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Supramolecular architectures in o-carboranyl alcohols bearing /N-aromatic
rings: syntheses, crystal structures and melting points correlationt
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The syntheses of new o-carboranyl alcohols bearing N-aromatic rings, 1-[R (hydroxy)methyl]-2-methyl-
1,2-dicarba-closo-dodecaborane (R = 6-methyl-2-pyridyl 1b, 3-pyridyl 1¢, 2-quinolyl 1e, 4-quinolyl 1f),
1-[R (hydroxy)methyl]-1,2-dicarba-closo-dodecaborane (R = 2-pyridyl 2a, 6-methyl-2-pyridyl 2b,
3-pyridyl 2¢, 4-pyridyl 2d, 2-quinolyl 2e, 4-quinolyl 2f)), are reported. The crystal structures of all
compounds, except that for 1b, are reported and compared with those related compounds previously
synthesized by us (1-[R(hydroxy)methyl]-2-methyl-1,2-dicarba-closo-dodecaborane (R = 2-pyridyl 1a,
4-pyridyl 1d)). We provide an analysis of these compounds by means of X-ray crystallography, NMR/
IR spectroscopies, thermal analyses and gas phase calculations in the context of crystal engineering.
The results show that the crystal packings of these alcohols are dominated by the supramolecular
O-H---N heterosynthon, but also include other weaker interactions such as C-H---O hydrogen bonds,
H:---H contacts and some degree of (C/B)-H---m interactions. There are four types of O-H---N
hydrogen bonded chains, two giving rise to high melting point compounds (1¢, 1d, 1f, 2¢, 2d, and 2f)
and two affording lower melting point compounds (1a, 2a and 2b). The lowest melting compounds (1e
and 2e) show no such infinite O—H---N hydrogen bonding networks and only intramolecular O-H---N
hydrogen bonds. We correlate the presence of the infinite O-H---N hydrogen bonding network in the
crystal structure for the pyridine derivatives with their melting points. Gas phase calculations show that
the energy for the O-H---N interactions in hydrogen bonded dimers is in the range 4-8 kcal mol~".

Introduction Our interest in these boron based molecular materials is triggered
by their properties, such as high thermal and chemical stability,
hydrophobicity, their acceptor character and the possibility to
introduce transition metals in the clusters to form metal-
lacarboranes.® The three-dimensional nature of the icosahedral
heteroborane clusters makes these molecules valuable building
blocks in supramolecular systems.® Carborane supramolecular

Non-bonding intra- and intermolecular interactions are of
fundamental importance for understanding molecular recogni-
tion phenomena, biological processes as well as physical and
chemical properties of new materials.! The study of compounds
containing boron continues to have an important impact on

.\llrtua.lly every area of chemistry.2 However, one o.f the few areas chemistry is mainly directed by their acidic Ce-H (Ce = cage
in w}nch boron compounds have been neglected is crystal engi- carbon) vertices as proton donors of type Ce—H-+-X with clas-
neering.>* We have recently related the field of molecular crystal sical (X = O, N, S, F, Cl, Br, )>” and weak non-classical (X —
engineering with that of icosahedral heteroborane clusters.* The
latter comprise carbon containing polyhedral boranes—carbor-
anes (Chart 1)—and their metal complexes—metallacarboranes.

alkynes, arenes)>® proton acceptors. Heteroborane clusters also
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form nonconventional hydrogen bonds such as dihydrogen
bonds, involving H centers as both the donor and acceptor of the
type D-H---H-B (D = C, O, N, S).#*°

We have previously synthesized a series of o-carboranyl alco-
hols (Scheme 1) and determined their crystal structures. We
found that O-H---O homosynthons are formed in the less bulkier
alcohols having C,0-aromatic rings (bottom of Scheme 1), all of
them forming hydrogen bonded tetramers. The latter are avoided
as the carboranyl alcohols become bulkier (steric control) and give
rise to weaker intermolecular O-H-- -7 hydrogen bonds and/or t—
T interactions. We anticipated that in those alcohols having an
additional hydrogen bond acceptor such as a nitrogen atom (la
and 1d, Scheme 1), the interplay of competing hydrogen bond
interactions (O—H---O versus O—H---N) will control the molecular
organization in the crystal lattice to yield various supramolecular
architectures. In fact, the inclusion of an aromatic nitrogen in
these molecules shifted the supramolecular situation to the more
stable O-H:--N heterosynthon giving centrosymmetric dimers for
1a through bifurcated O-H---(N), hydrogen bonds, one intra-
and one intermolecular but an infinite O-H---N hydrogen
bonding network in the crystal structure for compound 1d.

In our earlier work, we posed the question of whether this
supramolecular heterosynthon would be robust enough and
reproducible in order to create new solid state structures.* In the
present paper, we describe the synthesis and characterization of
ten new nitrogenated aromatic Nar carboranyl alcohols (Scheme
2) and supramolecular characterization of nine of them, as a part
of our interest in molecular crystal engineering of icosahedral
heteroborane clusters and of our wider strategy aimed at
providing new organic-inorganic hybrid functional molecular
materials.’® An investigation of close intermolecular contacts of
the new molecules and those for previously reported 1a and 1d
via Hirshfeld surface analysis is also presented in order to reveal
the subtle differences and similarities of the Nar carboranyl
alcohols in the eleven crystal structures. We attempt to find the
correspondence between molecular structure and crystal struc-
ture and the relation between the supramolecular structures and
melting points/thermal behaviour of these compounds.

Results and discussion

The new alcohols derived from the methyl-o-carborane (1b,c and
e,f) have been prepared as previously described*'! by the reac-
tion of lithiated methyl-o-carborane clusters with different
aromatic aldehydes at low temperature and isolated in good
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Ar = phenyl, furanyl, styryl
R =Me, Ph

Scheme 1 Previously characterised carboranyl alcohols.
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Scheme 2 New compounds.

yields (45-78%). However, the preparation of the related o-car-
borane derivatives is not trivial because the monolithiation of the
o-carborane moiety is complicated by the tendency of the mono-
lithio o-carborane to disproportionate to o-carborane and its
dianion.'? Several strategies have been followed to overcome this
problem, such as for example by using protecting/deprotecting
methodologies, using dimethoxyethane as the solvent or by
doing the reaction at high dilution.® We have recently gained
experience in our group on such a monolithiation and the further
reaction with various electrophiles and found that it can be easily
done in ethereal solvents at very low temperature (<—70 °C)."*
Following this strategy, we have been able to prepare exclusively
the monosubstituted alcohols derived from the o-carborane (2a—
f) in good to excellent yields (62-88%), by carrying out the
reaction in diethyl ether instead of THF and keeping the
temperature low in all steps of the reaction (Scheme 3 and
Experimental section). All new compounds have been fully
characterized by 'H, '"H{"'B}, "B, "B{'H} and *C{'H} NMR
spectroscopy and the data correlated well with those of related
alcohols.#'V Table 1 summarizes selected spectroscopic data for
the present and previously synthesized alcohols. ""B{'"H} NMR
spectra for all compounds are consistent with a closo-icosahedral
geometry for the boron cage.’ “C{'H} NMR spectra also show
characteristic peaks for the two cage-carbon vertices, Nar rings
and benzyl CH carbons. Compounds 2a—f show a broad reso-
nance for the CcH (Cc = cage carbon) proton at ¢ 4.41-4.97, in
agreement with the monosubstitution of the cage. Proton reso-
nances for the OH and CHOH groups in the new compounds
appeared in the same range as that for the previously reported
alcohols 1a and 1d and have now been unambiguously confirmed
for 2a by '"H-C{'H} heterocosy.'** Signals for the OH and
CHOH groups in these compounds appear as two doublets of ca.
5-7 Hz in most cases. The high chemical shift for the OH signal in
all alcohols and concentration independence in alcohols 1a and
1d'“ are explained by a solution persistent intra- and/or inter-
molecular O-H:--N hydrogen bond.

OH
%A\ H 1) nBuLi, Ether, -84°C
) H M VAV
@ 2 NagCHO, 84C, 1 INAH 0
3)H*, H0 N
2a-f
Scheme 3
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Table 1 Chemical structures, selected spectroscopic data, infrared O—H stretching bands (vop;)® and melting points (mp)” for the compounds studied

Compound number Chemical structure 6 OH 6 CHOH vou/cm™! 3394 yop/ecm ™! Mp/°C

1a“ 5.86 5.35 3356 s, vbr 38 137
1b 5.78 5.29 3141 s, vbr 253 107
1c 6.02 5.49 3080 s, vbr 314 220
1d“ 6.05 5.43 3089 s, vbr 305 256
le 6.17 5.55 3394, br 0 130
1f 6.30 6.17 3043 s, vbr 351 —
2a 5.96 5.36 3074% s, vbr 320 154
2b 5.90 5.30 3037 s, vbr 357 154
2c 6.29 5.51 3050% s, vbr 344 211
2d 6.37 5.45 3062¢ s, br 332 248
2e 6.25 5.55 3337 s, br 57 121
2f 6.53 6.32 3031¢ s, vbr 363 —ch

¢ In KBr. Nomenclature: s (strong), br (broad), sh (sharp), v (very). b Melting points measured by DSC or DTA unless noticed. Compounds 1a and 1b
melt but all others melt with decomposition. ¢ Frequency for the highest O-H stretching band found in this table (compound 1e). ¢ ref. 4f. ¢ Thermal
behaviour examined by hot-stage microscopy (HSM)./ Sublime without melting. ¢ Estimated value due to overlapped bands. ” Decomposed without
melting.

Solid state IR spectra for all compounds show diagnostic the OH bands (Table 1) are very informative on the presence and
signals for the OH and BH stretching frequencies in the ranges strength of hydrogen bonding structures. Analysis of the OH
3394-3031 and 2630-2561 cm™!, respectively. IR frequencies for bands for our compounds clearly shows two distinct and clear
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Fig. 1 Molecular structure of 1c¢; thermal ellipsoids set at 35% proba-
bility (B—H, pyridine and methyl hydrogen atoms are omitted for clarity).
Selected interatomic distances (/D\) and angles (°): C1-C2 1.680(3), C1-C4
1.564(3), C4-C5 1.518(3), C4-O1 1.401(2), C1C401 111.23(15), C1C4C5
111.06(15).

situations: whereas compounds la, le and 2e show sharp or
broad bands at high stretching frequencies (3394-3337 cm™"), the
rest of the compounds in Table 1 show red shifted
(3141-3031 cm™') and very broad bands which is a clear indi-
cation of hydrogen bonding.! The latter can be clearly seen when
subtracting the stretching frequencies of the alcohols from the
one with the highest frequency OH sharp resonance (le, fifth
column in Table 1) that we take as the reference.

Melting points for our compounds were measured by Differ-
ential Scanning Calorimetry (DSC) or Differential Thermal
Analysis (DTA) and showed that whereas compounds 1a and 1b
clearly melted at 137 and 107 °C, respectively, all other
compounds melt with decomposition in the range 121-256 °C
(Table 1).

Molecular structures

The molecular structures for compounds 1c, 1e,f and 2a—f have
been unequivocally established by X-ray crystallography (Fig. 1—-
9) and are in agreement with the NMR data. Crystal and data
collection details can be found in Table 2 and Experimental
section. Whereas racemic lc, le,f, 2a—d and 2f crystallize in

Fig. 2 Molecular structure of le; thermal ellipsoids set at 35% proba-
bility (All hydrogen atoms, except that for the OH, are omitted for
clarity). Selected interatomic distances (A) and angles (°): C1-C2 1.684
(5), C1-C4 1.553(5), C4-C5 1.517(5), C4-0O1 1.400(4), C1C401 110.8(3),
C1C4C5 110.8(3).

Fig. 3 Molecular structure of 1f; thermal ellipsoids set at 35% proba-
bility (B-H, quinolyl and methyl hydrogen atoms are omitted for clarity).
Selected interatomic distances (/D\) and angles (°): C1-C2 1.681(3), C1-C4
1.552(3), C4-C5 1.529(3), C4-0O1 1.404(3), C1C401 107.48(17), C1C4CS
112.55(17).

Fig. 4 Molecular structure of 2a; thermal ellipsoids set at 35% proba-
bility (disorder and B-H hydrogen atoms are omitted for clarity).
Selected interatomic distances (A) and angles (°): C1-C2 1.660(2), C1-
C3A 1.551(2), C3A-C4 1.513(3), C3A-0O1 1.423(2), CIC3AO01 109.75
(15), CIC3AC4 111.61(15).

centrosymmetric space groups (Table 2), compound 2e crystal-
lizes in the noncentrosymmetric space group P2;. The molecular
structures of all these alcohols show typical icosahedrons with
very similar bond distances and angles, and also similar to those
in other o-carboranyl alcohols.**'! Carbon—oxygen bond lengths
(Fig. 1-9) are consistent with a single C-O bond. The pivotal role
hydrogen bonding plays in the supramolecular architecture
makes the accurate location of the OH hydrogen position crit-
ical. In all cases the position of the hydrogen atom was clear from
examination of the difference map. In 1c, 1e, 1f, 2b it was possible
to refine the hydrogen freely without any geometrical or thermal
parameter restraints, for 2¢, 2d, 2e and 2f it was necessary to
apply O-H distance restraints (0.84 A) and thermal parameter
restraints (1.5 that of the parent oxygen), however the final
position of the hydrogen always matched very closely the loca-
tion of the initial peak observed in the difference map. The
situation for 2a is complicated by a disorder involving the loca-
tion of the OH group. In the major component (ca. 86%) the OH
hydrogen is hydrogen bonded to a nitrogen atom of a contiguous

This journal is © The Royal Society of Chemistry 2011
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Fig. 5 Molecular structure of 2b; thermal ellipsoids set at 35% proba-
bility (B-H and pyridine hydrogen atoms are omitted for clarity).
Selected interatomic distances (A) and angles (°): C1-C2 1.640(2), C1-C3
1.556(2), C3-C4 1.520(2), C3-0O1 1.3990(19), C1C301 107.46(13),
CI1C3C4 110.66(12).

B12

Fig. 6 Molecular structure of 2¢; thermal ellipsoids set at 35% proba-
bility. Selected interatomic distances (A) and angles (°): C1-C2 1.635(2),
C1-C3 1.560(2), C3-C4 1.511(2), C3-0O1 1.403(2), C1C301 110.61(13),
C1C3C4 110.54(13).

N1 .

Fig. 7 Molecular structure of 2d; thermal ellipsoids set at 35% proba-
bility. Selected interatomic distances (A) and angles (°): C1-C2 1.642(5),
CI1-C3 1.557(5), C3-C4 1.518(4), C3-0O1 1.394(4), C1C301 111.1(3),
C1C3C4 113.6(3).

molecule whilst in the minor component no hydrogen bond is
formed. In this case no suitable peaks were observed in the
difference map and the hydrogen atoms were located in an

Fig. 8 Molecular structure of 2e; thermal ellipsoids set at 35% proba-
bility, the first of 2 independent molecules in the asymmetric unit shown.
Selected interatomic distances (A) and angles (°): C101-C102 1.647(5),
C101-C103 1.548(5), C103-C104 1.532(5), C103-O101 1.405(5),
C101C1030101 110.1(3), C101C103C104 111.5(3).

idealised position with the torsion angle refined against the
highest residual density. The comparison of the supramolecular
structures with all other molecules in this work and, more
importantly, the IR stretching band for the OH in compound 2a
(Table 1) are clear indications that the position of the OH
hydrogen in this compound is that where it is hydrogen bonded.

Supramolecular structures

For convenience, we have normalised all crystal structures in the
present study to the neutron distances.! This has little effect on
strong or moderate hydrogen bonds but it is relevant when
looking at very weak hydrogen or dihydrogen bonds.™* For this
reason, we will describe in detail the supramolecular structures of
1a and 1d again¥ and compare them with all new compounds in
this report. Crystal structures of all alcohols in this study are
based on hydrogen bonds involving the OH groups and the
nitrogen of the aromatic rings exclusively (Fig. 10-12 and Table
3). The distances of all of the observed intra- and/or intermo-
lecular O-H---N hydrogen bonds are substantially shorter than
the 2.75 A distance that corresponds to the sum of the van der
Waals radii (3 vdW) of hydrogen and nitrogen atoms (Table 3)
and those intermolecular ones are near-linear. Thus, they qualify
as moderate hydrogen bonds.! Even though the packing is
essentially governed by strong O—-H---N hydrogen bonds in most
cases, the structures also show a high number of other short
contacts as listed in Table 4. In order to better understand the
supramolecular structures of these molecules, we will divide the
compounds into two groups; Group A: those whose N atom of
the aromatic ring is close to the OH group (2-pyridyl, 6-Me-
2-pyridyl and 2-quinolyl; see Scheme 2 and Fig. 10 and 11) and
Group B: those having the N atom farther away from the OH
groups (3- and 4-derivatives of pyridyl and quinolyl; see Scheme
2 and Fig. 12). In addition, we will compare those pairs of related
Me-o-carboranyl and o-carboranyl structures whenever available
in order to investigate the effect of Cc-substitution of the
carborane cage.
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Fig. 9 Molecular structure of 2f; thermal ellipsoids set at 35% proba-
bility. Selected interatomic distances (A) and angles (°): C1-C2 1.658(3),
C1-C3 1.559(3), C3-C4 1.529(3), C3-0O1 1.392(2), C1C301 106.00(15),
CIC3C4 110.61(15).

Group A: 2-substituted N-aromatic rings. As previously
described,* alcohol 1a (having the o-carboranyl and 2-pyridyl
fragments) forms centrosymmetric dimers through bifurcated O—
H---(N), hydrogen bonds, one intra- and one intermolecular
along a similar direction to that of the b axis (Fig. 10, top, and
Table 3). In addition, the dimers are closely packed by inter-
molecular (C-H),---O interactions and C-H---H-B contacts
giving the polymeric network shown in Fig. 10 (upper pictures)
and Table 4. On the other hand, alcohol 2a (having the Me-o-
carboranyl and 2-pyridyl fragments) forms chains in the solid
state in which the molecules are linked exclusively by inter-
molecular O-H---N and C-H:--O interactions parallel to the
b axis (Fig. 10, middle). The crystal structure of 2b, where the
bulkiness around the N atoms is significantly increased due to
the presence of a methyl group in position 6 of the pyridine, also
features a similar supramolecular situation to that observed in
the case of alcohol 2a. As shown in Fig. 10 (bottom), alcohol 2b
forms hydrogen bonded chains based on intermolecular O-H---
N interactions and C-H---H-B contacts (Tables 3 and 4).

The solid structures of 1a, 2a and 2b consist of three-dimen-
sional (3D) structures built by self-assembly of the polymeric
hydrogen bonded networks shown in Fig. 10, which are domi-
nated by weak dihydrogen and/or hydrophobic interactions.

Crystal structures of the 2-quinolyl derivatives 1e and 2e show
a different supramolecular situation to that of the related
2-pyridyl derivatives since only intramolecular O-H---N
hydrogen bonds are found in both cases (Fig. 11). In addition,
a variety of weak intermolecular interactions (C-H---O, C-H:--1
and C-H---H-B) are found for this compound as summarized in
Table 4.

Group B: 3 and 4-substituted N-aromatic rings. For geometric
reasons, the formation of intramolecular O-H---N hydrogen
bonds is not possible in those alcohols containing 3- and 4-pyr-
idyl or 4-quinolyl fragments (1 and 2¢, 2d and 2f; Scheme 2 and

Fig. 12). Therefore, crystal structures of the Me-o-carboranyl
based alcohols 1c, 1d, 1f and their related o-carboranyl alcohols
2¢, 2d and 2f show all supramolecular 1D chains sustained on
intermolecular O-H---N hydrogen bonds (Fig. 12 and Scheme
4). Table 3 lists the salient intermolecular distances and angles.
The angles « between the oxygen atoms of three consecutive
molecules have been used as descriptors for this type of supra-
molecular chain arrangements.'® The latter values represent the
chain folding that can be visualized in Fig. 12. Interestingly,
whereas in both 3-pyridyl derivatives (1c and 2c¢), the carboranyl
cages of the hydrogen bonded molecules in the chain are all in the
same side with respect to the hydrogen bonding network, in those
for the 4-substituted-N-aromatic derivatives (1d, 2d, 1f and 2f)
the carboranyl cages alternate over and below the network as
shown in Fig. 12. Another interesting feature is that all O-H---N
chains, except those for 1d and 1f, are formed by alternating R
and S enantiomers. Thus, each supramolecular chain in the solid
structures for 1d and 1f is formed by only one of the two possible
enantiomers.

The crystal structures in compounds 1¢ and 2¢ reveal a very
similar packing of molecules and can thus be regarded as
isomorphous. The packings of these two compounds consist of
two-dimensional (2D) structures where the hydrogen bonded 1D
chains associate by weak C-H---O hydrogen bonds giving the
wave-like layered structure shown in Fig. 13. The 3D structures
for these compounds are then formed by association of the wave-
like 2D structures through short B-H---7 contacts as shown in
Fig. 13.7

On the other hand, although the O-H---N hydrogen bonded
1D chains in 1d and 2d are very similar, their packings show some
differences. Fig. 14 shows a comparison of the assembly of 1D
chains in both compounds. At first look, both 2D structures
resemble each other. However there are significant differences.
As already mentioned above, while the supramolecular chains in
1d are formed by only one of the two possible enantiomers, those
of the related compound 2d are composed of both alternating
enantiomers. Thus, the normal-coloured chain for 1d in Fig. 14 is
composed of R isomers whereas the yellow one is made of S
enantiomers exclusively. In the case of 2d all chains are made of
RSRS... enantiomers. Another important difference between the
solid structures of these compounds is that in compound 1d, the
enantiomerically pure 1D chains are interacting by very weak C—
H---H-B contacts (Fig. 14 and Table 4) but the racemic 1D
chains in 2d interact through stronger bifurcated C-H---O
hydrogen bonds. The 3D structure in both 1d and 2d is then
formed by the assembly of OHN hydrogen bonding chains.

Interestingly, compound 1f forms enantiopure O-H---N
hydrogen bonded 1D chains as already observed for its pyridyl
analogue 1d. On the other hand, 2f forms racemic 1D chains as
shown in Fig. 12. A first look to Fig. 12 and the « values (Table 1)
shows a clear contraction of the OHN chains in the case of
4-quinolyl derivatives, 1f (« = 85°) and 2f (« = 121°). The
contraction of the supramolecular OHN chains in these two
compounds can be explained by the existence of intermolecular
T interactions between the quinolyl rings of chains in both
cases (interplanar and centroid—centroid distances in A): 3.279
and 3.740 (1f), 3.386 and 4.237 (2f), respectively. A comparison
of the supramolecular structures shown in Fig. 15 evidences that
in compound 1f -7 stacking occurs between alternate quinolyl

This journal is © The Royal Society of Chemistry 2011

CrystEngComm, 2011, 13, 5788-5806 | 5793


http://dx.doi.org/10.1039/c1ce05449j

View Online

"(J7) €5L918 “(3T) TSLITS “(PT) 0SL9TS “(97) TSLITS (A7) LSLITS “(BT) 6¥L9T8 “(FI) 9SL918 “(3T) $SL9T8 ‘T ¥SL918 DADD »

9IST0=C¥M 1€C1°0 =TYM Y610 = UM 9LPI'0=TYM SILI'0=TY¥M TI81°0=TyM €181°0 = TyM TSLTO =TUMm 6CL1°0 = TdM (erep [re)

‘69900 =1 ‘61900 = 1¥ ‘CTIT0 = 1y QILOO=T1Y ‘PLLOO=T¥ ‘€L80°0=1¥ TIIT0= 1 ‘€810 = 1Y ‘08800 = 1 sooIpul ¥

90PI'0 =TYM TLIT'0=TYM 9LLT0 = TYM 86E1°0 =CTYM +8ST'0=TCTd¥M [ILI'0=TYM S8S1°0 = TyM 8THT'0 = TIM IPS1°0 = TyMm (@27 < 2]

‘€SSO0 =T  ‘O¥S0'0 =1¥ ‘€980°0 = 1¥ ‘9650°0 = T ‘€8S0°0 =14  ‘S¥90°0 = ¥ 0990°0 = 1¥ ‘68600 = 1¥ 0790°0 = 1¥ SOoIpUI Y [BUL]

o uo

8660 LST'T 660'T €90°1 7901 7901 8701 €90°1 LSO'T 1Yj-JO-SSOUPOOL)

s1ojowrered

81C/0/878T 9EP/T/E6LE T81/0/77rT T81/0/181€ S61/0/7THe 881/0/L81¢€ 0£T/0/7E8E 1€2/0/796C S61/0/10€€ [syurensaijereq

Vo

LTE0— 0€T°0— €€T0— 18T°0— 00t'0— 18€°0— 10— 9%L'0— SYT0— /o10y pue yead

PUE €740 PUE €70 PUE £99°0 PUE 61€°0 PUE 85°0 PUB £L£9°0 PUB 9/£°0 PUe 820 pue g1¢°0 OOUDIQJIP 18081 ]

§586°0 6986°0 €766°0 7L86°0 ¥8L6°0 T186°0 88L6°0 2086°0 7L86°0 UoISSIusuLI)

PUE 78860 PUE $666'0 PUE /8660 PUE 95660 PUE 8€66°0 PUE 50660 PUE €566'0 PUE $€66°0 PUE [966°0 ‘Ut pue Xejp

o87'LT =00

%L 66 %E 66 %666 %S 66 %866 %L 66 %666 %L 66 %t 66 ssouojeidwo)

[eov0'0 =""y] [8¥s0'0 =*"¥] [Ls11°0 =""y] [P1v0°0 =11 [6£90°0 ="¥] [9.500 = *"¥] l6L11°0 =""y] [0000°0 = *"¥] [¥1500 = "] SUOTIAJOI

88T €6LE P 181€ yTve L8I1€ PE8e 96T 10€€ juopuadopuy

Pa193[[0d

9PE ST L6S ST L99 0¢ 89L ST 0CI €T 690 81 190 0¢€ 96T 6P ST SuOnooPY

o/UOND[[0D)

€0°5T91°¢ 87°LT00°¢ €0°STT6'C 8¥°LTT6'C 8¥°LT-10°€ 8Y°LT-1TE 87°LT90°¢ €0°5TCTE 8Y°LT0CTE vIep 10 OFUEL ¢

LOO 10 S1°0

8I'0XT0OXTT0 X T0X6C0 TO0XLO0X600 L00OXTIOXTO XE€O0XSEE0  XTOXE0 L00XTTOXTEO 0I'0X8['0X €0 900X €10 X T0 wwyazIs [eIsk1)
SS[INOJ0D SS[INOJ0D SS[INOJ0D SS[INOJ0D SS9INOJ0d SS[INOJ0D SS[INOJ0D SS[INOJ0D SS[INOJ0D

“uowiSer Sporg “Quowider] “QuowiSer Spoorg Sporg “uowiSer “QuowiSerg “uowdery [e1sk1n

Kiza! 79 0¢S 0TS Y011 0TS TIEl 959 Tss (000)1

Tga\gﬁo_oﬂmeoo

990°0 990°0 £90°0 ¥90°0 £€90°0 £90°0 L90°0 L90°0 #90°0 uondiosqy

6€T'1 8€T'1 Tl 10T°1 0811 00T’ Tl S7Z4 91T'1 ¢- o §yPored

8 (000w 7) ¢ 4 4 8 4 8 14 v z

(onzzieee  (LEF919 16 (9)e8'LLET (#)96'68€1  (91)1H986¢C Loy 16€1 (sT6E9PEE (#0891 9186711 AU

(01001496 (01)0¥0%"06 (01)0s9T'811 (010206401 (@621C6 @LyL €01 — (21)999°501 (@0r9°501 o/g

(Dgee87Tt (e)Love'11 (#)8LS9"€T (@voes11 Q)LysL 61 9)y18¥°0C (6)$L69°0¢€ (F1)8Tylel (e)Ls6ETT v/

(2)896L°6 (h)s9cL 61 (@L8¥L'8 (©)80z8°C1 (@9LeT'L (©620L9 (€)961%°01 Onscey 11 WSy el v/q

(#)z0s8'sT (@es1TL (©)1z60°€1 (@L6TL'6 (DLye171T (©orer ot (@zeor ot OD¥9€9 1T (2)8928'6 N

207D 'td u'ed u'ed 2/T0 ol'ed 244 uj'ed u'ed dnouig ooedg

OIUI[OOUOIA OIUI[OOUOIA OIUIOOUO A OIUIOOUOA OIUIOOUOA OIUI[OOUOIA JIqUIOYIoYIIO OIUI[OOUO A OIUIOOUOA wdIsAs [81sA1D)

8€°10€ 8€°10€ €616 €€°16T S€°69¢C €€°1ST I¥S1¢€ I¥S1¢€ §€°69z 1YSIoM B[NULIO ]

ONY'g®'H®'D  ON°'g*'H*'D ON*'g:"H®D ON’'g™H®D  ON'd®'H®D  ON'd‘'H®D ON°'g"eH* D ON°'g'tH*'D ON°'g*'H®D enuIoy [eotndurg
§14 T Pz R4 qaz eg J 2! B |

J—BZ pue ‘J1 91 91 spunodwods 10§ s1oewered omydeidoeiskiy g dqel

[617S030TO/6E0T 0T 10p | Bio-os1sgndy/:diy uo TTOZ AIne 92 Uo paus!iand

210z 1Udy 2T uo aubojod Jo Aisieaun Ag pspeojumoq

This journal is © The Royal Society of Chemistry 2011

5794 | CrysttngComm, 2011, 13, 5788-5806


http://dx.doi.org/10.1039/c1ce05449j

Downloaded by University of Cologne on 17 April 2012
Published on 26 July 2011 on http://pubs.rsc.org | doi:10.1039/C1CE05449J

View Online

Fig. 10 Supramolecular assemblies of 1a, 2a and 2b in the type I-II structures (Scheme 4). Left column: projections showing 4 molecules of each
compound forming hydrogen bonded layers. Right column: projections along the hydrogen bonded layers. See Tables 3 and 4 for metric parameters. All
hydrogen atoms, except those hydrogen bonded, are omitted for clarity. Color code: B pink; C grey; H white; O red; N blue.

rings of different 1D chains. Assembly of the “available” quinolyl
rings in Fig. 15 with another chain (not shown in the figure) by
T interactions gives rise to the 3D structure of 1f. In contrast,
the supramolecular structure 2f shows that all quinolyl rings of
different 1D chains interact by m—m stacking giving the 2D
structure shown in Fig. 15. The close packing of the 2D structure
forms the 3D one for these compounds.

Hirshfeld surface generation and fingerprint plot analysis

The Hirshfeld surface analysis is a valuable method for the
analysis of intermolecular contacts that offer a whole-of-the-
molecule approach.'® Thus, a Hirshfeld surface analysis has been
performed for all compounds in this study, producing a 2D-
fingerprint plot for each (Fig. 16). The fingerprint plots fully
agree with the supramolecular structures described above and
confirm that these compounds share some similar supramolec-
ular features: O-H:--N (labelled A) and C-H---O (labelled B)

hydrogen bonds, H---H contacts (C) and some degree of (C/B)—
H:--minteractions (D). The O-H:--N intermolecular interactions
appear as two distinct spikes (A) that are present in all
compounds except le and 2e (Fig. 16). This is consistent with the
OH stretching frequencies in their IR spectra (Table 1). The
C-H---O spikes (B) are only visible in compounds 1a, 2a and 2d.
The intermolecular H---H contacts in the limit of the van der
Waals radii appear as a characteristic hump (C) in the central
region of all compounds.

The relative contribution of different interactions to the
Hirshfeld surface was calculated. Decomposed fingerprint plots
are presented in the ESIT. This decomposition enables separation
of contributions from different interaction types, which
commonly overlap in the full fingerprint. It also facilitates rapid
comparison between related molecules in the same or different
crystals.'®>¢ As part of this decomposition analysis, the fraction
of the Hirshfeld surface representing a given interaction was
calculated (Fig. 17). From this simple analysis, it immediately
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Fig. 11 Supramolecular assemblies of 1e and 2e. Projection showing 2
molecules of the compounds, showing all intra- and intermolecular
contacts. See Tables 3 and 4 for metric parameters. Color code: B pink; C
grey; H white; O red; N blue.

emerges that H---H contacts comprise nearly 80% of the total
Hirshfeld surface area for these molecules. This is not surprising
taking into account the large ratio of external H to N, O or C
atoms in each molecule due to the carborane cages. C---H (i.e. C/
B-H---7) contacts contribute around 10% to the total Hirshfeld
surface area for 1a—d, 1f, 2a—d and 2f and 20% for 1e and 2e. The
contribution of H--N (i.e. O-H---N) and H---O (i.e. C-H:--O)
interactions varies from 2 to 9% and 2 to 6%, respectively.
Finally, a small percentage of C---C (i.e. 7t---7t) contacts are
found in compounds 1f and 2f.

Comparison of structures

It is instructive to compare the supramolecular structures of all
alcohols in order to understand the supramolecular conse-
quences of molecular changes. The packing arrangement of
molecules in a molecular crystal is governed by the interplay of
the tendency to close packing and the strength of the inter-
molecular interactions. As already described above, all new

Fig. 12 Supramolecular assemblies of 1¢,d, 1f, 2¢,d and 2f in the type
III-IV structures (Scheme 4). Left column: supramolecular assemblies
showing infinite hydrogen bonding networks. Right column: projections
along the hydrogen bonded networks. See Table 3 for metric parameters.
All BH hydrogen atoms are omitted for clarity. Color code: B pink; C
grey; H white; O red; N blue.

compounds show a large amount of interactions, such as e.g.,
O-H:---N, C-H---O, C/B-H:-- and H:--H contacts. It is known
that from those, the O-H---N are the strongest interactions and
they are considered to be moderate hydrogen bonds.! This is
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Table 3 Geometrical parameters of O-H---N contacts (A, °), involved in the supramolecular construction of 1,2

Compounds O-H---N¢ d(H---N) d(O---N) / (OHN) o
la (a) O(1)-H---N(1) 2.086 2.900(2) 138.9 —
(b) O(1)-H:--N(1) intramol. 2.455 2.825(3) 101.8
1c (c) O(1)-H---N(1) 1.761 2.739(2) 173.0 131
1d (d) O(1)-H:---N(1) 1.748 2.7104(19) 167.1 144
le (e) O(1)-H:---N(1) intramol. 1.991 2.629(4) 120.4 —
1f () O(1)-H---N(1) 1.763 2.740(2) 172.1 85
2a (g) O(1A)-H:---N(1) 1.780 2.743(2) 167.5 —
2b (h) O(1)-H---N(1) 1.775 2.713(2) 158.2 —
2c (1) O(1)-H---N(1) 1.736 2.710(2) 170.2 137
2d (G) O(1)-H---N(1) 1.692 2.674(4) 175.7 135
2e (k) O(101)-H---N(101) intramol. 2.068 2.600(4) 111.9 —
(I) O(201)-H---N(201) intramol. 2.046 2.611(5) 114.4
2f (m) O(1)-H---N(1) 1.775 2.689(2) 153.1 121

“ O-H bond lengths are normalised to neutron distances; See interactions (a) to (m) in Fig. 10-12. ® The angle between the oxygen atoms of three
consecutive molecules in the 1D chains (Fig. 12). Symmetry codes: (¢c) x + 1/2, —y + 172, z+ 1/2, (d) 1 — x, 0.5+ y, 0.5 —z, (f) x + 1/2, —y + 1/2,
2+ L, () —x, =12+ y, 12—z, () h —x, —12+y, % —z, () x— 172, =y + 112,z — 112, ) x — 1/2, =y + 3/2, z — 1/2, (m) x, —y, z — 1/2.

Table 4 Geometrical parameters of weak D-H---A (A = O, H) contacts (A,"), involved in the supramolecular construction in 1,2. For C/B-H---®
contacts, geometries are given with respect to the aromatic centroid M

Compound D-H---A¢ d(H---A) /(CHA) / (HHB)
la C4)-H---O(1)' 2.424 142.4 —
C(6)-H---O(1)' 2.682 117.6 —
C(3)-H(A)---H-B(5) 2.075 147.8 133.4
1c C(7)-H---O(1)' 2.644 144.0 —
B(11)-H:--M" 139.8 —
1d C(9)-H(C)---H-B(8)" 2.127 166.4 116.3
C(7)-H---H-B©Y)" 2.393 123.0 110.9
le O(1)-H---H-B(8)" 2.184 147.6 128.0
1f C(3)-H(3B)---H-B(12)" 2.137 165.7 114.7
C(3)-H(3A)---H-B(7)* 2.168 150.7 114.0
C(4)-H---H(3)-B(3)™ 2.333 159.4 162.2
2a C(3A)-H---O(1)* 2.274 144.0 —
C(2)-H---H-B(7)* 2.355 128.8 146.6
C(5)-H---H-B(9)*i 2.367 139.9 129.5
2b C(7)-H---H-B(12)*i 2.188 157.8 112.2
C(3)-H---H-B(4) 2.302 118.0 165.9
2¢ C(6)-H---O(1)¢ 2.577 134.6 —
B(10)-H:--M* 2.849 138.8 —
C(3)-H---H-B(®)*" 2.200 168.5 151.8
C(5)-H:--H-B(10)* 2.252 133.7 132.0
C(7)-H---H-B(12) 2.366 152.5 119.9
2d C(2)-H---O(1™ 2.269 168.1 —
C(8)-H---O(1 ) 2.440 166.3
C(3)-H---H-B(9)* 2.205 138.0
C(3)-H---H-B(12)t 2.388 127.9
2e C(106)-H---O(201)* 2.652 140.4 —
C(206)-H---O(101 )i 2.616 1454 —
C(103)-H:--M' 2.737 160.1 —
C(105)-H:-- M/ 2.652 139.0 —
C(203)-H:--M/"/xxi 2.820 157.3 —
C(205)-H---M/"""xi 2.663 141.2 —
O(101)-H:--H-B(105)*i 2.200 145.1 114.0
O(201)-H---H-B(205)*" 2.127 141.8 114.1
C(110)-H---H-B(208) 2.241 168.7 109.4
C(209)-H---H-B(212)* 2.390 148.9 106.5
2f C(6)-H---H-B(9)" 2.253 117.3 117.2
C(2)-H---H-B(12)*¥ 2.352 141.6 135.7

“ O-H bond lengths are not normalised to neutron distances. Symmetry codes (i) 0.5 — x, 0.5 — y, 1 — z; (ii) x, =1 + y, z; (iii)) —x, —y, —z; (iv) —=0.5 + x,
0.5=»,054+zv)0.5—x, -y, —0.5+z (vi)x, 0.5 -y, —=0.5+z; (vii)) 2 — x, | —y, —z; (vii}) 0.5+ x, y,0.5 — z; (ix) 0.5 — x, 0.5+ y, z; (x) 2 — x, —0.5 +
»,05—z(xi)2—x,—y, 1l —z;(xii)) 1 —x,—0.5+y,0.5 — z; (xiii)) —0.5 + x, —0.5 + y, z; (xiv) 0.5 — x, —0.5+ », 0.5 — z; (xvi) 2.5 — x, 0.5 + , 0.5 — z; (xvii)
2.5—-x,-0.5+y,0.5 —z; (xviii) x, y, | +z; (xix) —=x,2 —»,2 — z; (xx) 0.5 — x, =05+ p, .5 — z; (xxi) | — x,0.5+y, 1 — z; (xxii)) —x, —=0.5+ y, 1 — z;
(xxiil) =1 + x, y, z; (xxiv) 1 + x, p, z; (xxv) 1 + x, p, | + z.
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Scheme 4 Summary of molecular structures and corresponding OHN supramolecular heterosynthons.

clear when analysed the present supramolecular structures of all
Nar carboranyl alcohols and, together with our previous report,
confirms that the O-H---N hydrogen bonds constitute a robust
heterosynthon in these molecules. This is summarized in
Scheme 4.

Let us first consider the influence of the carboranyl fragments
for a given pyridine or quinoline structure (a, b, ¢, d and f in
Schemes 2 and 4) on the intermolecular O-H---N hydrogen
bonds. It can be seen that the O---N distances increase when
replacing the o-carboranyl by the methyl-o-carboranyl fragment,

or in other words, by replacing the H atom attached to one of the
cage carbons by a bulkier methyl group (Scheme 2). The increase
of the intermolecular O---N distances from o-carboranyl to
methyl-o-carboranyl fragment is more significant for the 2-pyr-
idyl (0.15 A from 2a to 1a) than for the 4-quinolyl (0.05 A from 2f
to 1f) or than that for the 3- and 4-pyridyl derivatives (0.03 and
0.04 A, from 2¢ to 1c and from 2d to 1d, respectively). The
proximity of the methyl group to the OH moiety imposes some
limit to the approximation of contiguous molecules and conse-
quently makes, to some extent, the formation of intermolecular
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Fig. 13 Projections along the hydrogen bonded networks (along
a perspective between b and ¢ axes) showing the packing of 1c and 2¢. See
text and Table 4 for metric parameters. The carborane cages are replaced
by a pink ball in the left diagrams for clarity. Color code: B pink; C grey;
H white; O red; N blue.

O-H---N hydrogen bonds difficult (steric control). The major
difference between the O---N distances in the 2-pyridyl deriva-
tives (0.15 A) can be explained by the bifurcated nature of the
interaction in the case of 1a, in contrast to the monofurcated
nature of that for 2a (Fig. 10). Let us now consider the influence
of the nature of the Nar ring on the O-H---N hydrogen bonds
for a given carboranyl fragment. There is a clear decrease of the
intermolecular O---N distances from the 2- to the 3- and to the 4-
pyridine derivatives, or in other words, the intermolecular O---N
distances become shorter as the N atom moves away from the
OH moiety in the pyridine series (Table 3). Thus, the inter-
molecular O---N distances become 0.03-0.04 A shorter every
time that the N atom of the pyridine ring moves one position
(from 2- to 3- and from 3- to 4-pyridyl). Again, the 2-pyridyl
derivative (1a) deviates from this trend due to the bifurcated
nature of the hydrogen bond. An interesting apparent deviation
to this trend is observed for the intermolecular O---N distance in
compound 2b. This compound can be regarded as the result of
substituting the H atom at position-6 of the 2-pyridyl ring in 2a
by a methyl group. The latter certainly increases the bulkiness
around the N atom in 2b and consequently it should affect the
formation of intermolecular O-H---N hydrogen bonds, in the
direction of increasing the O---N distance. However, the contrary
is observed and the intermolecular O---N distance for 2bis 0.04 A
shorter than that for 2a and of the same magnitude than that for
the 4-pyridine derivative 2¢ (Table 3). This deviation can be
explained by analysing the O-H---N hydrogen bond angles for
all pyridine derivatives. The 6-methyl-2-pyridyl derivative 2b

Fig. 14 A comparison of the supramolecular assemblies of 1d and 2d
showing the intermolecular interactions between O-H---N hydrogen
bonded 1D chains. Both structures contain very similar primary supra-
molecular synthons, namely hydrogen bonded tapes. In 1d these possess
screw symmetry along the axis of the tape, whilst in 2d they possess glide
symmetry. The figure shows how nearest neighbour tapes are arranged in
a similar fashion for both structures, however, the extended packing is
very different. In 1d the interlacing of the carborane cages from adjacent
tapes involves a 90° rotation producing a step like sequence, whilst in 2d
the interlacing is planar. See Table 4 for metric parameters. Color code: B
pink; C grey; H white; O red; N blue.

shows a less linear hydrogen bond (158°) than those for all other
pyridine derivatives (~170°). As for the 4-quinolyl compounds
(1f and 2f), they can be considered as the result of fusing a phenyl
ring to the 4-pyridyl compounds (1d and 2d, respectively;
Scheme 2). Intermolecular O---N distances in 1f and 2f are 0.02
and 0.03 A longer than their pyridine counterparts 1d and 2d,
respectively (Table 3). Analysis of the supramolecular structures
suggests that the longer O---N distances for the quinolyl
compounds could be due to the presence of 7w stacking

This journal is © The Royal Society of Chemistry 2011
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Fig. 15 Supramolecular assemblies of 1f and 2f. Representations of the
77 stacking of O-H---N hydrogen bonded networks. All hydrogen
atoms, except those for the OH, are omitted for clarity. See text for metric
parameters. Color code: B pink; C grey; H white; O red.

interactions rather than to steric effects. The latter clearly affects
the O-H---N hydrogen bond angles, so that the methyl-o-car-
boranyl derivative 1f shows a more linear O-H---N hydrogen
bond than for the o-carboranyl derivative 2f.

Vibrational spectroscopy can directly infer the hydrogen bond
nature of a given intermolecular interaction. This is done by
measuring the X-H stretching frequency vxy of the desired
compound, in the solid state and in an inert solvent. Ideally, vxy
of the undisturbed X-H group should be measured in a solvent as
apolar as possible. Unfortunately, all new compounds are
insoluble in halogenated solvents and only partially soluble in
acetone. Therefore, we have calculated the IR spectra for the
optimized structure by DFT (ESIf) of selected compounds
(2-pyridyl 1a, 2a; 4-pyridyl 1d, 2d and 2-quinolyl derivatives le,
2e). In agreement with the experimental results, the most intense
bands correspond to the OH and BH stretching frequencies,
which appear at 3681-3503 and 2592-2569 cm™!, respectively.
The gas phase calculated stretching frequencies for the OH in the
monomers are in the range for non-hydrogen bonded alcohols.
Interestingly, calculated IR spectra for dimers of some of the
compounds exhibiting intermolecular O-H---N hydrogen
bonding 1a, 2a, 1d and 2d show a clear red shift of the voy bands
of 66, 131, 400 and 540 cm ™', respectively. Overall, the computed
results are in fair agreement with the experimental values (ESIY)

and correlate fairly well with the intermolecular O---N distances.
Finally, gas phase calculations show that the energy for the
O-H---N interactions in hydrogen bonded dimers for the pyri-
dine derivatives is in the range 4-8 kcal mol ™', in good agreement
with this type of interactions.’

Correlation of melting points with hydrogen bonding networks

The current family of alcohols is chemically inert towards air or
water. Chemical and thermal stability are important require-
ments for practical applications. In general, the melting point of
a molecular crystal correlates with its lattice energy. However,
this generalization provides no indication of the main factors
controlling the melting process. At the melting point the solid
and liquid phases exist in equilibrium. Recent studies have shown
that it is a subtle and complex interplay of factors such as density,
packing features, entropy, molecular structure, and strength and
nature of the intermolecular interactions that will determine
whether a molecular crystal melts at a relatively low or high
temperature.'’® Experimental data show, however, that inter-
molecular hydrogen bonding increases the melting point. In fact,
intuition suggests that hydrogen bonded crystals should have
high melting points because the hydrogen bonds hold the mole-
cules together in the crystal.?*® As mentioned above, melting
points for all N-aromatic carboranyl alcohols in this work were
measured by thermal analysis (DTA or DSC and hot-stage
microscopy (HSM)) and showed to be in the range 121-256 °C
(Table 1 and ESIf). Fig. 18 shows a melting point scale with all
N-aromatic carboranyl alcohols and that of the related C-
aromatic carboranyl alcohols.*

At first glance, it is clear that the lowest melting point
compounds correspond to those carboranyl alcohols not having
N-aromatic rings. As previously reported,* the latter alcohols
form supramolecular tetramers sustained by intermolecular O—
H---O hydrogen bonds. The inclusion of an aromatic nitrogen in
these molecules shifts the supramolecular situation to the more
stable O—H---N heterosynthon with the consequent increase in
melting points. It is clear that intermolecular interactions in the
present group of molecules do appreciably affect their melting
points. It is interesting to note that the carboranyl alcohols
having the 2-substituted N-aromatic rings show considerably
lower melting points than the related 3- and 4-substituted
compounds. Such melting point differences have been found
among highly symmetrical and non-symmetrical isomers.*!
However, we cannot rule out that the melting point difference
between these compounds has its origin in the nature of their
O-H---N supramolecular networks. In fact, whereas all 2-pyri-
dine derivatives form type I or II supramolecular O-H---N
networks, the 3- and 4-pyridine derivatives form type III or IV
networks (Scheme 4 and Fig. 18). The low melting points
observed for compounds le and 2e can be explained by the
absence of intermolecular O-H---N hydrogen bonds.

As discussed above, the intermolecular O---N distances
become shorter as the N atom moves away from the OH moiety
in the pyridine series (Table 3). However, although compounds
having shorter O---N distances in the crystal show a clear
tendency to present higher melting points, these do not correlate
well with the O---N distances (R*> = 0.43, ESI}). This is not
unexpected since the strength of a given hydrogen bond has been
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Fig. 16 Comparison between 2D fingerprint plots for all compounds in this
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Fig. 17 Relative contributions of various intermolecular contacts to the
Hirshfeld surface area in all compounds in this study.

defined on the basis of interaction geometries in the crystal
structures, that is, not only short distances but also fairly linear
angles (180°)." A better correlation is observed for the OHN
angles versus melting points (R*> = 0.51, ESI¥), but this is still
unsatisfactory. Most gratifyingly, we have found a reasonably
good correlation between melting points of the pyridine deriva-
tives (1a, 1c,d, 2a—d) and the relative contribution of the H---N
intermolecular contacts to the Hirshfeld surfaces (Fig. 19). No
other mp correlation has been found with the relative contribu-
tion of all other intermolecular contacts present in these
molecules.

It has been found a strong correlation between the symmetry
of the molecular van der Waals (vdW) surface and the melting
points for molecular crystals of organic compounds that do not

¢

study. Nomenclature: A = H---N; B=H---O; C=H---H; D = H---C.!

have strong electrostatic and specific intermolecular interac-
tions.?? Indeed, these vdW surfaces are defined by the molecule
itself and therefore point to the close contact region around the
molecule, which is the influence range of the vdW forces (~r~¢,
where r is the intermolecular distance) on the bulk properties of
molecular crystals. Although the Hirshfeld surface defines
a volume around a molecule in a manner similar to a vdW
surface, it is completely different to the latter in the way that the
Hirshfeld surface is defined by the molecule and the proximity of
its nearest neighbours, and hence encodes information about
intermolecular interactions in the whole crystal.'® Consequently,
the relative contribution of different interactions to the Hirshfeld
surface encodes information on that particular interaction
through the crystal. This probably explains the much better
melting point correlation with the relative contribution of the
H---N (i.e. O-H---N) intermolecular contacts to the Hirshfeld
surfaces in our pyridine derivatives than specific single geometric
parameters. In fact, Hirshfeld surface analysis indicates that the
use of more symmetrical 4- and 3-pyridine or 4-quinolyl deri-
vatives increases the overall total contribution of H---N inter-
actions compared to the less symmetrical derivatives (2-pyridyl
or quinolyl), which will contribute to the higher melting point.

Conclusions

A series of novel methyl-o-carboranyl and o-carboranyl alcohols
bearing N-aromatic rings (pyridines and quinolines) have been
synthesized and their crystal structures have been determined and
compared with those related compounds previously synthesized
by us. The compounds have been analysed with respect to the
influence of the molecular structures on the crystal structure.
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Analysis of their supramolecular structures, both manually and
with the aid of Hirshfeld surface analysis and decomposed
fingerprint plots, shows that the compounds share some similar

supramolecular features: O-H---N, C-H:--O hydrogen bonds,
H---H contacts and some degree of (C/B)-H:--7 interactions.
Overall, O-H---N hydrogen bond is the dominant interaction and
constitutes a robust heterosynthon in these molecules. Hirshfeld
surface analysis indicates that the use of more symmetrical 4- and
3-pyridine or 4-quinolyl derivatives increases the overall total
contribution of H---N interactions compared to the less
symmetrical derivatives (2-pyridyl or quinolyl), which will
contribute to the higher melting point. Finally, we have been able
to correlate the presence of an infinite O-H---N hydrogen bonding
network in the crystal structure for the pyridine compounds with
their melting points. Based on the present results, we suggest that
the analysis of Hirshfeld surface and decomposed fingerprint plots
opens a new way of interpretation of the observed trends in
melting point and probably other properties that are strongly
related to intermolecular interactions. The present work estab-
lishes reliable connections between structures of N-aromatic o-
carboranyl alcohols and their melting points and has important
implications in the structure—property relationships in these
compounds in particular, and structural chemistry in general.
These observations also serve in the understanding of the basic
principles of supramolecular chemistry of o-carboranyl systems
and, consequently, for the progress of crystal engineering.

Experimental section
General remarks

Reactions were carried out under a nitrogen atmosphere in
round-bottomed flasks equipped with a magnetic stirring bar,
capped with a septum. THF and diethyl ether were distilled from
Na/benzophenone and CH,Cl, over CaH,. All the other chem-
icals were commercially available and used as received.
Compounds 1a and 1d were synthesized according to the liter-
ature.*!' TLC analyses were performed on Merck silica gel
60 F,s4 TLC plates (0.5 mm thickness). Melting points were
measured on a Stuart Scientific SMP10 and/or a Biichi Melting-
Point B545. IR spectra were recorded from KBr pellets on
a Perkin-Elmer Spectrum One spectrometer. 'H, *C and "B
spectra were recorded respectively at 300, 75 and 96 MHz with
a Bruker Advance-300 spectrometer in deuterated acetone,
unless denoted, and referenced to the residual solvent peak for '"H
and *C NMR or to BF;-OEt, as an external standard for ''B
NMR. Chemical shifts are reported in ppm and coupling
constants in Hertz. Multiplets nomenclature is as follows: s,
singlet; d, doublet; t, triplet; br, broad; m, multiplet. Elemental
analyses were obtained by a CarboErba EA1108 microanalyzer
(Universidad Auténoma de Barcelona). Samples for thermo-
gravimetric characterization were placed in open alumina
crucibles and analyzed using a NETZSCH STA 449F1 thermo-
balance operating under nitrogen. A heating rate of 10 °C min~!
was used and all samples (8-13 mg) were studied between 40 and
1000 °C. Hot stage microscopy (HSM) examinations were per-
formed on a Linkam THMS-600 heating—freezing stage equip-
ped with a video. Calibration was performed with the
appropriate chemicals from Merck Corporation. Due to partial
sublimation of the compounds before melting, the heating plate
was not closed during the heating runs with a consequential loss
of accuracy (about +5-10 °C).
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(6-Methyl-2-pyridine)(methyl-o-carboranyl)methanol (1b)

An analogue procedure to that previously reported was follo-
wed, " using methyl-o-carborane (203 mg, 1.28 mmol), n-BuLi
(0.8 mL, 1.6 M in hexane, 1.28 mmol) and 6-methyl-2-pyri-
dinecarboxaldehyde (155 mg, 1.28 mmol).

Evaporation of the solvent gave 1b as a white solid that was
dried under vacuum (163 mg, 0.58 mmol, 45%); mp 106-108 °C,
Ry = 0.87, hexane : ethyl acetate (1.5:2). '"H NMR: 6 = 7.76 (t,
J="17.,1H, CH;CsH3N), 7.39 (d, /= 7.7, 1H, CH5CsH3N), 7.27
(d, J=17.6, 1H, CH5CsH5N), 5.78 (d, J = 7.3, 1H, CHOH), 5.30
(d, J = 6.8, 1H, CHOH), 2.54 (s, 3H, CcCH3), 2.34 (s, 3H,
CH;CsH3N). '"H{"'B} NMR (only the new signals due to B-H
protons are listed): 6 = 2.78 (br s, 1H), 2.65 (br s, 1H), 2.45-2.16
(br m, 5H), 1.95 (br s, 1H), 1.91 (br s, 1H), 1.44 (br s, 1H). *C
NMR: ¢ = 22.88, 23.31, 62.73, 72.74, 75.95, 83.44, 119.60,
123.22, 137.03, 157.23. "B NMR: 6 = —=2.6 (d, Jp u = 148, 1B),
—5.4 (d, Jg.u = 149, 1B), —7 and —13 (m, 8B). IR (in KBr; only
assigned bands are listed here and in Table 1; see ESIf for
complete spectrum): v = 2594 (BH). C,oH,;B;(ON (315.44):
caled C 42.99, H 7.58, N 5.01; found C 43.03, H 7.78, N 4.85%.

(3-Pyridine)(methyl-o-carboranyl)methanol (1c)

An analogue procedure to that previously reported was follo-
wed,¥ 1% using methyl-o-carborane (303 mg, 1.916 mmol),
n-BuLi (1.22 mL, 1.57 M in hexane, 1.916 mmol) and 3-pyr-
idinecarboxaldehyde (209.5 mg, 0.183 mL, 1.916 mmol). The
crude product precipitated from the reaction mixture in the
fridge was washed with hexane and dried under vacuum to
obtain pure 1c as a white solid (319.6 mg, 1.20 mmol, 62%); mp
210 °C (dec.), Ry = 0.08, hexane : ethyl acetate (1 : 1). 'H NMR:
6=28.68 (d, J=2.0, 1H, CsH,N), 8.57 (dd, J = 4.8, 1.6 Hz, 1H,
CsHN), 8.01-7.84 (m, 1H, CsHN), 7.42 (dd, J = 7.9, 4.8, 1H,
CsHyN), 6.02 (d, J = 5.1, 1H, CHOH), 549 (d, J = 4.8,
1H, CHOH), 2.34 (s, 3H, CcCH;). 'H{!'B} NMR (only the new
signals due to B-H protons are listed): 6 = 2.76 (br s, 1B), 2.49—
2.09 (m, 6B), 1.98 (br s, 1B), 1.89 (br s, 1B), 1.37 (br s, 1B). *C
NMR: 6 = 22.65, 44.52, 70.77, 82.28, 123.14, 134.73, 136.58,
148.75,149.89. "B NMR: 6 = —2.4 (d, Jg y = 148, 1B), —5.2 (d,
Jp.u = 151, 1B), —7 and —14 (m, 8§B). IR (in KBr; only assigned
bands are listed here and in Table 1; see ESIf for complete
spectrum): v = 2570 (BH). CoH 9B 0ON (265.38): calcd C 40.74,
H 7.22, N 5.28; found C 39.98, H 7.19, N 5.96%.

(2-Quinoline)(methyl-o-carboranyl)methanol (1e)

An analogue procedure to that previously reported was follo-
wed, ¥ using methyl-o-carborane (313.7 mg, 1.98 mmol),
n-BuLi (1.27 mL, 1.56 M in hexane, 1.98 mmol) and 2-quinoli-
necarboxaldehyde (320.8 mg, 1.98 mmol). Addition of the alde-
hyde to the lithium salt of the methyl-o-carborane was followed
by a persistent intense blue color that only disappeared after the
addition of the saturated ammonium chloride water solution.
The crude product after evaporation was washed with pentane
giving pure le as a pale orange solid (359.6 mg, 1.14 mmol, 57%);
mp 108-112 °C (dec.), Ry = 0.73, chloroform : ethyl acetate
(3:1).'HNMR: 6 =8.44(d, J= 8.5, IH, CoH¢N), 8.07 (d, J =
8.4, 1H, CoH¢N), 8.01 (d, J = 8.1, 1H, CyoHgN), 7.86-7.71 (m,
2H, CoHgN), 7.65 (t, J = 7.0, 1H, CoH(N), 6.17 (d, J = 6.4, 1H,

CHOH), 5.55(d, J = 5.5, IH, CHOH), 2.40 (s, 3H, CcCHs). 'H
{""B} NMR (only the new signals due to B-H protons are listed):
6 =2.73 (brs, 1B), 2.45 (br s, 1B), 2.31-1.98 (m, 5B), 1.92 (br s,
1B), 1.87 (br s, 1B), 1.39 (br s, 1B). *C RMN: 6 = 22.90, 73.38,
76.13, 83.00, 120.09, 127.16, 127.88, 128.12, 128,98, 129.98,
136.89, 146.54, 158.59. "B NMR: 6 = —2.4 (d, Jg u = 148 Hz,
1B), —5.4 (d, Jgu = 149 Hz, 1B), —7 and —14 (m, 8B). IR (in
KBr; only assigned bands are listed here and in Table 1; see ESIT
for complete spectrum): v = 2594-2553 (BH). C;3H;;B;(ON
(315.44): calcd C 40.50, H 6.71, N 4.44; found 50.37, H 6.67, N
4.39%.

(4-Quinoline)(methyl-o-carboranyl)methanol (1f)

An analogue procedure to that previously reported was follo-
wed, ¥ using methyl-o-carborane (316.7 mg, 2.00 mmol),
n-BuLi (1.28 mL, 1.56 M in hexane, 2.00 mmol) and 4-quinoli-
necarboxaldehyde (324 mg, 2.00 mmol). The crude product
precipitated from the reaction mixture in the fridge was washed
with hexane and dried under vacuum to obtain pure 1f as a white
solid (496 mg, 1.57 mmol, 78%); Ry = 0.4, chloroform : ethyl
acetate (1: 1). '"HNMR: 6 =8.99 (d, J = 4.5, 1H, CoHgN), 8.40
(brs, IH, CoHgN), 8.12 (d, J = 8.6, 1H, CoHgN), 7.91-7.75 (m,
2H, CyHgN), 7.73-7.60 (m, 1H, C9HgN), 6.30 (br s, lH, CHOH),
6.17 (br s, 1H, CHOH), 2.48 (s, 3H, CcCH;). 'H{''B} NMR
(only the new signals due to B-H protons are listed): 6 = 2.97 (br
s, 1B), 2.65 (brs, 1B), 2.44-1.99 (m, 5B), 1.91 (brs, 1B), 1.80 (brs,
1B), 1.11 (br s, 1B). *C NMR: 6 = 22.85, 75.95, 82.41, 120.96,
124.01, 125.88, 126.71, 129.14, 130.33, 145.98, 148.55, 149.93,
150.38. "B NMR: 6 = —2.4 (d, Jgu = 147, 1B), =5.1 (d, Jpu =
150, 1B), —7 and —14 (m, 8B). IR (in KBr; only assigned bands
are listed here and in Table 1; see ESIt for complete spectrum): »
= 2630-2575 (BH). C;3HB1gON (315.44): caled C 40.50,
H 6.71, N 4.44; found 50.73, H 6.85, N 4.33%.

General procedure for the synthesis of o-carboranylmethanols
2a—f

nBuLi (1.6 M in hexane, 1.00 mmol) was added dropwise to
a diethyl ether solution (20 mL) of the appropriate o-carborane
(1.00 mmol) at —84 °C (ethyl acetate/liq. N, bath). The mixture
was stirred for 1 hour at low temperature giving a clear pale
yellow solution. Then a diethyl ether solution (5 mL) of the
aldehyde (1.00 mmol) was added. The resulting yellow solution
was stirred at —84 °C and the reaction was monitored by TLC.
After the reaction was complete (typically around 4-5 hours),
a saturated aqueous solution of NH4Cl (10 mL) was added at
—84 °C and then the mixture was taken out of the cooling bath
and let to stir till it reaches room temperature. The aqueous
phase was then extracted with Et;O (3 x 20 mL) and the
combined organic phases were dried over MgSO, and filtered.
Slow evaporation of the concentrated solution afforded the pure
desired alcohols as crystalline materials suitable for X-ray
determination in most of the cases.

(2-Pyridine)(o-carboranyl)methanol (2a)

The general procedure was followed, using o-carborane
(319.3 mg, 2.21 mmol), n-BuLi (1.43 mL, 1.55 M, 2.21 mmol) and
2-pyridinecarboxaldehyde (239.4 mg, 0.21 mL, 2.21 mmol). The
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residue was washed with hexane—ethanol mixture to eliminate the
colored impurities to obtain pure 2a as crystalline pale yellow
solid (419 mg, 1.66 mmol, 75%); mp 153-156 °C (dec.), R;=0.18,
hexane : ethyl acetate (1.5: 1). '"H NMR: 6 = 8.58 (dd, J = 3.1,
0.9 Hz, 1H, CsH4N), 7.89 (td, J = 7.7, 1.7 Hz, 1H, CsH4N), 7.57
(d, /=179 Hz, 1H, CsHyN), 7.41 (ddd, J = 7.6, 4.9, 1.2 Hz, 1H,
CsHyN), 5.96 (d, J = 7.0 Hz, 1H, CHOH), 5.36 (d, J = 7.0 Hz,
1H, CHOH), 4.74 (s, 1H, CcH). 'H{"'B} RMN (only the new
signals due to B-H protons are listed): 6 = 2.45 (br s, 1B), 2.35 (br
s, 1B), 2.23 (br s, 1B), 2.19-2.03 (br m, 5B), 2.00 (br s, 1B),
1.63 (brs, 1B). *C NMR: 6 = 59.80, 74.00, 79.82, 122.09, 124.06,
137.01, 148.47, 157.67. "B NMR: 6 = —2.8 (d, Jg.y = 134, 1B),
—4.2(d, Jg g = 125, 1B), —7 and —15 (m, 8B). IR (in KBr; only
assigned bands are listed here and in Table 1; see ESIf for
complete spectrum): » = 3084 (CcH), 2594 (BH).
CgH 7B1oON (251.34): caled C 38.23, H 6.82, N 5.57; found C
37.81, H 6.78, N 5.35%.

(6-Methyl-2-pyridine)(o-carboranyl)methanol (2b)

The general procedure was followed, using o-carborane
(311.3 mg, 2.15 mmol), n-BuLi (1.35 mL, 1.6 M, 2.15 mmol) and
6-methyl-2-pyridinecarboxaldehyde (261.5 mg, 2.15 mmol). The
residue was washed with hexane to obtain pure 2b as a white
crystalline solid (447 mg, 1.68 mmol, 78%); mp 160 °C (dec.), Ry
= 0.6, hexane : ethyl acetate (1 : 1). 'HNMR:6=7.76 (t,J=17.7,
1H, CH;CsH3N), 7.34 (d, J = 1.6, 1H, CH3CsH3N), 7.28 (d, J =
7.7, 1H, CH3CsH3N), 5.90 (d, J = 7.1, 1H, CHOH), 5.30 (d, J =
6.8, IH, CHOH), 4.41 (s, 1H, CcH), 2.52 (s, 3H, CH3CsH3N). 'H
{""B} NMR (only the new signals due to B-H protons are listed):
6=2.46(brs, 1B),2.33 (brs, 1B), 2.24 (brs, 1B), 2.21-2.00 (br m,
6B), 1.66 (br s, 1B). *C NMR: ¢ = 23.31, 59.74, 73.65, 79.98,
119.18, 123.41, 137.22, 156.45, 157.46. "BNMR: 6 = —2.8 (d, J,
n =135, 1B), —4.2 (d, Jp g = 128, 1B), —7 and —15 (m, 8B). IR
(in KBr; only assigned bands are listed here and in Table 1; see
ESIf for complete spectrum): » = 3086 (CcH), 2621-2578 (BH).
CoH9B1oON (301.39): caled C 40.74, H 7.22, N 5.80; found C
41.62, H 7.26, N 5.31%.

(3-Pyridine)(o-carboranyl)methanol (2c¢)

The general procedure was followed, using o-carborane
(189.9 mg, 1.316 mmol), #n-BuLi (0.82 mL, 1.6 M, 1.316 mmol)
and 3-pyridinecarboxaldehyde (14391 mg, 0.126 mL,
1.316 mmol). The residue was washed with hexane and
dichloromethane to eliminate the colored impurities to obtained
pure 2c as crystalline pale yellow solid (265 mg, 1.05 mmol, 80%);
mp 208-210 °C (dec.), Ry=0.22, hexane : ethyl acetate (1 : 1). '"H
NMR: 6 = 8.61 (d, J = 2.2, IH, CsH4N), 8.57 (dd, J = 4.8, 1.6,
1H, CsH4N), 7.84 (dt, J = 7.9, 2.0, 1H, CsHN), 7.41 (ddd, J =
7.9,4.8, 0.6, 1H, CsH4N), 6.29 (d, J = 4.8, 1H, CHOH), 5.51 (d,
J=3.9, IH, CHOH), 4.78 (s, 1H, CcH). '"H{''B} NMR (only the
new signals due to B-H protons are listed): 6 = 2.79 (br s, 1B),
2.51 (brs, 1B), 2.40 (brs, 1B), 2.24-1.65 (m, 6B,), 1.59 (br s, 1B).
BCNMR: 6 =60.17,72.09, 80.11, 123.14, 134.34, 135.83, 148.42,
150.02. "B NMR: 6 = —-3.6 (d, Jgy = 134, 1B), —4.9 (d, Jgu =
106, 1B), —7 and —16 (m, 8B). IR (in KBr; only assigned bands
are listed here and in Table 1; see ESIt for complete spectrum):

v = 3082 (CcH), 2586 (BH). CsH,7B10ON (251.34): caled C
38.23, H 6.82, N 5.57; found C 39.00, H 6.99, N 5.63%.

(4-Pyridine)(o-carboranyl)methanol (2d)

The general procedure was followed, using o-carborane (168 mg,
1.16 mmol), n-BuLi (0.8 mL, 1.5 M in hexane, 1.17 mmol),
diethyl ether (20 ml) and 4-pyridinecarboxaldehyde (0.11 ml,
1.17 mmol). The residue was washed with CH,Cl, (3 x 5 ml) to
obtaine pure 2d as a white solid (190 mg, 0.75 mmol, 75%); mp:
211 °C (dec.). '"H NMR: 6 = 8.60 (dd, 2J(H,H) = 1.5, 'J(H,H) =
5.7, 2H, CsHyN), 7.42 (ddd, 'J(H,H) = 4.4, 2J(H,H) = 1.7, °*J(H,
H) = 0.6, 2H, CsHyN), 6.37 (br s, 1H, CHOH), 5.45 (br s, 1H,
CHOH), 4.77 (br s, 1H, Cc-H). '"H{"'B} NMR: only signals due
to B-H protons are given: 6 = 2.50 (br s, 1H), 2.38 (br s, 1H),
2.17 (br s, 3H), 2.09 (br s, 3H), 1.61 (br s, 1H). ""B NMR: 6 =
—3.8 (m, 2B), —12.2 (br m, 8B). *C{'H} NMR [(CDj3)>(CO)]:
150.7, 149.0, 122.8 (NCsHy), 80.2 (Cc), 73.7 (CHOH), 61.1 (Cc).
IR (in KBr; only assigned bands are listed here and in Table 1; see
ESIt for complete spectrum): » = 3081 (CcH), 2586-2638 (BH).
Anal. caled for CgB1oH7NO (251.34): C 38.23, H 6.82, N 5.57;
found C 38.35, H 7.01; N 5.67%.

(2-Quinoline)(o-carboranyl)methanol (2e)

The general procedure was followed, using o-carborane
(219.8 mg, 1.524 mmol), n-BuLi (1.00 mL, 1.52 M, 1.524 mmol)
and 2-quinolinecarboxaldehyde (240.33 mg, 1.524 mmol).
Addition of the aldehyde to the lithium salt of the o-carborane
was followed by a persistent intense blue colour that only dis-
appeared after the addition of the saturated ammonium chloride
water solution. Compound 2e was obtained as a light orange
solid (383 mg, 1.27 mmol, 83%) by column chromatography
(eluent: hexane/ethyl acetate 1:1; Ry = 0.62); mp 116-118 °C
(dec.). 'H NMR: 6 = 8.45 (d, J = 8.6, 1H, CyHgN), 8.06 (d, J =
8.4 Hz, 1H, CoHgN), 8.02 (d, J = 8.1 Hz, 1H, CoHN), 7.82 (ddd,
J=84,609.1.5 1H, CoH¢N), 7.72 (d, J = 8.5, 1H, CoHcN), 7.66
(ddd, J = 8.1, 6.9, 1.2, 1H, CoHgN), 6.25 (d, J = 6.8, 1H,
CHOH), 5.55 (d, J = 6.7, 1H, CHOH), 4.83 (s, 1H, CcH). 'H
{"B} NMR (only the new signals due to B-H protons are listed):
6 =2.54 (brs, 1B), 2.43 (br s, 1B), 2.34 (br s, 1B), 2.28-1.98 (m,
6B), 1.66 (br s, 1B)."*C RMN: § = 59.82, 74.20, 79.45, 119.53,
127.10, 127.81, 128.08, 128.89, 129.96, 137.04, 146.45, 157.73. "'B
NMR: 6 = -2.8 (d, Jg.y = 136 Hz, 1B), —4.1 (d, Jg iy = 115 Hz,
1B), —7 and —15 (m, 8B). IR (in KBr; only assigned bands are
listed here and in Table 1; see ESIt for complete spectrum): v =
3074 (CcH), 2582 (BH). C|,H9BoON (301.39): calcd C47.82, H
6.35, N 4.65; found C 47.61, H 6.26, N 4.49%.

(4-Quinoline)(o-carboranyl)methanol (2f)

The general procedure was followed, using o-carborane
(162.7 mg, 1.128 mmol), #n-BuLi (0.727 mL, 1.55 M, 1.128 mmol)
and 4-quinolinecarboxaldehyde (182.77 mg, 1.128 mmol). The
residue was washed with diethyl ether to eliminate the colored
impurities to obtain 2f as light orange crystals (212.6 mg,
0.705 mmol, 62%); Ry = 0.38, chloroform : acetone (2:1). 'H
NMR: 6 =8.89 (d, J =4.5, 1H, CoH¢N), 8.27 (brd, J = 7.8, 1H,
CoHgN), 8.11 (d, J = 8.4, 1H, CyHgN), 7.85-7.55 (m, 3H,
CoHgN), 6.53 (br s, IH, CHOH), 6.32 (br s, lH, CHOH), 4.97 (s,
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IH, CcH). 'H{"'B} NMR (only the new signals due to B-H
protons are listed): 6 = 2.68 (br s, 1B), 2.47 (br s, 1B), 2.28 (br s,
1B), 2.22-1.85 (m, 6B), 1.47 (br s, 1B). *C NMR: 6 = 60.67,
68.67, 79.52, 119.82, 123.75, 125.72, 126.74, 129.21, 130.22,
145.45,148.42,149.98. "BNMR: 6 = —2 and —6 (m, 2B), —7 and
—16 (m, 8B). IR (in KBr; only assigned bands are listed here and
in Table 1; see ESIt for complete spectrum): » = 3086 (CcH),
2629 (BH). C;2H;9B1(ON (301.39): caled C 47.82, H 6.35,
N 4.65; found C 48.63, H 6.56, N 4.46%.

Computational details

Gas phase DFT calculations were carried out using the
GAUSSIAN 03 software package.®® Geometries were fully
optimized at the B3LYP?* level with 6-311 + G** basis sets for
the isolated molecules (monomers).? In order to reduce the
computational cost, we employed DZVP basis sets?* for the
optimizations and IR calculations of dimers. Single point energy
calculations of the crystal structures were performed at B3LYP/
6-311 + G** level of theory and normal modes analysis was
performed in order to obtain vibrational frequencies, force
constants and zero-point energy corrections for the total energy.
Hydrogen bond intermolecular interactions were estimated from
the subtraction between the energy of the dimer and two
monomer molecules.

X-Ray crystallography

For all compounds, cell dimensions and intensity data were
recorded at 120 K, using a Bruker Nonius APEXII (1¢, 2¢, 2d, 2¢)
or a KappaCCD Roper (1e, 1f, 2b, 2f 2a) area detector diffrac-
tometer mounted at the window of a rotating Mo anode (A(Mo-
Ko) =0.71073 A) operating at 50 kV, 85 mA. The incident beam
on the APEXII side was focused using 10 cm confocal mirrors,
a graphite monochromator was employed on the KappaCCD
side. Unit cell determination, data collection and processing were
carried out using the programs DirAx,”” COLLECT*® and
DENZO? and a multi-scan absorption correction was applied
using SADABS.*

The structures were solved via direct methods®! and refined by
full matrix least squares®® on F®. The treatment of the OH
hydrogen atoms is addressed in the Molecular structures section
of the paper, all C-H and B-H hydrogens were placed in ideal-
ised positions and refined using a riding model. CH; groups were
constrained to be rigid with a refined torsion angle, with the
exception of 1f where convergence was only achieved using
a staggered geometry for the methyl group. le was a non-
merohedral twin and an AkIf5 reflection file was prepared using
EVAL-14.3 2e has a 8 angle close to 90° and was refined as
a pseudo-merohedral twin, monoclinic emulating orthorhombic,
twin law [100 010 001], the twin fraction refined to ca. 17%. 2a
showed disorder where the position of the OH on the linking
carbon is disordered over the 2 possible positions (85 : 15), the
atomic displacement parameters for the split oxygen site were
restrained to be identical, no geometrical restraints were
necessary.
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