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Shape-selective crystallisation of fluxional carbon
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Dynamic covalent rearrangements of fluxional carbon cages, such as bullvalenes and barbaralanes,

impart ‘shapeshifting’ molecular properties. Here, a series of five barbaralanes each interconvert

dynamically between two constitutional isomers in solution, but resolve to single isomers upon
crystallisation. Unexpectedly, the minor solution-phase isomers are resolved in two instances.

Received 27th September 2018
Accepted 19th October 2018

Through dynamic NMR, crystallographic and DFT analyses, we show that the isomer observed in the

solid state is not a direct consequence of the equilibrium distribution in solution or any specific

DOI: 10.1039/c8sc04303e

rsc.li/chemical-science molecular size and shape.

Introduction

Fluxional carbon cages, such as bullvalene' and the barbaralyl
cation® (Fig. 1a), undergo reversible pericyclic rearrangements
on a grand scale.® Sequential, low-energy steps interconvert
large numbers of degenerate isomers. For example, bullvalene
passes back and forth between 1.2 million degenerate valence
isomers' by strain-assisted Cope rearrangements. Functional-
ised derivatives, on the other hand, give rise (Fig. 1b) to
nondegenerate valence isomers with distinct constitutions.*
When their C-C bonds trade places with one another, the
positions and relative orientations of their substituents are
altered, endowing them with dynamic shapes (Fig. 1c) and
making them ideal building blocks for adaptive chemistry.®
Bode et al.® have taken advantage of these phenomena to design
shapeshifting bullvalene sensors—the equilibrium distribution
of tetrasubstituted bullvalene isomers is shifted in a character-
istic manner when interacting with different guests, either by
specific noncovalent interactions® or dynamic covalent
bonds.*

Here, we report on the influence of shape over the crystal-
lisation of fluxional carbon cages. Neutral barbaralane deriva-
tives, which equilibrate (Fig. 1b) between sets of two non-
equivalent valence isomers’ in solution, are resolved to single
valence isomers upon crystallisation. By analysing NMR spectra
of solutions and powdered samples, X-ray crystal structures and
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noncovalent interactions. Rather, the dynamic preferential crystallisation is dictated by differences in

DFT models, we observe that (i) the dynamic isomerism is
‘frozen’ in the solid state and (ii) relatively small differences in
the substituents dictate which constitutional isomer is found
upon crystallisation. Three of the compounds crystallise as the
major solution-phase valence isomers, i.e., their molecular
structures in the solid state match those of the thermodynam-
ically favoured species in solution. However, two compounds
crystallise (Fig. 1c) as the minor solution-phase valence isomers,
achieving more densely packed crystals by adopting molecular
structures that fit together more effectively. Size- and shape-
matching of these fluxional molecules to their surroundings
outweigh the inherent energetic preference of the shapeshifting
equilibrium.
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Fig. 1 Structural formulas of (a) bullvalene, the barbaralyl cation and
(b) a disubstituted barbaralane, showing its isomerisation. The relative
orientations of the substituents, which are represented by blue circles,
are altered by the isomerisation. (c) A schematic representation illus-
trates changes in relative energies of isomers in panel b as a result of
a shape-selective intermolecular contact, e.g., through noncovalent
bonding with a guest, represented as an orange circle, or by crystal
packing.
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Results and discussion

We synthesised (Scheme 1) fluxional mixtures of nondegenerate
barbaralanes 1/1' in two steps from alkynyl cycloheptatriene
precursors 2 (for experimental details see the ESI}). Gold-
catalysed cycloisomerisation of 2 proceeds* through barbar-
alyl cation intermediates, which are oxidised*? in situ by Ph,SO
to afford barbaralones 3 in 58-75% yields. Subsequent addition
of arylmagnesium bromides to 3 gives barbaralanes 1/1', each
bearing a tertiary alcohol§ and two aromatic rings. The aromatic
ring at the 1/5-position of each barbaralane breaks the
symmetry of the Cope rearrangements, giving rise to the pairs of
valence isomers 1 and 1. We reasoned that these pairs of
nondegenerate valence isomers would be useful compounds for
probing the shapeshifting properties of fluxional carbon cages.
Compared to the huge numbers of valence isomers accessible to
other systems, analysis of the double-well-type potential energy
surface (Scheme 1) of 1/1’ is more tractable. At the same time,
the rearrangement still modulates the molecular shape to some
extent—the strain present in the tricyclic cores of 1 and 1’ is
slightly different, regulating the relative orientations of the two
aromatic rings. Five sets of barbaralanes (la-e/1a’-e’) were
prepared in which the groups at the p-positions of the aromatic
rings (R" and R?) are varied between OMe, F, and H.

Isomers 1 and 1’ are in fast exchange (Fig. S15-S481) when
observed by solution-phase NMR spectroscopy. Consequently,
each pair of exchangeable sites gives rise to one peak. The
chemical shift of each peak represents an average of the two
discrete chemical environments, weighted by the position of the
equilibrium, which enables us to identify the major isomer. For
example, the *C peak associated with position 2 of 1a and
position 4’ of 1a’ appears (Fig. S16t) at 49.6 ppm in CDCl; at
298 K, which is closer to the resonance of a divinyl cyclopropane
group® (~25 ppm) than that of a cis-dialkylolefin group®
(~135 ppm). This observation allows us to assign 1a as the
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Scheme 1 Synthesis of fluxional carbon cages 1/1'. Reagents and
conditions: (i) IPrAu(MeCN)BF4 (5 mol%), Ph,SO (2 equiv.), CHyCl, rt,
16 h, 58-75%; (i) p-R°CgH4MgBr, THF, 0 °C to rt, 16 h, 43-96%. A
schematic potential energy diagram illustrates the equilibrium, K,
between 1’ and 1. IPr = 1,3-bis(2,6-diisopropylphenyl)imidazol-2-
ylidene.

8632 | Chem. Sci., 2018, 9, 8631-8636

View Article Online

Edge Article

major isomer™ and to estimate an equilibrium constant, K, of
~3.5, as well as a Gibbs free energy difference, AG, of
~3 kJ mol~". These conclusions are supported by DFT model-
ling, which predicts (Table S57T) that 1a is lower in energy than
1a’ by a margin of ~5 kJ mol " (for calculation details see the
ESIT). Further NMR and DFT analyses reveal (Fig. S17-548 and
Table S5%) that K is only minimally affected by varying the R
and R groups at the p-positions of the aromatic rings. The
substituents are sufficiently remote from the barbaralane core
that their electronic and steric differences have little impact -
structure 1 remains the thermodynamically favoured solution-
phase valence isomer for all derivatives (la—e). In order to
probe the equilibria further, we also recorded solution-phase "H
NMR spectra of bis(4-anisyl)barbaralane 1a/1a’ (Fig. S29t) and
bis(4-fluorophenyl)barbaralane 1b/1b’ (Fig. 2) at low tempera-
tures. The temperature-dependent spectroscopic changes are
consistent with the behaviour of two nondegenerate valence
isomers interconverting rapidly through a low-lying transition
state. For example, the signal for the 8/6' positions of 1b/1b’
shifts (Fig. 2) from 3.55 ppm at 292 K to 3.31 ppm at 165 K,
moving further towards the chemical shift expected for a cyclo-
propyl resonance, while the signal associated with 6/8' moves
towards the olefinic region, shifting from 5.50 ppm at 292 K to
5.60 ppm at 149 K. Therefore, the equilibrium shifts further in
favour of the thermodynamically favoured isomer 1b at lower
temperatures, which would be expected for a Boltzmann
distribution of nondegenerate isomers.

All five 1/1' derivatives form crystalline solids, allowing us to
analyse (Fig. 3) their solid-state structures by single-crystal X-ray
diffraction.t The fluxional mixtures of 1/1’ undergo dynamic
preferential crystallisation, i.e., just one valence isomer from
each pair of fluxional carbon cages crystallises from the
mixture.'* The bis(4-anisyl)barbaralane crystallises (Fig. 3a) as
the major solution-phase valence isomer 1a. Similarly, the
barbaralanes bearing one 4-fluorophenyl group and one 4-ani-
syl group each adopt the major solution-phase structures 1c and
1d upon crystallisation. Surprisingly, however, we observed the
more strained molecular structures in crystals of the bis(4-
fluorophenyl)barbaralane 1b’ and its phenyl analogue 1e'.
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Fig.2 Partial *H NMR spectra (500 MHz, CS,-CD,Cl,) of 1b/1b’. As the
temperature is decreased, the equilibrium shifts towards the lower-
energy isomer 1b. At temperatures below 186 K, the broadening of
peaks indicates the reversible Cope rearrangement is entering the
slow-exchange regime. Selected resonances are labelled according to
the numbering in Scheme 1.
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Fig. 3 X-ray crystal structures of 1/1' shown in stick representations.t
(a) Whereas the major solution-phase valence isomers are obtained in
some cases (la, 1c and 1d), the minor solution-phase isomers crys-
tallise preferentially in others (1b’ and 1¢'). (b) Side-on views show the
variation in dihedral angles between the planes of the aromatic rings.
Selected interatomic distances at 120 K (A): 1a, C2-C8 1.592(2), C4---
C6 2.359(2); 1b/, C2'-C8 1.592(3), C4'---C&' 2.353(2); 1c, C2-C8
1.582(2), C4---C6 2.364(2); 1d, C2-C8 1.586(2), C4---C6 2.367(2); 1€/,
C2'-C8' 1.591(2), C4’---C6’ 2.345(2). Oxygen atoms are shown in red,
fluorine atoms are green, hydrogen atoms are white, and carbon
atoms are blue, purple, orange or grey.

While the p-substituents have little influence over the solution-
state valence isomerism of the five 1/1’ derivatives, it appears
that a subtle change at a position distant from the barbaralane
core, such as switching out the OMe group of 1¢/1¢’ for a F atom
(i.e., giving 1b/1b'), is sufficient to bias crystallisation in favour
of another valence isomer.q

Although some fluxional carbon cages' are known to
become ‘fixed’ structures upon crystallisation, others' remain
fluxional. Variable-temperature X-ray diffraction (VI-XRD)
measurements performed on single crystals of 1a and 1b’
show (Fig. S42 and S43+t) negligible changes in C-C distances of
bonds involved in Cope rearrangement. For example, the C2—-C8
bond length of 1a only changes from 1.592 A at 120 K to 1.604 A
at 370 K. The identities of 1 and 1’ isomers in the solid state can
also be distinguished by comparing (Fig. 4) their low-
temperature solution and ambient-temperature solid-state *C
NMR spectra. At 149 K, the solution-phase equilibria are biased
heavily towards 1a and 1b, so both solution-phase spectra show
(Fig. 4a,d) similar patterns of peaks in their alkyl regions. Unlike

This journal is © The Royal Society of Chemistry 2018
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Fig. 4 Comparison of partial *C NMR spectra of 1a/la’ and 1b/1b’
acquired (a and d) as CS,-CD,Cl, solutions at low temperature (126
MHz, 149 K), and (b and c) as powders at ambient temperature (105
MHz). Peaks are labelled according to the numbering in Scheme 1.

the solid-state NMR (ssNMR) spectrum of the bis(4-anisyl)
barbaralane (Fig. 4b), which matches closely with its solution
spectra (in keeping with its assignment by X-ray diffraction as
structure 1a), the ssNMR spectrum (Fig. 4c) of the bis(4-
fluorophenyl)barbaralane is markedly different. The ssNMR
spectrum indicates structure 1b’ is favoured over 1b. Hence, the
ssNMR and VT-XRD data are both consistent with the barbar-
alanes 1/1’ having fixed constitutions in the solid state.

The barbaralane cage acts as a hinge between its two aromatic
substituents, giving (Fig. 3b) the molecules V-shaped structures.
Notably, the dihedral angles between the planes of these aromatic
rings in the solid state vary substantially between the different
derivatives. Compounds 1a, 1c, and 1d have relatively wide
dihedral angles > 67°, whereas the dihedral angles of 1b’ and 1€’
are both <44°.|| Inspection (Fig. 5 and S57-S617) of the solid-state
superstructures reveals that these changes in dihedral angles are
linked to differences in the crystal packing. Indeed, the packing is
dominated by the way in which the V-shaped units fit together,
rather than any specific noncovalent interactions. Compounds
1a, 1c, and 1d pack with a preference to arrange their V-shaped
structures head-to-tail, while 1b’ and 1e’ are arranged head-to-
head, allowing their aromatic groups to interdigitate. We

Fig. 5 Solid-state superstructures of 1a and 1b’ shown in partial stick
and space-filling representations and viewed along the crystallo-
graphic b-axes. The superstructures of 1c and 1d (Fig. S59 and S607)
are similar to la, whereas the superstructure of 1€’ (Fig. S611) is iso-
structural with 1b’. Calculated densities (g cm™): 1a, 1.33; 1b/, 1.44; 1c,
1.35; 1d, 1.35; 1€/, 1.39.

Chem. Sci, 2018, 9, 8631-8636 | 8633
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attribute changes between these two modes of packing primarily
to differences in the sizes of the R' and R*> groups. A 4-anisyl
group is too large to allow efficient interdigitation, so the head-to-
tail arrangement is favoured in which the aromatic rings are
splayed around a neighbouring barbaralane. This geometry is
most easily accommodated by the 1-isomer form. Conversely, 1b’
and 1€’ lack 4-anisyl groups, so they are able to achieve more
densely packed lattices than the other derivatives (1.39-1.44 vs.
1.33-1.35 g cm ™ ®) by adopting head-to-head arrangements. The 4-
fluorophenyl and phenyl groups are small enough for the
aromatic rings to pack together efficiently, favouring smaller
dihedral angles that are more accessible when the barbaralane
adapts to the slightly higher energy 1’-isomer. Although there is
more strain in the molecular structure, the relatively small
(~5 kJ mol ") energy penalty to adopt the structure of the minor
solution-state isomer must be overridden by a more favourable
lattice energy, making the 1’-isomer favoured in the solid state.'®

The alcohol function (which might normally be expected to
dictate'” the packing) is overcrowded and electrostatic potential
maps show (Fig. S6671) that the aromatic rings are only mildly
polarised. In order to search for noncovalent bonding interac-
tions, we calculated the Hirshfeld surfaces™ of each crystal
structure. The Hirshfeld surfaces show (Fig. S67-5727) that no
interatomic distances are significantly closer than the sum of
the respective van der Waals radii. For example, the most
prominent close contacts present (Fig. 6) in 1d and 1e’ are weak
O-H:--C and C-H:---C interactions, which each remain within
~0.2 A of the sum of the van der Waals radii.® We confirmed
this lack of significant, specific noncovalent bonding interac-
tions by performing DFT modelling (CE-B3LYP**) of all the
intermolecular interactions in the solid state. These calcula-
tions allow us to elucidate the total interaction energies (Eo)
between neighbouring molecules based on the individual
energetic components of electrostatics (E.e), polarisation (Ep),
dispersion forces (Eq;s) and repulsion (E.p).** For example, we
examined (Fig. 7) a cluster of 14 neighbouring molecules
surrounding a central molecule in the structure of 1e’. The 14
neighbours account for all of the molecules that come within

Fig. 6 Calculated Hirshfeld surfaces for the X-ray crystal structures of
(@) 1d and (b) 1€’, showing the most significant close contacts with
neighbouring molecules, which do not correspond to appreciable
noncovalent bonding interactions.
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Fig. 7 A section of the solid-state superstructure of 1e’ in which
a central molecule (overlaid with its modelled Hirshfeld surface) is
surrounded by its 14 nearest neighbours (labelled A-I). Molecules A-|
are shown in stick representation. Labels are duplicated for molecules
that reside at symmetry-related coordinates relative to the central
molecule.

3.8 A of the central molecule. As would be expected, the pairs of
1¢’ molecules that are closest, having the smallest centroid-to-
centroid distances (R), generally interact most strongly with
one another. Molecules in position D and F are separated
(Table 1) from the central molecule by R < 7 A and have inter-
action energies of Ey, = —31.1 and —43.5 k] mol ', respectively,
which are the strongest pairings present in the structure.
Dispersion forces account for the majority of their attractive
intermolecular interactions, contributing energies of Egjs =
—46.8 k] mol™* for D and Eg4is = —51.4 k] mol~* for F. Overall,
the modelling for the full series of five 1/1’ derivatives shows
(Tables S10-S147) that dispersion forces* (which are influenced
by the shape of the molecules and their packing) make up the
major component of the interactions between molecules in all

Table 1 Calculated intermolecular interaction energies (kJ mol™?) for
pair of molecules in the solid-state structure of 1e’

Interaction energies/k] mol™*

Neighbouring molecule® R/A®  E. Epol  Egis Erep  Erot'
A 13.29 2.1 -0.2 —-1.3 0.0 1.0

B 794 -101 -—-14 -—-31.2 20.3 —-26.3
C 11.59 -2.3 —-04 -3.8 0.6 —5.6
D 6.20 -84 —-2.4 —46.8 32.8 -31.1
E 8.26 —5.0 -0.9 -30.3 18.7 -—-20.8
F 6.63 —14.8 —-2.8 —51.4 309 —43.5
G 9.79 —5.0 -0.8 —-16.1 11.7 -—-12.7
H 7.90 —6.3 -1.1 -31.5 179 -23.8
I 11.04 1.1 —-0.4 -8.1 1.8 —5.1

“ The labels A-T correspond to those shown in Fig. 7 and refer to the
nearby molecules in the solid state. ° R is the centroid-to-centroid
distance between the labelled molecule and the central molecule.
Centroids are based on the coordinates of all atoms in each molecule
and are not weighted by mass. © Ey is the scaled sum of the
individual interaction energy components Ecie, Epol, Edis and Erep.

This journal is © The Royal Society of Chemistry 2018
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of the packing motifs, dominating the overall lattice energies in
each case. This observation is consistent with our description of
these molecules packing in the solid state in a manner that is
influenced more by molecular shape than by any specific non-
covalent bonding interactions.

Conclusions

In summary, by investigating the dynamic isomerisation of
nondegenerate barbaralanes, we have found that their crystal-
lisation is directed by the shapes of their fluxional isomers.
Either the major or the minor solution-phase isomer may be
resolved as a result of their assembly in crystal lattices,
becoming trapped in the solid state. At present, it has not been
possible to discern precisely the shapes available to the most
advanced shapeshifting sensors,® which encompass hundreds
of constitutional isomers and conformationally flexible
substituents. Our observations, based on a bistable fluxional
carbon cage with rigid substituents, illustrate that shape-
selective interactions can override the inherent thermody-
namic differences between even closely related valence isomers.
Understanding the relationship between shape-selectivity and
the energetics of fluxional carbon cages will aid the develop-
ment of shapeshifting sensors and other applications of adap-
tive molecules.
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should be noted that CE-B3LYP is different to the original B3LYP functional,
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