrected.
2-Amino-4-tert-butylphenol (1a), 2-amino-5-methylphenol (1b),
2-amino-4-bromophenol (1c), 2-amino-4-chlorophenol (1d) and
2-amino-4-fluorophenol (1e) were purchased from Sigma–Aldrich,
and were used without further purification.

The synthesis of quinolines 2a, 2b, 2c, 3a, 3b and 3c followed
our procedure described in the literature [6,7]:

5-tertButyl-2-methyl-quinolin-8-ol (2a)
16%; mp = 54.5 �C; IR (KBr; cm�1): 3344 mOH; 2994, 2955, 2913,

2874 mCH3;t-Bu; 1576 mC = N; 1H NMR (CDCl3; 500.18 MHz) d = 1.55
(s, 9H, But), 2.72 (s, 3H, CH3), 7.05 (d, J = 8.1 Hz, 1H, aromatic),
7.30 (d, J = 8.9 Hz, 1H, aromatic), 7.37 (d, J = 8.1 Hz, 1H, aromatic),
8.66 (d, J = 8.9 Hz, 1H, aromatic); 13C{1H} NMR (CDCl3;
125.78 MHz) d = 24.51, 32.08, 35.55, 108.78, 121.11, 123.53,
124.92, 135.83, 136.59, 138.83, 150.16, 155.32; tr = 6.98 min, GC/
MS: (EI) M+ = 215 (65%), (M + H)+ = 216 (10%), (M-CH3)+ = 200
(100%); CCDC 963546.

2,6-Dimethylquinolin-8-ol (2b)
26%; mp = 136.6 �C; IR (KBr; cm�1): 3347 mOH; 2916, 2849 mCH3;

1570 mC = N; 1H NMR (CDCl3; 500.18 MHz) d = 2.47 (s, 3H, CH3), 2.70
(s, 3H, CH3), 7.01 (d, J = 1.3 Hz, 1H, aromatic), 7.05 (bs, 1H, aro-
matic), 7.24 (d, J = 8.4 Hz, 1H, aromatic), 7.93 (d, J = 8.4 Hz, 1H, aro-
matic); 13C{1H} NMR (CDCl3; 125.78 MHz) d = 22.19, 24.79, 112.17,
116.78, 122.83, 126.71, 135.78, 136.21, 137.02, 151.31, 155.93;
tr = 12.01 min, GC/MS: (EI) M+ = 173 (100%), (M + H)+ = 174 (12%);
CCDC 973848.

5-Bromo-2-methylquinolin-8-ol (2c)
34%; mp = 66.1 �C (lit. 69 �C [32]); IR (KBr; cm�1): 3373 mOH;

2920, 2874 mCH3; 1595 mC = N; 1500, 1256; (IR (KBr): 3375, 1500,
1390, 1255 cm�1 [32])); 1H NMR (CDCl3; 500.18 MHz) d = 2.78 (s,
3H, CH3), 7.05 (d, J = 8.2 Hz, 1H, aromatic), 7.42 (d, J = 8.6 Hz, 1H,
aromatic), 7.64 (d, J = 8.2 Hz, 1H, aromatic), 8.38 (d, J = 8.6 Hz,
1H, aromatic) (lit. 1H NMR (CDCl3) d = 2.73 (s, 3H), 7.01 (d,
J = 8.2 Hz, 1H), 7.38 (d, J = 8.6 Hz, 1H), 7.60 (d, J = 8.2 Hz, 1H),
8.31 (d, J = 8.6 Hz, 1H) [32]); 13C{1H} NMR (CDCl3; 125.78 MHz)
d = 24.76, 109.77, 110.76, 123.92, 126.00, 130.14, 136.04, 138.46,
151.71, 157.80 (13C NMR (CDCl3) d = 24.7, 109.6, 110.5, 123.8,
125.7, 129.9, 135.7, 138.3, 151.5, 157.6 [32]); tr = 6.82 min, GC/
MS: (EI) M+ = 237 (100%), 239 (96%), (M + H)+ = 238 (15%), 240
(14%).

5-Chloro-8-hydroxy-2-methylquinoline-7-carboxylic acid (3a)
43%; IR (KBr; cm�1): 3355 mOH; 2919 mCH3; 1597 mas(COO); 1570

mC = N; 1330 ms(COO); CCDC 969571.
Please cite this article in press as: M. Szala et al., J. Mol. Struct. (2014), http://
5-Bromo-8-hydroxy-2-methylquinoline-7-carboxylic acid (3b)
<1%; mpdec. = 214.2 �C; IR (KBr; cm�1): 3416 mOH; 2831 mCH3;

1598 mas(COO); 1363 ms(COO); 1H NMR (KOD/D2O/DMSO-d6;
500.18 MHz) d = 2.91 (s, 3H, CH3), 6.89 (d, J = 8.4 Hz, 1H, aromatic),
7.71 (d, J = 8.5 Hz, 1H, aromatic), 8.20 (s, 1H, aromatic); MS: (ESI)
(DMSO) (M-H + Na)+ = 302 (100%), 304 (96%).

The isolated yield of acids 3a and 3c have been improved:
5-Fluoro-8-hydroxy-2-methylquinoline-7-carboxylic acid (3c)

70% [6].

Crystallization
The crystals suitable for X-ray analysis were obtained from hex-

ane solution at room temperature for 2a, 2b and from AcOEt solu-
tion for 3a.

DFT calculations

The calculations were carried out by using Gaussian09 program
[21]. Molecular geometries of the singlet ground state of com-
pounds 2a, 2b and 3a were fully optimized in the gas phase at
the B3LYP level of theory [22,23]. For each compound a frequency
calculation was carried out, verifying that the optimized molecular
structure obtained corresponded to an energy minimum, thus only
positive frequencies were expected. The calculations were per-
formed using the 6–31G** functions for all atoms.

Crystal structure determination and refinement

The crystals of the compounds were mounted in turn on a
Gemini A ultra Oxford Diffraction automatic diffractometer
equipped with a CCD detector for data collection. X-ray intensity
data were collected with graphite monochromated Mo Ka radia-
tion (k = 0.71073 Å) at temperature of 295(2) K, with x scan
mode. Ewald sphere reflections were collected up to 2h = 50.10.
Lorentz, polarization and empirical absorption correction using
spherical harmonics implemented in SCALE3 ABSPACK scaling
algorithm were applied [24]. The structures were solved by the
direct method and subsequently completed by the difference of
Fourier recycling. All the non-hydrogen atoms were refined aniso-
tropically using a full-matrix least-squares technique. The Olex2
and SHELXS, SHELXL programs were used for all the calculations
[25,26]. Atomic scattering factors were incorporated in the
computer programs. Details of crystal data and refinement are
gathered in Table 1.

Results and discussion

In our previous and present studies, the synthesis of some
hydroxyquinolines and their carboxylic acid derivatives have been
reported and characterized by using IR, MS, UV–Vis, multinuclear
NMR spectroscopic techniques, and single crystal X-ray diffraction
method (Scheme 1) [6,7]. X-ray crystal structure analysis showed
the presence of hydrogen-bond donating and accepting sites
between the pyridine and hydroxyl functional groups. It has been
demonstrated by solution and solid state NMR studies that there
was a tautomeric equilibrium among the neutral, cationic and
anionic species of hydroxyquinoline carboxylic acids obtained by
protonation or deprotonation, through the evaluation of 13C and
15N chemical shifts [10]. The largest effect is visible in the 15N
NMR spectra which allow to distinguish the species between pro-
tonated and unprotonated pyridine rings. These measurements are
best applicable in the solid state.

Synthetic remarks

The compounds of hydroxymethylquinolines 2a, 2b and 2c have
been synthesized by adopting Skraup–Doebner–Von Miller
dx.doi.org/10.1016/j.molstruc.2014.04.052
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Table 1
Crystal data and structure refinement details of 2a, 2b and 3a.

2a 2b 3a

Empirical formula C14H17NO C11H11NO C11H8ClNO3, H2O
Formula weight 215.29 173.21 255.66
Temperature (K) 295.0(2) K 295.0(2) K 295.0(2) K
Crystal system Orthorhombic Orthorhombic Monoclinic
Space group Pnma P212121 P21/n
Unit cell dimensions
a (Å) 16.9534(15) 6.5547(6) 9.5478(7)
b (Å) 7.1811(7) 11.4741(13) 24.642(2)
c (Å) 9.8632(10) 11.7144(12) 10.0327(7)
a (�) 90 90 90
b (�) 90 90 112.716(8)
c (�) 90 90 90
Volume (Å3) 1200.8(2) 881.03(16) 2177.4(3)
Z 4 4 8
Calculated density (Mg/m3) 1.191 1.306 1.560
Absorption coefficient (mm�1) 0.075 0.084 0.353
F (000) 464 368 1056
Crystal dimensions (mm) 0.34 � 0.32 � 0.21 0.38 � 0.11 � 0.09 0.23 � 0.14 � 0.03
h range for data collection (�) 3.51–25.05 3.48–25.05 3.39–25.05

Index ranges �20<=h<=20 �7<=h<=7 �10<=h<=11
�8<=k<=7 �13<=k<=13 �26<=k<=29
�10<=l<=11 �11<=l<=13 �11<=l<=10

Reflections collected 3768 4592 8805
Independent reflections 1153 [R(int) = 0.0292] 1544 [R(int) = 0.0340] 3836 [R(int) = 0.0633]
Data/restraints/parameters 1153/0/97 1544/0/121 3836/0/317
Flack parameter 0.01(2)
Goodness-of-fit on F2 1.098 1.065 0.993

Final R indices [I > 2r(I)] R1 = 0.0501 R1 = 0.0410 R1 = 0.0607
wR2 = 0.1195 wR2 = 0.1001 wR2 = 0.1547

R indices (all data) R1 = 0.0779 R1 = 0.0508 R1 = 0.0899
wR2 = 0.1336 wR2 = 0.1072 wR2 = 0.1872

Largest diff. Peak and hole 0.287 and �0.420 0.126 and �0.159 0.528 and �0.454
CCDC number 963546 973848 969571

Scheme 1. Synthesis of hydroxyquinolines and their carboxylic acid analogues. Reagents and conditions: i; CH3CHCHCHO, 6 M HCl, reflux; ii; ButOK, THF 20 �C; CO2 or CS2.

Scheme 2. Synthesis of hydroxyquinolines. Proposed mechanism.
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reaction, with modified Matsugi two-phase solvent system [27].
The presented results are the continuation of our recent papers
[6,7]. In order to obtain a better understanding of Skraup transfor-
mation, another aniline type reagents were chosen, which pos-
sessed substituents with varying volumes located at different
positions on benzene ring (Schemes 1 and 2).

Interestingly it has been noticed that bulky substituents such as
tert-butyl in the case of 2a led to decreased productivity comparing
with methyl group 2b or bromine for 2c and previously reported
results (Scheme 1 and 2) [6,7]. A plausible explanation for the
Please cite this article in press as: M. Szala et al., J. Mol. Struct. (2014), http://
observation is that it is relevant to a ring closure reaction to create
pyridine ring followed by oxidation to the final quinoline
(Scheme 2). Considering the previous and present studies, it is
deduced that the pattern of the yield distribution and regioselec-
tivity depend on the substituent volumes, electronic factors and
possible internal hydrogen bonds for intermediate (Scheme 2).

Presented here 3a, 3b and 3c have been synthesized by adopt-
ing Kolbe–Schmidt reaction with some modification reported in
our previous studies [6,7]. The isolated yield of acids 3a and 3c
have been improved.
dx.doi.org/10.1016/j.molstruc.2014.04.052
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Fig. 1. ORTEP drawings of 2a, 2b and 3a molecules with 50% probability displace-
ment ellipsoids.

Table 2
Selected bond lengths and angles for compound 2a, 2b and 3a with hydrogen bonds
(Å and o).

2a 2b 3aa

C(8)-O(1) 1.362(3) 1.353(2) 1.324(4)
C(1)-N(1) 1.322(3) 1.330(2) 1.318(4)
C(9)-N(1) 1.362(3) 1.379(2) 1.375(4)
C(1)-C(10) 1.500(4) 1.492(3) 1.503(5)
C(5/6/7)-C(11) 1.533(3) 1.508(3) 1.497(5)
C(5)-Cl(1) 1.740(4)
C(11)-O(2) 1.233(4)
C(11)-O(3) 1.273(4)
C(1)-N(1)-C(9) 118.8(2) 118.11(16) 118.2(3)
N(1)-C(1)-C(2) 120.6(2) 121.81(18) 122.4(3)
N(1)-C(1)-C(10) 117.5(2) 118.11(18) 116.4(4)
C(7)-C(8)-O(1) 122.0(2) 123.47(17) 124.2(3)
C(5)-C(11)-C(12) 110.56(14) 123.20(6)
C(14)-C(11)-C(5) 111.9(2)
C(5)-C(6)-C(11) 121.53(19)
C(6)-C(7)-C(11) 120.2(3)
C(4)-C(5)-Cl(1) 119.1(3)
O(2)-C(11)-O(3) 124.2(3)

D–H� � �A d (D–H) d (H� � �A) d (D� � �A) <(DHA)

2a
O(1)–H(1)� � �N(1) 0.81 2.16 2.626(3) 116.9
2b
O(1)–H(1)� � �N(1)b 0.82 2.08 2.838(2) 153.8
3a
O(1)–H(1)� � �O(2) 0.82 1.83 2.549(3) 145.3
O(4)–H(4)� � �O(5) 0.82 1.84 2.548(3) 143.2
C(3)–H(3A)� � �Cl(1) 0.93 2.70 3.077(4) 104.9
C(14)–H(14)� � �Cl(2) 0.93 2.69 3.070(4) 105.5

a Average values.
b Symmetry transformation used to generate equivalent atoms: 1/2 + x, 3/2� y,�z.

4 M. Szala et al. / Journal of Molecular Structure xxx (2014) xxx–xxx
The 1H NMR spectra of hydroxyquinolines showed distinctive
H-1 signals from CH3 group (Table S1). The analysis of the trend
in 1H chemical shifts revealed that protons of methyl group located
at 2 position of pirydine ring in quinoline constitution were
Please cite this article in press as: M. Szala et al., J. Mol. Struct. (2014), http://
markedly shifted to downfield (larger d; deshielding effect), simi-
larly to our previous results [6,7]. On the contrary the CH3 protons
on phenol ring were shifted to upfield (smaller d; the shielding
effect). The experimental and the calculated data are in good agree-
ment (Tables S1 and S2). ACD/Labs NMR predictors can be trained
with experimental data to improve NMR prediction accuracy of
compounds which were not described in publications or DB.

X-ray and DFT studies

Compounds 2a and 2b belong to the orthorhombic Pnma or
P212121 space groups while compound 3a crystallized as hydrate
in the monoclinic P21/n space group. The asymmetric unit of 3a
is composed from two independent molecules. The crystal struc-
tures of the compounds are shown, as ORTEP representation, in
Fig. 1. Selected bond lengths and angles are collected in Table 2.

The quinoline rings are planar within experimental error and
the C(1)-N(1) distances, similar in the compounds, in the range
from 1.318(4) Å to 1.322(3) Å, which clearly indicate they are dou-
ble bonds. The C(8)-O(1) distance in the 3a is shorten by about 0.03
Å than in 2b which is connected with electron withdrawing effect
exerted by chloride in position 5 in the quinoline ring. In the case
of 2a the distance is slightly longer than in 2b due to the effect of
electron releasing tert-butyl group. The angles in the quinoline
rings do not show any particular deviations from the value of
120�. In these molecules, the observed intra- and intermolecular
short contact (Table 2) according to Desiraju and Steiner, can be
classified as weak hydrogen bond [28]. Moreover in the structure
of 2b the hydrogen bonds form infinite intermolecular chain of
C1

1ð5Þa type. In the structure of 3a, intra- and intermolecular motifs
are observed, which belong to discrete chains with degrees from 2
to 8 (D1

1ð2Þ; D2
2ð4Þ; D2

2ð5Þ; D2
2ð6Þ; D2

2ð8Þ) and self-rings created by
interaction between carboxyl groups, water molecules and hydro-
xyl group (S1

1ð6Þ). Moreover, the structure of 3a is stabilized by
dx.doi.org/10.1016/j.molstruc.2014.04.052
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Fig. 2. 2D fingerprint plots with Hirshfeld surfaces and packing of molecules in the crystal lattices of 2a, 2b and 3a compounds.

Fig. 3. Percentage contributions to the Hirshfeld surface area for the various close
intermolecular contacts for the 2a, 2b and 3a molecules.
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some electronic interactions detailed in Table 2. The molecular
arrangements in 2a, 2b and 3a were analyzed by means of the
Hirshfeld surfaces and of the corresponding 2D-fingerprint-plots
generated by CrystalExplorer program [29–31]. The 2D-fingerprint
plots are presented in Fig. 2 and the percentage contributions to
the Hirshfeld surface area for the various close intermolecular
contacts for the molecules given on the histogram for the major
atom-type/atom-type contacts are presented in Fig. 3.

The fingerprint plots show that the compounds share some
similar structural features as the hydrogen bonds O� � �H and
H� � �H contacts in the limit of the van der Waals radii. The hydrogen
bond dominates the shape of all plots, appearing as a pair of sharp
spikes at the bottom left of the plot (the upper one associated with
the donor atom and the lower one with the acceptor). A difference
between the molecular interactions in 2a, 2b and 3a in terms of
N���H/O���H interactions is reflected in the length of spikes. The
trace in the fingerprint of 2a reflects the longer bond than in the
2b. Similarly the lengths of the spikes in the fingerprint of 2b mol-
ecule correlate with the intermolecular chain formed by hydrogen
bonds. The wings on the plot of 3a demonstrate the diversity of the
hydrogen bonds, such as O–H� � �O and CH� � �Cl (see Table 2).
Another type of C–H���p interaction in 3a also contributes to the
wings in the plots of the molecule. Moreover in the 2D plot, the
red region in distance about 3.6 Å indicates the existence of
p-stacking interaction between phenyl rings in the structure of
3a. The interaction of C–H� � �p and p� � �p stacking are collected in
Table 3. The intermolecular H���H contacts in the range of the van
Please cite this article in press as: M. Szala et al., J. Mol. Struct. (2014), http://
der Waals radii show up as a characteristic hump in the central
region of the plots, and in compound 2a (Fig. 2) the contact also
plays a significant role. The predominant role of these interactions
is clearly visible from the histogram presented in Fig. 3. Whereas
the O���H and N���H contacts contributed in the structure of 2b
and 3a showed much less impact in 2a.

The geometry of 2a, 2b and 3a (without the solvent molecule)
were optimized in singlet states using the DFT method with the
B3LYP functional. In general, the predicted bond lengths and angles
are over-estimated by about 0.1 Å and 5� respectively (see Table S3
in supplementary materials). In addition, the calculated and exper-
imental IR spectra show rather good compatibility as one can see
from the data collected in Supplementary materials Table S4. The
dx.doi.org/10.1016/j.molstruc.2014.04.052
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Table 3
Electronic stacking interactions in molecular structure of 3a.

Angle (�) Distance (Å) Shift distance (Å)

Centroids: #Cg1: (C4–C9) ; #Cg2: (C15–C20); #Cg3: (N1, C1–C9); #Cg4:
(N2 ,C12–C20)

#Cg1 :#Cg2 (�1/2 + x, 1/2 � y,
�1/2 + z)

3.347 3.734 1.687

#Cg1 :#Cg4 (�1/2 + x, 1/2 � y,
�1/2 + z)

4.771 3.673 1.376

#Cg3 :#Cg4 (�1/2 + x,1/2 � y,
�1/2 + z)

5.152 3.825 1.758

#Cg2 :#Cg2 (2 � x, �y, 2 � z) 0.000 3.629 1.186

6 M. Szala et al. / Journal of Molecular Structure xxx (2014) xxx–xxx
frontier orbitals are of extreme importance for the evaluation of
molecular reactivity. As much is negative the energy of the Highest
Occupied Molecular Orbital (HOMO), more susceptible is the mol-
ecule to donate electrons and, consequently, higher is the tendency
to be oxidized. The similar principle can be used to interpret the
tendency of a given molecule undergoing reduction, based on the
energy of the Lowest Unoccupied Molecular Orbital (LUMO). The
Fig. 4. Contours of HOMO, LUMO o

Please cite this article in press as: M. Szala et al., J. Mol. Struct. (2014), http://
contours of HOMOs and LUMOs are presented in Fig. 4. In general,
for all these molecules, the HOMO orbitals are mainly concentrated
in the phenyl ring, hydroxyl and chlorine.

The atomic charge calculations for 3a show that chlorine sub-
stituents have charges close to zero (�0.044) similarly to our pre-
vious results [6,7,14,33]. The HOMOs energies decrease in the
order of 2a > 2b > 3a, and this can be explained by the fact that a
tert-butyl substituent in position 5 in quinoline ring exerts activat-
ing (electron donating group) effect which leads to a rise in HOMO
energy (Fig. 4). On the other hand, chlorine in compound 3a as an
electron withdrawing group disturbs charge density and lowers
the energy of HOMO.
Conclusions

The presented research has been focused on better understand-
ing Skraup synthesis of hydroxyquinolines. Interestingly, we
noticed that bulky substituents such as tert-butyl decreased the
reaction productivity comparing with smaller group, such as
f the molecules 2a, 2b and 3a.

dx.doi.org/10.1016/j.molstruc.2014.04.052
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methyl. A plausible explanation for the observed phenomenon
might be due to the ring closure reaction to create pyridine ring
in quinoline constitution, followed by oxidation to the final
compound.
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Appendix A. Supplementary material

CCDC 963546 for 2a, CCDC 973848 for 2b and CCDC 969571 for
3a contains the supplementary crystallographic data for the com-
pound. These data can be obtained free of charge from http://
www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: +44 1223 336 033; or e-mail: deposit@ccdc.cam.ac.uk.
Calculations have been carried out in Wroclaw Centre for Network-
ing and Supercomputing (http://www.wcss.wroc.pl). Supplemen-
tary data associated with this article can be found, in the online
version, at http://dx.doi.org/10.1016/j.molstruc.2014.04.052.
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