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ABSTRACT: Density functional theory calculations are used to reveal R e

the relationships between the structures, energies, and NMR signatures of ) fme _/\i\]_\

an octastate molecular switch composed of a dithienylethene (DTE) unit AN \M;\(s,\/\®

covalently linked to an indolino[2,1-b]oxazolidine (BOX) moiety through - \ -
an ethylenic junction. Both the DTE and BOX moieties can adopt open l . e .

or closed forms. The ethylenic junction can be Z or E, but the latter has e
been confirmed to be, by far, more stable than the former for all BOX/ " = S ®
DTE combinations. In addition, when the DTE is open, the two thienyl %’\/t e (R) e

units can fold to form parallel conformers, by opposition to the |, .o id e
antiparallel or unfolded conformers. Usually parallel conformers present a

higher energy than the antiparallel ones, but in the case of compound 2

having a bulky substituent (R = pPh-SMe) on the terminal thienyl group, Photochromism gating efficiency

the enthalpy of one conformer is very close (1—2 kJ mol™") to that of the

most stable antiparallel one, making photocyclization less efficient. These conformational differences and the presence of parallel
DTE forms have been substantiated by analyzing experimental '"H NMR chemical shifts in light of their calculated values. These
"H NMR chemical shift calculations led to the following statements: (i) Going from state I (DTE open, BOX closed) to state II
(both DTE and BOX are open) the Hg proton of compound 1 (R = Me) is deshielded by ~0.1S ppm. (ii) The deshielding of Hy
proton of compound 2 is larger and attains 0.41 ppm whereas H, is more shielded by 0.11 ppm. (iii) Then, going from
compound 1 to compound 2 leads to deshielding of both H, and Hg protons. As a consequence, the difference of
photochromism gating efficiency among compounds 1, 2, and 3 (R = pPh-OMe) can be attributed to the stabilization of parallel
conformer due to an establishment of an intramolecular interaction with BOX opening.

Parallel
Conformer

I. INTRODUCTION capacity by light are the major challenges to overcome in the
design of efficient memory devices at the molecular scale.
Concerning the DAE based systems, the control of the
photochromism is generally obtained either by a strong
modification of the electronic properties of the molecular
system or due to geometric considerations. Concerning these
last ones, it should be mentioned that systems based on the
DAE unit can exist in both parallel and antiparallel
conformations. Parallel conformers have the methyl group of

The combination at a molecular level of several switchable units
in order to elaborate multiresponsive molecular systems
continues to raise a strong interest due to their promising
application in many fields such as logic gates or high-density
optical memories to name a few."” Indeed, the combination of
n two-state switches shapes a multiswitch system that can
exhibit up to 2" various metastable states. Numerous molecular
systems combining different types of switch moieties have been

reported® ™ with a particular interest for photo- and redox- both thiophenes pointing toward the same direction while they
active materials.””® In this context, numerous systems point in opposite directions for the antiparallel ones, and only
incorporating a diarylethene (DAE) unit, undoubtedly the the latter can photocyclize according to the Woodward—
most studied photoswitch family,'*™* associated with a redox Hoffmann rules.

probe, with a photochromic unit and even with a pH-sensitive In this context, the elaboration of a biphotochrome

moiety were reported.”'~>* However, this association could molecular switch composed of a dithienylethene (DTE) unit

lead to a strong modification of the switching abilities of the

DAE moiety and lead in the most interesting cases to a Received: November 13, 2017
complete control of the photochromism behavior on demand. Revised:  December 19, 2017
Indeed, the material addressability and nondestructive readout Published: December 20, 2017
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Scheme 1. Schematic Representation of the Eight Possible Metastable States of BOX—DTE Hybrids Resulting from the
Combination of the Open/Closed (O/C) Form of the BOX (/M) and DTE (O/@®) Units Linked Together by an Ethylenic

Bridge in a trans/cis (T/C, A/ A) Configuration
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covalently linked to an indolino[2,1-b]oxazolidine (BOX)
moiety through an ethylenic junction has demonstrated
complementary features (Scheme 1). Besides, the results from
the 8 (2°) reachable states, thanks to the open and closed forms
of both DTE and BOX units and the Z/E isomerization of the
ethylenic junction, have demonstrated that the photochromism
of the DTE core is largely influenced by the status of the BOX
unit.”* In fact, the photocyclization of the DTE is largely
diminished when the oxazolidine ring is open (from state II to
VII). More important, the efficiency of this photochemical
process quenching is largely influenced by the nature of the
second substituent borne by the DTE core. In fact, phenyl
groups substituted by a donating group [R = pPh-SMe (2),
pPh-OMe (3)] increase the photocyclization quenching (less
than 1% of cyclized form is observed) in comparison to the
more classical DTE substituent (R = Cl or Me (1) with,
respectively, 4% and 10%).

To the best of our knowledge, the influence of the BOX
opening on the reduction of the DTE photocyclization capacity
was already apprehended using theoretical tools such as time-
dependent density functional theory (TDDFT) but without
geometrical consideration.”” To fill this gap, the conformer
distribution between parallel and antiparallel ones has to be
determined for all different states of the different DTE/BOX
hybrids. For such a purpose, the differences in the chemical
shift of proton NMR (especially those of the methyl groups)
can generally be used, but this reguires NMR chemical shift
calculations for both conformers.”® In this context, ab initio
NMR chemical shift calculations constitute a useful tool for
interpreting and assigning NMR spectra of complex mole-
cules.”’~* The development of accurate ab initio methods
including electron correlation, solvent, ro-vibrational, relativ-
istic, and temperature effects has led to predict quantitatively
the nuclear magnetic shielding tensors. In parallel, density
functional theory (DFT) methods with ad hoc exchange-
correlation functionals, which can be employed to systems
containing hundreds of atoms and more,”° are very accurate, or
at least, their errors are systematic and can easily be corrected,
for instance, by using linear scaling procedures,” ~*° opening
the way to applications to a broad range of compounds of
increasing complexity. In addition, errors with respect to high-
level ab initio methods are generally small and less than 0.2 ppm
for 'H.***° These first-principles NMR investigations have
contributed to determination of the structures as well as the
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c-C-C
conformations and configurations of complex s_?fstems,
including supramolecular host—guest cornpounds,3 elate-

nyne,”” strychnine,”” heparin trisaccharide,”” Z/E isomers of
alkyl phenyl ketone phenylhydrazones,*’ and poly(vinyl
chloride) oligomers bearing unsaturated and branched
defects.*” They have also played a key role in the assignment
or reassignment of the stereostructure of organic and natural
products.43_45 On the other hand, to our knowledge, such a
combined theoretical—experimental approach was not yet
applied to molecular switches.

Concerning the studied BOX/DTE hybrids, the opening/
closure of the oxazolidine ring induces a strong modification of
the 'H NMR spectrum facilitating the complete identification
and quantification of the generated species.”* The strong
variation of the acceptor ability of BOX during its opening leads
to an important deshielding of the different nuclei chemical
shifts hiding a potential effect of conformational change on it.
As a consequence, the increase of the chemical shifts of methyl
protons (nuclei 7, Scheme 1) of the thienyl group bearing the R
substituent with the BOX opening is until now the only
element suggesting a variation of the parallel and antiparallel
conformer ratio. Unfortunately, with the latter being strongly
correlated to the nature of substituent R, the simple analysis of
the NMR spectrum is not accurate enough to determine the
influence of R on the parallel and antiparallel conformer ratio,
and, then, on the photochromism gating.

In order to fill this gap, we have carried out a comparative
theoretical study on different BOX/DTE hybrids where the
second substituent borne by the DTE is, respectively, a Me (1),
(Cl), and pPh-SMe (2), pPh-OMe (3) group. After their
comparison to experimental results, our objective is to
determine, using DFT, in the same time the electronic and
conformational influence of the BOX status on the DTE
photocyclization process. This paper is organized as follows.
The next section summarizes the key computational aspects.
Section III presents and discusses the results before conclusions
are drawn in Section IV.

Il. COMPUTATIONAL METHODS

The geometries of the 8 states were optimized using DFT with
the M06* XC functional and the 6-311G(d) basis set. The
MO06 XC functional was selected owing to its overall good
performance for estimating geometrical parameters and
thermodynamics. For each state, the potential energy surface

DOI: 10.1021/acsjpcc.7b11221
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Table 1. M06/6-311G(d) Relative Enthalpies (AH®) and Gibbs Free Energies (AG®) for the Most Stable Conformers of the 8

States of Compound 1“

state AG® [k] mol™] AAG® [k] mol™] % (cis)
c-c-0 159 —15.9 0.17%
c-t-o 0.0

c-c-Cc 52.1 -16.3 0.14%
c-t-c 359

0-c-C 210.3 —25.4 0.004%
o-t-c 184.9

0-C-0 170.6 —23.8 0.007%
o-t-o 146.8

AH° [IJ mol™'] AAH° [K] mol™] % (cis)
12.3 -12.3 0.69%
0.0
43.0 —-149 0.25%
28.1
205.7 —-18.9 0.05%
186.8
167.3 -79 3.94%
159.4

“Differences of enthalpies [AAH® = AH°(trans) — AH®(cis)] and Gibbs free energies (AAG®) for each pair of cis—trans isomers are also provided
together with the corresponding cis population calculated using the Maxwell—Boltzmann distribution. Solvent effects were taken into account using

the IEFPCM scheme (solvent = acetonitrile).

Table 2. IEFPCM (Solvent = Acetonitrile)/M06/6-311G(d) Relative Enthalpies (AH®, k] mol™") and Representative
Geometrical Parameters (@, and @, in deg and R¢c in A) of the 8 Most Stable Conformers of States I and II of Compounds 1

and 2
01 A
C\k P R=Me R = PhSMe
) ,
[ N/ \
NN SRR
[ ¢ @ Rc B g1 @ R A
State |
Conformer a -384 -53.8 3512 0.6 -38.5 -53.6 3.526 0.3
Conformer b 54.5 38.0 3522 00 54.7 393 3518 0.2
Conformer c 54.0 38.0 3.518 0.1 54.4 39.2 3.520 0.0
Conformer d -38.4 -53.8 3.513 0.2 -39.0 -53.8 3.525 0.6
Conformer e -40.5 115.8 4.129 9.3 -44.3  120.7 4.119 8.3
Conformer f 54.6 -140.6 4.258 6.6 70.2 -1435 4.165 1.8
Conformer g 543 -140.5 4.255 6.7 60.3 -143.8 4.236 4.2
Conformer h -40.2 115.8 4.129 9.0 -115.0 40.7 4.121 8.5
~Fe
C1 () 92 R=Me R =PhSMe
C Yo~ AJoAL)
~ N s ﬁ/ sR 01 02 Rec AH° 01 02 Rec AH°
OH cC
State Il
Conformer a 55.1 39.1 3.533 0.0 57.2 39.8 3.544 0.0
Conformer b -39.3  -54.2 3529 13 -40.3  -55.8 3.528 1.4
Conformer c 55.7 38.7 3.542 5.5 55.7 40.1  3.532 5.8
Conformer d -40.1  -54.7 3.532 6.5 -40.5 -55.2  3.533 6.6
Conformer e 138.8 -55.3 4.241 7.3 137.3  -545 4.237 7.3
Conformer f -42.1 116.6 4.133 9.1 -42.3 116.6 4.130 9.2
Conformer g 139.9 -56.9 4.232 11.8 143.7 -68.8 4.184 13
Conformer h -42.1 116.8 4.136 149 -41.7 116.0 4.126 148
has been probed in a systematic way, i.e, by varying stepwise (8°), and Gibbs enthalpy (G°) were then evaluated for T =
the torsion angles around the CC single bonds, in order to 298.15 K and P = 1 atm. A scaling factor of 0.97 was used for all
locate the minima, characterized by real vibrational frequencies. vibrational frequencies. Then, the isotropic shielding constants
Only the conformers within a 12 kJ mol™" range from the most were evaluated using the B3LYP XC functional and the 6-
stable one are considered further (at T = 298.15 K, if their 311+G(2d,p) basis set in combination with the GIAO
energies differ by 12 kJ mol™" the corresponding populations method.”” This approach was already employed and its
are in the 99:1 ratio). Their standard enthalpy (H°), entropy performance substantiated in ref 48. Then, the chemical shifts
1802 DOI: 10.1021/acs.jpcc.7b11221
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Figure 1. Sketch of representative folded (parallel, bottom) and unfolded (antiparallel, top) conformers of 2 (I) and 2 (II) as determined from M06/
6-311G(d) geometry optimization using the IEFPCM scheme (solvent = acetonitrile).

were evaluated as 6 = 0,y — 0, where 0, is the shielding
constant of 'H of tetramethylsilane (TMS) as reference
compound. On the basis of the Gibbs enthalpies, Maxwell—
Boltzmann averaging of the chemical shifts was carried out for
the conformers within the 12 kJ mol™' range. Solvent
(acetonitrile) effects were taken into account by using the
IEFPCM approach® for the geometry optimizations, the
evaluation of the thermodynamic state functions, and the
calculations of the isotropic shielding constants of all
compounds and states. All calculations were performed using
the Gaussian 09 program package.”” An ultrafine integration
grid has been employed for all calculations.

lll. RESULTS AND DISCUSSION

lllLA. Geometrical Optimization of the Different
Metastable States. As mentioned above, the BOX—DTE
hybrids are known to exhibit eight different metastable states
depending on the status of the three different switchable units.
However, the existence of an equilibrium between several
conformers as long as the DTE unit is in its open form should
be considered to rationalize the photochromic behavior of these
compounds. This leads to a potentially large number of
conformers. In order to select the most stable ones, for
compound 1, we have first compared the cis and trans isomers
by performing geometry optimizations. At this stage, the
enthalpies and Gibbs free energies were calculated only for the
most stable conformer of each state. They are reported in Table
1 together with the cis—trans relative values and the cis
population, as computed with the Maxwell-Boltzmann
distribution. In agreement with experimental results from
Szaloki et al,”' the trans isomers are more stable than the cis
ones. The populations of the latter range from 0.004% to 0.17%
according to the Gibbs free energies and from 0.05% to 4%
when using the enthalpies. From now on, we only consider the
trans isomers.

In order to confirm the mechanism responsible for the gated
DTE photocyclization of these biphotochromes, the optimized
structures of the I and II states of compounds 1 and 2 were
analyzed in detail, and their enthalpies are compared in Table 2
with representative geometrical parameters. For each com-
pound and state, eight low-energy conformers, labeled from a

1803

to h, were obtained on the basis of the 12 k] mol™" range. The
two dihedral angles between the hexafluorocyclopentene ring
and the thiophenes, ¢, and ¢,, schematically shown in Table 2,
allow distinguishing between four antiparallel conformers,
where @, and @, are of the same sign and both vary between
35° and 55° (conformers a—d), and four parallel conformers
where @, and ¢, have opposite signs and vary between 40—70°
and 115—145° (conformers e—h). The distance (Rcc) between
the thiophene carbons involved in the photocyclization also
allows this distinction because for antiparallel conformers R¢c
~ 3.5 A while for the parallel ones, R¢ is larger than 4.1 A.

In the case of compound 1 (R = Me), the most stable
conformers are unfolded/antiparallel, irrespective of the open
(I)/closed (II) state of the BOX. Indeed, the difference of
enthalpy between the most stable parallel and antiparallel
conformers is 6.6 and 7.3 kJ mol™ for state I and state II,
respectively. The situation is different for compound 2 (R =
pPh-SMe). When BOX is closed, the most stable folded
conformer (Figure 1) presents an enthalpy similar (AH® < 1.8
k] mol™) to those of the four unfolded conformers. Then,
when BOX is open, the second most stable conformer (AH® =
1.3 kJ mol™) is folded, owing to stabilizing intramolecular
interactions between the aromatic substituent and the hydroxyl
function (Figure 1). Additional calculations on compound 3 (R
= pPh-OMe, not reported here) highlight similar effects
associated with stabilizing intramolecular interactions. In a
subsequent step, the relative populations of the folded and
unfolded conformers were calculated using the electronic
energy as well as the enthalpy, and the Gibbs enthalpy (Table
3).

The percentages of folded conformers evaluated from the
electronic energy and the enthalpy are in agreement, high-
lighting the increased stability of the folded conformers in
compound 2 with respect to 1. On the other hand, when
including entropy contributions these effects are strongly
damped and the percentage of folded conformers goes down
to 4% for the o-t-o form of compound 2. This originates from
the decrease of entropy of the folded conformers because the
intramolecular interactions reduce the flexibility of the
molecule. Still, we consider that these entropy effects are
probably slightly overestimated because the IEFPCM calcu-

DOI: 10.1021/acsjpcc.7b11221
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Table 3. Percentage of Folded/Unfolded Conformers for
Compounds 1 and 2 in Their c-t-o (I) and o-t-o (II) States
As Determined from Different Thermodynamic State
Functions Evaluated at the M06/6-311G(d) Level Using the
IEFPCM Scheme (Solvent = Acetonitrile) and a Scaling
Factor of 0.97 for the Vibrational Frequencies

electronic energy H° G°
Compound 1, R = Me
(I) cto 5.0/95.0 4.8/95.2 11.0/89.0
(1) o-t-0 49/95.1 4.8/952 7.7/92.3
Compound 2, R = pPh-SMe
(1) et-o 20.6/79.4 17.2/82.8 5.0/95.0
(1) o-t-o 30.5/69.5 27.8/72.2 4.1/96.9

lations do not account for the solvent molecules reorganization
upon folding/unfolding.

lI.B. '"H NMR Chemical Shifts of Biphotochrome 1 in
Its Eight States. Subsequently, the "H NMR chemical shifts of
molecule 1 for each of its eight states were calculated at the
B3LYP/6-311+G(2d,p)//M06/6-311G(d) level. The averaged
"H NMR chemical shifts are reported in Table 4 together with
the experimental values from ref S1. When DTE is open, these
averages were performed over the antiparallel conformers only.
According to their position and spectral range, they are
discussed in four different groups: aromatic (1 and 2), vinylic
(3 and 4), aliphatic (S and 6), and methyl (7 and 8). In a first
step, the reliability of the computational procedure is confirmed
by only considering the states where the DTE is closed. Indeed,
Woodward—Hoffmann rules apply to only one conformer,
contrary to the states where DTE is open where both parallel or
antiparallel (vide infra) conformers have to be considered.

DFT calculations reproduce, for all states, the & ordering of
protons H; and H,; i.e., H, is logically more deshielded than H;
[due to the positive mesomeric effect of the methyl
substituent], and this phenomenon is exalted when the BOX
is open. The average calculated difference [6(H,) — 6(H,)]
amounts to 0.39 ppm for all states with the closed BOX, which
is in good agreement with the experimental average value of

0.33 ppm. The BOX opening leads to an increase of this
difference (0.82 ppm), which is again well reproduced by
theoretical calculation (0.77 ppm). These & differences are
mostly unchanged upon closing the DTE moiety. Opening the
BOX enables the resonance between the iminium function and
the DTE, mostly in the inner thiophene ring, which results in
the deshielding of H, whereas H; is almost not impacted. This
is supported by the amplitudes and variations of the Mulliken
charges of the corresponding CH groups evaluated at the M06/
6-311G(d) level. For CH;, the charge amounts to —0.17/—0.18
e for forms I-II and VII-VIII whereas, for CH,, the negative
charge is reduced to —0.10 e (—0.10 e) for II (VII) in
comparison to —0.13 e (—0.16 ) for I (VIII). Then, closing the
DTE shifts both protons to higher fields (by 0.6—1.3 ppm
according to the calculations and 0.5—0.9 ppm according to
experiments) as a result of destroying the aromaticity of both
thiophene rings. Whatever the status of the BOX and the DTE,
the expected decrease of conjugation along the ethylenic bridge
trans-to-cis isomerization is also well reproduced by the
calculation. We can notice its negligible impact on the H,;
chemical shift (less than 0.1 ppm for both calculated and
experimental data). On the other hand, in both the experiment
and the calculations the trans-to-cis isomerization induces
shielding or deshielding of H, by up to 0.6 ppm.

Concerning vinylic 'H, calculated and experimental results
both show that H, is more shielded than Hj, with differences
ranging between 0.7 and 1.8 ppm. Opening the BOX enhances
the deshielding of both protons (by as much as 1.5 ppm)
whereas closing the DTE ring has a smaller effect; ie, &
variations are smaller than 0.4 ppm. The cis—trans isomerization
increases the 6 values, by 0.2—0.9 ppm, as a function of the
state of the BOX and DTE moieties. For the latter, the
deshielding is stronger on H; provided BOX is open, which is
attributed to the acceptor (iminium) z-conjugation effects.
Considering the 2-Th-CH=CHMe model compound where
5(H;) decreases by 0.26 ppm and §(H,) increases by 0.19 ppm
upon cis to trans conversion enables us to disentangle the
effects of cis—trans isomerization from those of donor/acceptor
charge transfer effects and to show that the latter are dominant.

Table 4. B3LYP/6-311+G(2d,p)//M06/6-311G(d) Average "H NMR Chemical Shifts (ppm) of the 8 States of the BOX—DTE

Biphotochrome 1¢

state H, H, H,;
exptl ct-o () 6.81 7.12 6.92
caled 7.00 7.49 7.07
exptl o-t-o (II) 6.83 7.96 8.39
caled 7.16 8.10 8.73
exptl o-c-o (III) 6.77 7.37 747
caled 7.11 7.67 7.84
exptl c-c-o (IV) 6.79 721 6.71
caled 7.00 7.58 6.99
exptl cc-c (V) 6.10 6.40 6.54
caled 6.18 6.29 6.73
exptl o-c-c (VI) 6.20 6.88 7.41
caled 6.38 7.12 7.69
exptl o-t-c (VII) 6.31 7.18 822
caled 6.41 7.23 8.39
exptl c-t-c (VIII) 6.16 6.46 6.97
caled 6.26 6.64 6.76

H, Hy Hg H; Hg
6.08 (3.38-3.80] [3.38-3.80] 191 1.92
6.37 (3.42-3.91] [3.42—3.94] 1.82 1.74
7.27 4.02 4.65 1.92 2.06
7.16 423 445 1.80 2.03
6.47 3.90 443 1.87 1.86
6.46 4.13 4.46 1.75 1.77
5.50 (3.30-3.77] [3.30-3.77] 1.83 1.83
5.63 [3.20—3.89] [3.33—3.93] 1.75 1.80
5.80 (3.30-3.77] [3.30-3.77] 2.10 2.03
6.01 [3.30-3.87] [3.36—3.83] 225 1.96
6.71 (3.90—4.60] [3.90—4.60] 2.12 213
6.68 4.19 435 2.16 227
6.86 4.02 4.60 2.19 2.18
6.60 4.05 436 2.39 2.20
6.04 (3.30-3.80] [3.30-3.80] 2.08 2.07
6.01 [3.52-3.90] [3.42-3.93] 2.24 222

“In comparison to the experimental values of ref 51 recorded at room temperature (RT), except for VI at 243 K. Solvent effects were taken into

account using the IEFPCM scheme (solvent = acetonitrile).

1804

DOI: 10.1021/acsjpcc.7b11221
J. Phys. Chem. C 2018, 122, 1800—1808


http://dx.doi.org/10.1021/acs.jpcc.7b11221

The Journal of Physical Chemistry C

Globally, the calculations reproduce the experimental values as
well as the variations upon closing/opening the BOX and DTE
units and upon cis—trans isomerization.

Concerning Hy and Hg, the closed status of the oxazolidine
ring prevents us from assigning their chemical shifts where four
different nuclei should be considered. Once BOX opens, one
observes that the H protons are more deshielded than the H;
ones, both experimentally and in the DFT calculations.
Moreover, opening/closing the DTE has a small impact on
these protons whereas the cis—trans isomerization presents
smaller and less systematic effects.

The calculated and experimental chemical shifts of H, and
Hjg are systematically smaller when the DTE moiety is open
than when closed, due to the loss of thiophene aromaticity in
the closed form and due to the change on the hybridization of
quaternary carbons upon cyclization (sp® — sp®). Then, the
difference between §(H;) and 5(Hj) is generally very small (for
either calculations or experiments; forms I, I1I, IV, VI, VIII), on
the order of 0.1 ppm or smaller, demonstrating a similar
chemical environment for these methyl protons.

For the three couples H,—H,, H;—H,, and H,—Hj, least-
squared linear regressions have been performed to quantify the
agreement between the experimental and calculated chemical
shifts (Figure 2), showing r* values of 0.95 or slightly larger for
H,—H, and of 0.89 for H, and Hg. As mentioned above, the
signal complexity and impossible assignment of H; and Hg
protons when BOX is closed render similar regression for this
couple irrelevant. For H;—H, the slopes of the linear
regressions are smaller than 1.0 (by 14% and 9% for H;—H,
and H;—H,, respectively), demonstrating that calculated &
variations are slightly overestimated with respect to experiment.
On the other hand, the slope is clearly smaller than unity for
H,—H,.

lll.C. Conformational Effects on the NMR Signatures
of the c-t-o (I) and o-t-o (ll) States of Compounds 1 and
2. Having assessed the reliability of the "H NMR chemical shift
calculations, the question is now to investigate whether the
presence of folded conformers in state I versus state II would be
visible in the NMR signatures; i.e., whether the two categories
of conformers have distinct chemical shifts. Since the
experimental structural characterizations are based on the Me
'H, the chemical shifts of H, and Hg were evaluated for the
eight conformers of compounds 1 and 2 in states I and II. They
can be found in Table S with their weighted averages as a
function of the relative electronic energies, enthalpies, and
Gibbs free energies (highlighting thermal and entropic effects)
as well as the experimental values.”*"'

Concerning the methyl protons of both compounds under
state I, the antiparallel (parallel) conformers are characterized
by H, having a chemical shift smaller (higher) than 2.0 ppm
and by H, being always below the same 2.0 ppm limit, with the
exception of conformer h of 2 for which the H, and Hj
behaviors are reversed. Under state I, the most deshielded shifts
are observed for H, in the parallel conformers at around 2.4
and 2.7 ppm for compounds 1 and 2, respectively. Then,
considering compound 1 under state II, the same H, behavior
is observed, but the Hg protons are overall more deshielded
than in state I, especially in the case of the parallel conformers
where their chemical shifts now exceed 2.1 ppm. Finally, for
state II of compounds 1 and 2, there is no systematic behavior
among H, or Hg, but the antiparallel conformers are
characterized by one of its protons being around 1.9 ppm
and the second one around 2.0 ppm while in the parallel
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Figure 2. Experimental versus B3LYP 'H chemical shifts for the H,—
H, and H,—Hj protons of the 8 states of the BOX—DTE 1 switch.

conformers they are less shielded (about 2 and 2.8 ppm). In
general, folding the thiophene rings on each other deshields the
methyl protons as a result of the anisotropic effect.
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Table 5. B3LYP/6-311+G(2d,p)//M06/6-311G(d) "H NMR
Chemical Shifts (ppm) of Compounds 1 and 2 in Their c-t-o
(I) and o-t-o (II) States”

ct-o (I) o-t-o (II)
conformer H, Hg H, Hg
Compound 1
a 1.85 1.77 1.79 2.03
b 1.81 1.76 1.85 191
c 1.81 1.78 1.84 1.98
d 1.85 1.76 1.84 1.86
e 237 1.86 2.61 2.88
f 2.39 1.74 227 2.17
g 241 1.78 2.56 2.86
h 2.36 1.90 229 2.13
av (AEg.) 1.86 1.77 1.85 2.01
av (AH®) 1.86 1.77 1.85 2.01
av (AG®) 1.89 1.77 1.87 2.01
exptl 191 1.92 1.92 2.06
Compound 2
a 1.84 1.80 1.87 2.05
b 1.87 1.81 1.89 2.01
c 1.86 1.81 1.86 1.98
d 1.88 1.83 2.00 1.92
e 2.73 1.87 1.96 2.97
f 2.71 1.88 2.72 2.11
g 2.76 1.96 1.86 2.86
h 1.94 2.74 2.71 2.04
av (AEg.) 2.03 1.84 1.89 227
av (AHP) 2.00 1.83 1.89 225
av (AG®) 1.88 1.84 1.88 2.07
exptl 2.03 1.99 2.04 2.13

“In addition to the values for the eight most stable conformers,
Maxwell-Boltzmann averages are given using the total electronic
energy, the enthalpy, and the Gibbs enthalpy differences as well as the
experimental values of refs S1 and 24. Conformers a—d (e—h) are
unfolded (folded). Solvent effects were taken into account using the
IEFPCM scheme (solvent = acetonitrile).

For compound 1, the averages calculated for both states
show almost no variation among each other, i.e., whether they
are calculated from the electronic energies, enthalpies, or Gibbs
free energies. Thus, going from state I to state II, the chemical
shift of H is hardly changed whereas it increases by 0.24 ppm
for Hg. These averages are also in good agreement with the
previously discussed results obtained for the antiparallel
conformers (Section IILA, Table 4). For compound 2, the
averages based on the electronic energy and the enthalpy are
consistent, showing a significant decrease (with respect to
compound 1) of the shielding for H, in state I (0.15 ppm) and
for Hg in state II (0.25 ppm) due to a larger contribution of the
parallel conformers (see Section IIL.A, Table 3). As a matter of
fact, H, gets more shielded (~0.11 ppm), and Hy gets more
deshielded (~0.42 ppm) when going from state I to state IL
The averages based on the Gibbs free energy do not show this
behavior (or it is reduced in amplitude), most probably because
the entropic effects are overestimated.

IV. CONCLUSIONS

Density functional theory has been used to investigate the
relationships between the structures, energies, and NMR
signatures of an octastate molecular switch, that is composed
of a dithienylethene (DTE) unit covalently linked to an
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indolino[2,1-b]oxazolidine (BOX) moiety through an ethylenic
junction. Both the DTE and BOX moieties can adopt open or
closed forms while the ethylenic junction can be Z or E. In the
first part, the E conformer has been confirmed to be, by far,
more stable than the Z one for all BOX/DTE combinations.
Then, when the DTE is open, the two thienyl units can fold to
form parallel conformers, by opposition to the antiparallel or
unfolded conformers. Parallel conformers present a higher
energy than the antiparallel ones. Still, in the case of compound
2 having a bulky substituent (R = pPh-SMe) on the terminal
thienyl group, the enthalpy of one conformer is very close (1—2
kJ mol™") to that of the most stable antiparallel one, making
photocyclization less efficient. Less favorable intermolecular
interactions are present in compound 1 (R = Me) as compared
to those in compound 2 so that the enthalpy of the parallel
conformers of 1 is higher by 6—7 kJ mol™ than that of the
antiparallel ones. In a second part, '"H NMR chemical shifts
calculations have been carried out on the different parallel and
antiparallel conformers of compounds 1 and 2 when DTE is
open to highlight the presence of parallel DTE forms. The
reliability of these calculations was substantiated by a
preliminary comparison between the calculated and exper-
imental '"H NMR chemical shifts of the § states of compound 1
providing least-squares linear regressions with r* values larger
than ~0.90. The analysis of the calculated 'H NMR chemical
shifts shows that, in agreement with the experimental data, (i)
going from state I to state II, the Hy proton of compound 1 is
deshielded by ~0.15 ppm, (ii) the deshielding of Hg proton of
compound 2 is larger and attains 0.41 ppm whereas H, is more
shielded by 0.11 ppm, and (iii) then, going from compound 1
to compound 2 leads to deshielding of both H; and H; protons.
As a consequence, we can now assume that the difference of
photochromism gating efficiency among compounds 1, 2, and 3
results mainly from the stabilization of the parallel conformer
due to an establishment of an intramolecular interaction with
BOX opening in addition to the previously mentioned
electronic effect.
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