W) Check for updates

yandte

International Edvition Chem’e

www.angewandte.org

q A Journal of the Gesellschaft Deutscher Chemiker

Accepted Article

Title: Dynamics of meso-chiral interconversion in butterfly-shape
overcrowded alkene rotor tunable by solvent properties

Authors: Masayuki Takeuchi, Atsuro Takai, Jan Labuta, Kalathil K.
Kartha, and Zdenék Futera

This manuscript has been accepted after peer review and appears as an
Accepted Article online prior to editing, proofing, and formal publication
of the final Version of Record (VoR). This work is currently citable by
using the Digital Object Identifier (DOI) given below. The VoR will be
published online in Early View as soon as possible and may be different
to this Accepted Article as a result of editing. Readers should obtain
the VoR from the journal website shown below when it is published
to ensure accuracy of information. The authors are responsible for the
content of this Accepted Article.

To be cited as: Angew. Chem. Int. Ed. 10.1002/anie.202102719

Link to VoR: https://doi.org/10.1002/anie.202102719

WILEY-VCH


http://crossmark.crossref.org/dialog/?doi=10.1002%2Fanie.202102719&domain=pdf&date_stamp=2021-04-27

Angewandte Chemie International Edition

10.1002/anie.202102719

WILEY-VCH

Dynamics of meso-chiral interconversion in butterfly-shape

overcrowded alkene rotor tunable by solvent properties

Kalathil K. Kartha,® Atsuro Takai,® Zdenék Futera,® Jan Labuta,*?l and Masayuki Takeuchi*®

[a] Dr. Kalathil K. Kartha, Dr. Atsuro Takai, Prof. Dr. Masayuki Takeuchi

Molecular Design and Function Group, National Institute for Materials Science (NIMS), 1-2-1 Sengen, Tsukuba, Ibaraki 305-0047, Japan

E-mail: TAKEUCHI.Masayuki@nims.go.jp
[b] Dr. Zdenék Futera

University of South Bohemia, Faculty of Science, BraniSovska 1760, 370 05 Ceské Budéjovice, Czech Republic

[c] Dr. Jan Labuta

World Premier International Center for Materials Nanoarchitectonics (WPI-MANA), National Institute for Materials Science (NIMS), 1-1 Namiki, Tsukuba,

Ibaraki 305-0044, Japan
E-mail: LABUTA.Jan@nims.go.jp

Supporting information for this article is given via a link at the end of the document.

Abstract: Control over dynamic motion at the molecular level and
stimuli-responsiveness are important issues for making nano-motors,
nano-actuators or nano-sensors. Elucidation of dynamics of
molecular rotational motion is an essential part and still challenging
area of research. In this report, demonstration of reversible
diastereomeric interconversion of a molecular rotor composed of
overcrowded butterfly-shape alkene (FDF) is given. Its inherent dual
rotatory motion (two rotors, one stator) with interconversion between
two diastereomers, chiral trans-FDF and meso cis-FDF forms, has
been examined in detail upon varying temperatures and solvents. The
free energy profile of 180° revolution of one rotor part has a bimodal
shape with unevenly positioned maxima (i.e. transition states). FDF in
aromatic solvents adopts preferentially meso cis-conformation, while
in non-aromatic solvents a chiral trans-conformation is more abundant
due to the solvent interactions with peripheral hexyl chains
(solvophobic effect). Additionally, moderate correlations between the
trans-FDF/cis-FDF ratio and solvent parameters, such as refractive
index, polarizability, and viscosity were found. The results presented
here have implementations in several fields of organic chemistry, such
as the design of artificial molecular machines,
asymmetric/stereoselective reactions and solvent properties scales.

Introduction

Nature is abundant with molecular rotors, such as ATP
synthases'? and other intracellular motors,?® that inspire
chemists to design various artificial molecular machines,*7 such
as molecular motors,®® rotors,'° ratchets,' gears,'?'3 breaks,'
shuttles, stirrers,'® turnstiles," torsion balances,''® viscosity
probes,?® or molecular machine based artificial muscles.?!
Elucidation of molecular rotational motion is still a challenging
area of research, especially when multimodal rotation (two or
more rotating parts) occurs simultaneously.® Moreover, achieving
the correct or intended performance of molecular systems by
solvent properties, such as viscosity and polarity, is also an
important issue. There are numerous cases reporting strong
solvent effects, such as a 200-fold increased rate of shuttling in
the peptide rotaxane system upon adding a small amount of
methanol into the dichloromethane solution,” and solvent
viscosity dependent speed of rotation of overcrowded alkene

molecular stirrer.'® There are also profound solvent effects on cis-
trans or Z-E isomerization switching processes,?? for example
thermally stable E-isomer of dipyrrinone in methanol compared to
thermally reversible Z-E transition of dipyrrinone in chloroform,?
or solvent effects on Z-E equilibrium of azobenzenes.?* Despite
these recent advances in solvent-responsive molecular systems,
however, limited molecular design of multimodal rotors hinder the
elucidation of their dynamical processes and the correlations of
the dynamical behaviour with solvent parameters. In this context,
we focused on the concept of overcrowded alkenes for
construction of a dual rotatory system. We envisioned that
introducing a planar -system (a stator unit) in between two rotor
units would induce multimodal diastereomeric interconversion
processes that can be monitored using NMR spectroscopy. Such
a molecular rotor is expected to be a dynamic molecular probe in
which several isomers are precisely distinguishable,
thermodynamically stable, and tunable by external stimuli, such
as temperature, additive, and solvent type.

Herein we report an overcrowded aromatic hydrocarbon
rotor, FDF (Figure 1a), wherein two fluorenylidenes (FLU: rotor
units) are connected with dihydro-indenoindene (DHI: a stator
unit)?%28 through a rotatable C=C double bond.?"?®¢ Two distinct
flipping motions of FDF and their kinetics in solution were
investigated by means of variable temperature (VT) NMR
spectroscopy, DFT calculations and classical molecular dynamics
simulations. Furthermore, we have found that the ratio of the two
interconverting diastereomeric forms of FDF, the chiral frans-FDF
form and meso cis-FDF form, is strongly associated with the type
of solvent or composition of the binary solvent mixture used.
Presented results reveal the mechanism of diastereomeric
interconversion processes in the FDF molecule and the effects
which influence these.

Results and Discussion

The synthesis?®* and characterization of FDF were summarised
in Supporting Information (Figures S1-S13). FDF exists in cis and
trans conformations (diastereomers) (Figure 1a,b) where the
angle between DHI and FLU units is about 35° as obtained from
DFT optimized structures (see Quantum mechanical calculations
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in Supporting Information). The cis-isomer has one meso form
(P,M)-FDF, identical to (M,P)-FDF. The trans-isomer has two
chiral forms: (P,P)-FDF and (M,M)-FDF. There is a temperature
and solvent type dependent interconversion of these forms, as
discussed below. The assignment of NMR spectra to
corresponding cis/trans diastereomers has been done using 2D
NMR measurements (Figures S14-S17) and DFT calculated
chemical shifts (Table S2 and Figures $22-S30).3"32

Variable temperature (VT) NMR measurements performed
in high boiling point solvents, such as o-dichlorobenzene-d;
(ODCB) (Figure 1c,d) and toluene-ds (Figure S18) showed sharp
split resonances at 25 °C. The FDF molecules in ODCB are
present in two (cis and trans) diastereomeric forms in an
equimolar ratio, as seen in NMR spectrum at 25 °C (Figure 1c),
i.e. the resonances corresponding to trans- and cis-form (e.g. A\,
Ac°or E!, E°) have the same area. This implies that (P,M)-FDF (2x),
(P,P)-FDF (1x), and (M,M)-FDF (1x) have a statistical distribution
in ODCB. Two distinct coalescences at different temperature

trans-FDF isomer (chiral)

(P,P)-FDF (a)
FLU
Rim flip
kr
DHI kr
Low T process
FLU

—fit
——spec.

cis-FDF isomer (meso)
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scales were observed upon heating, as shown in Figure 1c (lower
temperature: from 25 °C to ca. 100 °C) and Figure 1d (higher
temperature: ca. 75 °C to 150 °C). The low-temperature line-
shape changes of DHI and FLU resonances (e.g. A, A°, E!, and
E®) correspond to a diastereomeric interchange between the
chiral trans-FDF and meso cis-FDF forms via the flip of FLU unit
over the rim of DHI unit, hereafter named as the "rim flip"
mechanism (Figure 1a). The transition state TS adopts a
geometry in which DHI and one FLU unit are coplanar. The high-
temperature coalescence (e.g. FLU resonances E and F in Figure
1d) is associated with the rotation of a FLU unit around the double
bond through transition state TS4* in which DHI and FLU units are
perpendicular to each other, hereafter named as the "double bond
flip" mechanism (Figure 1b). When the double bond flip process
starts to be detectable, the frans and cis diastereomeric forms are
already indistinguishable in the NMR spectrum due to fast
exchange regime (i.e. resonances A!, A° — A, and E!, E® — E,
etc.).

trans-FDF isomer (chiral)

(M, P)-FDF (P,P)-FDF

(b)

85 80 75
ppm

Figure 1. Structure of butterfly-shape FDF with the description of flipping processes, including their NMR spectral manifestations. a, b) Stereochemical structures
of FDF isomers during cis-trans interconversion via (a) rim flip and (b) double bond flip mechanism. Oriented values of torsion angles ¢ and ¢ as obtained from
DFT are shown in (a). ¢) VT "H NMR spectra (400 MHz, grey line) of the aromatic part of FDF (7 mM, ODCB) showing the low temperature rim flip process. Line-
shapes of A!, A® and E!, E° resonances, respectively, are fitted using a two-site symmetrical exchange (blue line). Note that at 100 °C, the E resonance is broadened
due to the onset of the double bond flip process (drawn dashed blue line represents only rim flip process consistent with the fitting of At and A° resonances).
Therefore, the k: value was determined only from fits of Al and A°® resonances which are not affected by the double bond flip process. d) VT 'H NMR spectra (400
MHz, grey line) of the aromatic part of FDF (7 mM, ODCB) showing the high temperature double bond flip process. Line-shapes of F and E resonances are fitted
using a two-site symmetrical exchange (red line). Notes: Superscripts 'c' and 't' denote cis- and trans-isomers. Intensity scales (y-axes) are uneven to emphasize
spectral features around coalescence temperature. Values of rate constants k- and kq are given at each spectrum. For resonance assignment, see structures at the
top. For a more comprehensive assignment of '"H NMR spectrum, see Figure S14.
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In order to determine exchange rates and energy barriers of
these two processes, we focused on the analysis of VT NMR
spectral line-shapes and employed a two-site symmetrical
exchange model (due to cis/frans equimolar ratio in ODCB).
Hereafter, the ‘r' and ‘d’ subscripts denote the rim flip and double
bond flip processes, respectively. Each process has a
characteristic temperature-dependent value of mean exchange
rate k. and kg (in s™') (Figures 1a,b). We used the symmetric
exchange spectral pattern of two singlets®*3® as described
together with the fitting procedure in details in Supporting
Information. The line-shape fitting is shown in Figures 1c,d (blue
and red lines) and obtained rate constants are plotted in Figure
S19.

The kinetics of the unimolecular interconversion process is
described by Eyring equation.®

+ ¥ +
kpT —AGT  gpr _AHT AST
k=%e RT =%e RT @ R (1)

Where k (represents k: or kq) is the exchange rate constants of
reversible symmetric reaction, kg is the Boltzmann constant, h is
the Planck constant, R is the gas constant, and T is the absolute
temperature. AG* = AH* — TAS* (represents AG# or AG4*) are the
Gibbs free energy of activation to reach the transitions state (TS
or TS4%). The AH* and AS* are the enthalpy and entropy of
activation, respectively, for the corresponding flipping process.
The kinetic parameters as obtained from an Eyring plot (i.e. plot
of In(k/T) vs. 1/T) are shown in Figure 2 and Table S1.

Eyring plot
- +AH* =723kl mol?
27 ‘ ‘iAs,‘t =10.2J K mol]
=l
S 0%
g9 % ¥
= o &
< 2] % &
T M= ) 9
- 68.7 ki mol™t . ™
—4as,! = i %g ]
—27 J K mol ~
0.0025  0.0030  0.0035
1/T/K?

Figure 2. Eyring plots of exchange rates k: (blue circles) and k4 (red squares)
with values of activation enthalpies and entropies indicated. Room temperature
barrier heights for rim flip and double bond flip process are AG#sc) = 69.2 kJ
mol! and AGg¥(zs «c) = 76.8 kJ mol™, respectively.

The linearity of the Eyring plots of both processes indicates that
they involve only one simple mechanism with one transition state.
Therefore, the rim flip and double bond flip are independent
processes. It is quite remarkable that, at first glance, the complex
dynamics can be effectively 'deconvoluted' using NMR line-shape
analyses. There are several positive coincidences: (i) the NMR
resonances corresponding to each process do not overlap; (ii)
there are some resonances that can be unambiguously attributed
to just one process; and (iii) the rates of the dynamical processes
are within the range of an NMR chemical shift time scale (i.e.
having barriers of transition AG*¢s -c, around 65 kJ mol-1).13:37:38
The experimental activation energy of rim flip and double
bond flip process (at 25°C) is AGHpsc) = 69.2 kJ mol' and
AGg*o5°c) = 76.8 kd mol', respectively. The activation energies as
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obtained from DFT calculated total energy profile (Figure 3) are
AEFo PFT = 78.7 kd mol” and AEg*o kT = 86.3 kJ mol”". The
DFT Gibbs free-energy corrections (AG) were also calculated at
25 °C at stationary points using vibrational modes yielding
AG.—t(zs"C)DFT = 83.3 kd mol" and AGdt(zs"c)DFT = 86.7 kJ mol'. The
experimental and calculated values are in acceptable agreement,
as shown in Figure 3 (and summarized in Table S1). It should be
noted that the total energy profile (AE) in Figure 3 is a good
approximation to the Gibbs free energy since the corrections to
AG calculated based on vibrational modes might introduce extra
errors, especially for molecules where soft vibrational modes are
present due to the internal motions.38

The two-dimensional Gibbs free energy surface can be
seen in Figure S20. The energetic dependence on both reaction
coordinates (angles ¢4 and ¢, associated with a rotation of each
FLU unit) show broad minima and also suggests that energetic
pathways for the cis-trans interconversion are statistically
favoured over direct cis-cis or ftrans-trans interconversion,
involving simultaneous rotation of both FLU units.

(@) trans = TS} = cis = TS <+ trans

R-L=, R R- R \ R-

S5 )
90°
. ——NMR (AG)
Double bond flip —&~ DFT (AF)
TS, DFT (AG)

801 TS g p:

AE, AG / k) mol!
NN
e °

20 -35°

|

0" S S Y L\t“'*_'x-ﬂ‘
trans  AG} cis OGS trans AG,F cis
(chiral) (meso) (chiral) (meso)

30° 0 30° 60° 90° 120° 150° 180° 210°
Reaction coordinate (torsion angle) ¢,

Figure 3. Schematic structural changes and energy barrier diagram of FDF
during the flipping processes as obtained from NMR and DFT. a) Structural
changes of FDF during trans—cis—trans interconversion via rim flip and double
bond flip mechanism. b) Gibbs free energy (AG) at 25 °C as obtained from NMR
(solid black circles). NMR free energy profile along the ¢1 reaction coordinate
(black line) is shape-wise derived from the DFT calculated profile. DFT total
energy profile (AE) as calculated at wB97XD/6-311G(d)//6-311++G(d,p) level
with ¢ = —=35° and constrained torsion angle ¢1 (solid green circles and line
denote actual calculated values; empty green circles and dashed lines denote
values which are symmetrically extended). The 'sawtooth' jumps around ¢1 = 0°
and 180° are due to strong steric hindrance of the A and F hydrogen atoms
during the DFT constrained calculations. DFT Gibbs free energy (AG)
corrections were calculated at stationary points at wB97XD/6-311G(d) level
based on of gas-phase vibrational modes. A simplified FDF structure (CeH13
alkyl chains were replaced with methyl groups) was used in the DFT calculations.

The activation entropy in the interconversion processes
where no bond breaking occurs is expected to have a near-zero
value.®® Considering the experimental error, the rim flip process
with activation entropy AS# = 10.2 + 7.0 J mol-' K- meets the
expectation. On the other hand, the double bond flip process is
accompanied by an appreciable negative activation entropy AS4*
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=-27.0 + 4.9 J mol~" K™, indicating that there is increasing order
during the formation of TS4* transition state. This behaviour
suggests that the alkyl C¢H13 chains at the periphery of FDF play
an important role during the double bond flip, where they adopt a
particular arrangement to allow for the transition state formation.
A lack of alkyl chains in similar bifluorenylidene molecule shows
a near-zero activation entropy (AS* ~ 2.5 J mol~" K') during a
similar double bond flip,? confirming an adverse effect of alkyl
chains for the formation of transition state and effectively slowing
down the double bond flip process. To further support the alkyl
chains' adverse entropic effect, molecular dynamics (MD)
simulations® were performed on FDF in ODCB at 25 °C. Obtained
distributions of end-to-end distances of alkyl chains located at the
opposite FLU units in the TS4* indicate increased steric hindrance
(compared to cis or trans state) as seen in Figure S41. This effect
is not observed for the rim flip process (Figure S41c,d), indicating
that the conformational space of alkyl chains is restricted in the
TSqt, which is the source of reduced entropy.

THF

A A GF Ef
Tol 0.85
Fe E€
Benz 0.76
82 80 ppm 78 76

Figure 4. "H NMR spectra (400 MHz, 25 °C, grey line: spectrum, red line: fit) of
aromatic part of FDF (7 mM) in various solvents with values of Kyc indicated at
each spectrum. Legend: TCEt = 1,1,2,2-tetrachloroethane-d2, THF =
tetrahydrofuran-ds, CyHex = cyclohexane-di2, CDCl3 = chloroform-di, Ace =
acetone-ds (low solubility), CD2Cl, = dichloromethane-d2, ODCB = o-
dichlorobenzene-ds, Pyr = pyridine-ds, Tol = toluene-ds, Benz = benzene-ds. For
clarity the spectra in aromatic solvents were offset upfield (max. 0.27 ppm for
pyridine).

Interestingly, when different solvents are used, the ratio
between trans- and cis-form deviates from unity (equimolarity) as
seen in 'H NMR spectra at 25 °C (Figure 4). The spectra clearly
show thatin 1,1,2,2-tetrachloroethane-d, (TCEt) the trans-form is
more abundant than the cis-form (see, for example, resonances,
F', F¢ or A!, A°). Contrarily, the strongest preference for the cis-
form can be seen in benzene-ds. This behaviour was
quantitatively examined in different solvents using line-shape
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fitting and integrating the area under A and F (and where possible
E) resonances in NMR spectra, as seen in Figure 4. This analysis
yields the diastereomeric ratio Ky of the trans-form as compared
to the cis-form, which is defined as

£ R @)

and can also be interpreted as an equilibrium constant of the cis-
trans interconversion reaction (Figure 4, top). f; and f; values are
molar fractions of the frans- and cis-form, respectively, as
obtained from NMR integration. The AGyc is the Gibbs free energy
change of the cis-trans interconversion reaction, describing the
energy difference between trans- and cis-isomer (for example,
AGy. is negative when frans-form is energetically lower than cis-

form and vice versa; for more details, see Figure S35).
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Figure 5. Solvent effects on the FDF isomerization process. a) Plot of Kyc and
AGyc values in various solvents at 25 °C as obtained from fitting of spectra (red
curves) in Figure 4. Error bars (st. dev.) are connected with the left axis. Actual
values and standard deviations are listed in Table S5. The legend for
abbreviations is the same as in Figure 4. The asterisk denotes low solubility of
FDF in acetone-ds. b) Correlation between Kyc and refractive index n. c)
Correlation between Kyc and viscosity 7. (The legend is the same as in Figure
4.) d) Plot of Kyc and AGyc for continuous variation of volume fraction gro of
toluene-ds in CDCls at 25 °C (for actual NMR spectra see Figure S34).

The Ky and AGyc values are plotted in Figure 5a (for actual
values, see Table S5) and show large solvent dependent
variations in the diastereomeric composition of FDF. Interestingly,
FDF prefers the trans conformation in non-aromatic solvents and
cis in aromatic solvents. The correlations between the
diastereomeric ratio Ky. and solvent parameters, such as donor
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number, acceptor number, dielectric constant, dipole moment,
refractive index, polarizability, viscosity, specific heat capacity,
relative polarity, Et(30) polarity scale, molecular weight, density
or Hildebrand and Hansen solubility parameters were
investigated. However, no significant correlation across all
solvents was found. The correlations for non-aromatic and
aromatic solvents, when analyzed separately, show three
moderate correlations between Ky. and the solvents' refractive
index, viscosity (Figure 5b,c) or polarizability (see Figure S32b).

To explain the mechanism of solvent-induced cis/trans
interconversion, we have performed MD simulations on FDF
molecule in all studied solvents at 25 °C (for details, see Section
10 in Supporting information). It turned out that the alkyl side
chains play a critical role in the observed behaviour. Aromatic
non-polar solvents keep the alkyl chains solvated and in extended
form, making the cis-form enthalpically favoured. Contrarily, polar
non-aromatic solvents show repulsive interactions towards alkyl
chains, which tend to shrink and sterically interact between
themselves. It induces entropic force towards conformation
change to the state with higher entropy (i.e. trans-form with higher
surface area and alkyl chains more apart. Overall, the solvent-
induced interconversion is attributed mainly to the solvophobic
interactions between solvent molecules and peripheral alkyl
chains. Moreover, the MD simulated tendencies are in good
agreement with experimentally observed data (compare Figure
5a and Fig. S39).

Finally, we studied the "H NMR spectra upon changing the
volume fraction of toluene-ds in CDCls (¢ro1), because two solvents
(toluene-ds and CDCI3) exhibit a strong preference of FDF for cis-
or trans-isomer, respectively (Figure S34). The plot of the
extracted Ky values has nonlinear but continuous dependence of
Ky on the fraction ¢ro (Figure 5d). This also shows that the cis-
trans conformational equilibrium of FDF can also be finely tuned
to the required cis/trans ratio Kyc (in contrast to jump-like changes
in different solvents).

Conclusion

In conclusion, we have shown that FDF aromatic hydrocarbon
possesses nontrivial bimodal dynamical behaviour involving rim
flip and double bond flip processes. Both are connected with
diastereomeric interconversion between the chiral trans-FDF and
meso cis-FDF forms. We were able to separate and analyze the
rates of these two processes in a broad range of temperatures
using line-shape analysis of '"H NMR spectra. Moreover, together
with the DFT calculations, a comprehensive kinetic description of
FDF conformational behaviour was presented. It was shown that
FDF in various solvents has uneven populations of cis- and trans-
form in a slow exchanging mode (on the NMR time scale) at room
temperature. Moreover, FDF in aromatic solvents preferentially
adopts a meso cis-form, whereas in non-aromatic solvents a
chiral trans-form is preferred. This effect was attributed to
solvophobic interactions between solvent molecules and
peripheral hexyl chains, as revealed by MD simulations.
Additionally, moderate correlations between solvent parameters,
such as refractive index, polarizability, and viscosity, and the
trans-FDF/cis-FDF ratio were shown. The findings presented here
have connections in various fields of organic chemistry, such as
the design of artificial molecular machines based on sterically
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crowded alkenes, solvent properties scales, enantioenrichment
reactions, asymmetric or stereoselective reactions, for example,
in a search for suitable functionalization conditions (e.g. solvent
type, temperature) for chiral-meso interconvertible molecules in
order to obtain targeted stereochemical structure of a product.
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Entry for the Table of Contents

Solvent type

chiral
trans,
meso

(ff-‘) l Non-aromatic Aromatic
Ky > 1 Kye <1

Butterfly-shape overcrowded alkene rotor was synthesized, and its meso-chiral diastereomeric interconversion processes were
elucidated in different solvents. The interconversion has nontrivial bimodal dynamics involving two mechanisms, "rim flip" and "double
bond flip". The rotor shows a preference for meso cis-conformation in aromatic solvents and chiral trans-conformation in non-
aromatic solvents.
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