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Variable-temperature (VT) crystal structures, VT 'y spin-lattice
relaxation on static crystals, and DFT modelling of the rotational
barriers of the BCP rotators in crystalline arrays of a rod-like
molecule containing two 1,3-bis(ethynyl)bicyclo[1.1.1]pentane
(BCP) units, demonstrate that a correlated gearing motion occurs
in the limit of a weak coupling between two rotors in a pair.

Understanding the mechanism of motion in crystalline arrays of
molecular rotors with complex dynamics1 is a key step that will
foster the development of molecular machines capable of
performing useful work.>® The present investigation of the topology
and dynamics of solid state assemblies of the rod-like molecule
bis(3-(pyrid-4-ylethynyl)bicyclo[1.1.1]pent-1-yl)buta-1,3-diyne,
1 that contains two 1,3-bis(ethynyl)bicyclo[1.1.1]pentane (BCP)
rotators linked by a diyne fragment (Chart 1),9 was prompted (i) by
our recent report10 of a correlated gearing motion in cogwheel pairs
of a similar rod, 2 with 1,4-bis(ethynyl)bicyclo[2.2.2]octane (BCO)
rotators® instead; and (ii) the demonstration that, keeping with the
one-dimensional topology of 2, a 4 A shift of the rotor axles with
respect to each other in the thermodynamic polymorph of 2
effectively suppresses the gearing motion.'* Another, yet different,
example of correlated rotational motion in a pair is reported here
for 1. The latter is shown to be a structural isomer of 2 where the
BCP rotators do not rub against each other as much as the BCO
rotators in the kinetic polymorph of 2, thereby defining a weak-
coupling limit for the gearing motion in cogwheel pairs of molecular
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rotors.

Self-assembly by C—H--N hydrogen bonds in
layers of parallel zig-zag strings of rods

The molecular rod 1 was synthesized as reported earlier.’
Plate-like colourless crystals were obtained by slow cooling of
an ethyl acetate solution and their structure determined by X-
ray diffraction at 293 K and 120 K.

As exemplified in Figure 1, a striking feature distinguishes the
patterns of self-assembly, and thereby the topologies, of
crystalline arrays of 1 and 2. Instead of two parallel C—H---N
hydrogen bonds connecting successive rods in 2 into infinite
one-dimensional strings, the same two hydrogen bonds (Table
S1) connect three rods in 1, creating infinite zig-zag strings
with successive rod axles at an angle of 120° (Fig. 1a), and
directing the formation of layers of parallel zig-zag strings of 1
(Fig. 1b). The latter are stacked at a canted angle along a (Fig.
1c).
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Fig. 1. (a) The two motifs of C—H--:N hydrogen bonds in 1 and 2; (b) A layer of
parallel zig-zag strings in 1; (c) The layers stack at a canting angle along a. The
dotted red lines are H--H interactions (<2.8 A) identifying pairs of rotators across
layers. Note that the two equilibrium positions are drawn in b and c.

(c)

Fig. 2. H---H contacts shorter than 2.8 A in (a) the Majority-Majority; (b) the
The BCP rotators are located at a single crystallographic site, Majority-minority and (c) the minority-minority occupancies of the two adjacent
distributed over two equilibrium positions whose occupancies are rotor sites according to the 120 K structure of 1.

unbalanced (0.62 and 0.38 at 293 K; 0.66 and 0.34 at 120 K), yet to
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a lesser extend than in the kinetic polymorph of 2 (0.88 and 0.12 at
293 K).10 The dotted red lines in Figure 1c show the inventory of
H--H interactions shorter than 2.8 A. It is of interest to note that
there is no such contact between BCP rotators in a layer (Fig. 1b).
Instead, interacting BCP rotators in a pair are identified in the (a,c)
plane as a result of stacking the layers along a (Fig. 1c). The H--H
distances associated with the three possible rotor-rotor interactions
corresponding to the occupancies of the two equilibrium positions
on a single site, i.e. Majority-Majority (2.770 A (x2)), minority-
minority (2.506 A (x2)) and Majority-minority (2.630 and 2.650 A),
are shown in Figure 2. In view of such data and our previous work
on 2% we anticipate the possibility of two different rotational
barriers associated with: (i) a well-correlated synchronous motion of
the two adjacent rotors and (ii) a higher energy asynchronous
motion in which two blades of adjacent rotors rub against each
other. However there is an important difference between the two
systems: whereas in 2 the H-:-H contacts in the minority-minority
situation were as short as 2.1-2.2 A, in 1 such H--H contacts are
kept relatively long. Consequently, the two barriers should be
relatively close in the present case.

Variable-temperature 'H spin-lattice relaxation
identifies two relaxation processes

Variable-temperature (35-300 K) proton spin-lattice relaxation
experiments were carried out at two fields (with "4 Larmor
frequencies of 46 and 131 MHz) on a static crystalline sample, as
described in earlier work.2*°***2 The correlation time T. is obtained
by the fit of the 'y T{l data (Fig. 3) to the Kubo-Tomita formula, 1.
= 19 exp(E./ky), with two relaxation processes for the same spin
temperature to yield rotational barriers of 1.23 kcal mol™ = 620 K
and 1.59 kcal mol™ = 800 K, and 1, of 4.0 10® sand 3.8 10" s, for
the low and high energy processes, respectively. The occurrence of
two relaxation processes for a rotator with two equilibrium
positions with unbalanced occupancies on a single crystallographic
site has been observed for the kinetic polymorph of 2 and
attributed to the dynamics characteristics of a gearing motion
within correlated cogwheels pairs.10 Note however that in 2, in
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Fig. 3. Variable-temperature proton spin-lattice relaxation time, 'y Tl_l, at two
fields for 1.
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Fig. 4. Model used to study the correlated motion of two adjacent BCP rotators.
For the synchronous motion, we fix the dihedral angle 0, defined by the atoms
labelled by a red asterisk and change it every 10°. For the asynchronous motion,
we also fix the dihedral angle defined by the atoms labelled with a blue asterisk
(0,) at the same value as the 0; angle. 0 = 0° corresponds to the dihedral angle
of the crystal structure with the majority occupation on the BCP site.

agreement with the analysis above, the energy barriers are typically
larger, especially for the high energy process (£, = 6.1 kcal mol™ =
3078 K).

Modelling the energy barriers

As discussed above (see Fig. 1c) the H atoms of a rotor in 1 are
implicated in H--H contacts shorter than 2.8 A with an
adjacent rotor and two pyridine substituents. Consequently,
the appropriate model to study the rotational motion in this
solid is a couple of neighbouring rotors surrounded with four
pyridine fragments, as shown in Figure 4. This model was used
in order to estimate the rotational barriers in the solid. The
rotors have been modelled as a BCP unit (Chart 1) mimicking
the situation in the solid whose triple bonds have been capped
in the following manner: 1) by a H atom on the side of the
ethynyl group; 2) by a H;C— on the side of the pyridine. The
four neighbouring pyridines, which show relatively short
contacts with the blades of the rotors, have been simply
considered as pyridine molecules (Figure 2). As in previous
studies,s'm'11 density functional theory13 (DFT) calculations
were carried out with the MO06-2X functional using the
Gaussian 09 code.” Basis sets of the type 6-31-G(d,p) were
used for C, N and H.*

We have estimated the two rotational barriers for the synchronous
and asynchronous motion of the two BCP rotators in a pair
searching for the lowest-energy path by means of partial geometry
optimizations. In our calculations, the outer H;C-C—-C— and —C-CH
groups of the two rotators are always kept fixed. For the
synchronous motion, we fix the dihedral angle (0,) defined by the
atoms labelled with a red asterisk in Figure 4 and change it every
10°. The coordinates for the two neighbouring rotators have been
fully optimized within these restrictions. For the asynchronous
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motion, the dihedral angle defined by the atoms labelled with a
blue asterisk in Figure 4, were also fixed as the same value of the 6,
angle. The coordinates of the two rotators have been fully
optimized within these restrictions. In both cases the four
surrounding pyridine molecules were kept fixed at their
crystallographic positions. We have verified that the associated
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Fig. 5. (a) Computed energy profiles (in kcal mol'l) for the synchronous and
asynchronous rotation of two adjacent rotators; (b) Calculated structure of the
higher energy structure for the synchronous and (c) asynchronous rotations.
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H--H contacts never become too short and that this assumption is
justified.

The calculated barriers are reported in Figure 5. That for
the synchronous motion is very small, 0.28 kcal mol™ = 141 K,
whereas that for the asynchronous motion is larger yet not
very high, 0.98 kcal mol™ = 493 K. These values of the DFT
barriers are about 1 kcal mol™ lower than those obtained by
the fit of the spin-lattice relaxation data. This is not
unexpected in view of such small barriers, particularly since
our discrete model does not take into account long-range
contributions. The important result is that the energy
difference between the two barriers is relatively small in both
the spin-lattice relaxation experiments and the DFT
calculations. These barriers mostly originate from the variation
of the rotor-rotor H-:-H contacts. The optimized geometries for
the higher energy structure of the two types of rotational
motions are also shown in Figure 5. It is clear that the rotor-
rotor H-:-H contacts stay considerably long, which is the reason
why the barriers are low, as expected. Thus, a picture emerges
from this combined experimental and theoretical analysis of
the motion of the rotors in a pair where adjacent rotors move
gently in a synchronous, well correlated way as long as H---H
contacts around 2.4 A occurring in the asynchronous motion
are avoided, which according to previous work'®* is the onset
for the development of repulsive, gear-slipping interactions.

Conclusions

We have shown that the rod-like molecule 1 containing two
1,3-bis(ethynyl)bicyclo[1.1.1]pentane (BCP) rotators, linked by
a diyne fragment, self-assembles by C—H-:-N hydrogen bonds in
a crystalline array that proved to be a structural isomer of the
analogous rod, 2 carrying 1,4-bis(ethynyl)bicyclo[2.2.2]octane
(BCO) rotators instead. As a result, the rod axles are shifted in
1 in such a way that the rotor-rotor interactions defining
strong correlated cogwheels pairs in 2 are rather weakened,
that is, the rotors do not rub against each other as much in 1.
Our investigation of the rotors dynamics by VT crystal
structures and VT spin-lattice relaxation on static crystals, 'H
Tl_l, and DFT modelling of the rotational barriers, reveals two
low rotational barriers differing by 0.4-0.7 kcal mol™, whose
energies are rather lower that those in 2 (1.8 and 6.1 kcal mol™
1), and concludes that the very same type of correlated gearing
motion occurs at thermodynamic equilibrium yet in the limit of
a weak coupling between two rotors in a pair, exemplified by a
much smaller difference of energy between the low-energy
gearing relaxation process and a higher-energy gear-slipping
relaxation process.
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Notes and references

¥ Crystallography. Single crystal X-ray diffraction data were collected with a

MoKa (0.71073 A) radiation on a Bruker Kappa CCD diffractometer at room

temperature and with an Oxford Diffraction Gemini-R diffractometer at 120

K (in a cooled nitrogen gas stream). The 293 and 120 K data were processed

using the EvalCCD and CrysAlisPro software,” respectively; empirical

absorption correction were applied with the SADABS and Scale3AbsPack
programs.18 The structure was solved by a direct method followed by

Fourier syntheses and refined by a full-matrix least-squares method in an

anisotropic approximation for all non-hydrogen atoms using the SHELX-97

programs.19 H atoms were refined in a riding model with Ujs(H) = 1.2 Ueq(C).

The small thickness of the plate-type crystal and twinning resulted in rather

high values of the reliability factors after the structure refinement.

Crystal data for 1 at 293 K: CygHyoN,, M = 384.46, monoclinic P2,/c, a =

5.7123(19), b = 5.7076(17), ¢ = 33.016(18) A, B = 93.68(5) °, V = 1074.2(8)

/&3, Z=2,u=0.70 cm’l, 20max = 54.2 °, 7162 reflections measured, 2400

unique (Riy = 0.165), 790 with / > 20(/), 166 parameters refined, R(Fz) =
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5.6780(10), b = 5.6456(7), ¢ = 32.491(12) A, B = 93.09(2) °, V = 1040.0(4)

A3, 7=2,11=0.72 cm™, 20y = 56.7 °, 4203 reflections measured, 2332

unique (Riy = 0.0617), 1635 with / > 2a(/), 165 parameters refined, R(F) =

0.0954, wR(F?) = 0.2314, GOF = 1.020.
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Investigation of the rotor dynamics by VT crystal structures, VT spin-lattice relaxation on static crystals, and
DFT modelling of the rotational barriers in crystalline arrays of a self-assembled rod-like molecule containing
two 1,3-bis(ethynyl)bicyclo[1.1.1]pentane (BCP) rotators reveals two low rotational barriers and conclude
that correlated gearing motion occurs at thermodynamic equilibrium in the limit of a weak coupling between
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