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Solid Phase and Solution Phase Structural Characterization of Pyrene-Based,
T-Shaped Molecular Dyads
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Structural solid-phase and solution-phase properties of two
pyrene-spiropyran molecular dyads are described. Each
dyad comprises a 1,1'-[indole-4,6-diylbis(ethyne-2,1-diyl)]-
bis(pyrene) backbone, with the bis(pyrene) and spiropyran
units adopting a T-shaped arrangement. The strength of the
Cspiro—O bond is altered by replacement of H by NO, in the
terminal aryl group of the spiropyran unit. X-ray crystal
structure determinations carried out for two of the dyads (H
and NO,) reveal the pyrene groups to be aligned anti to each
other. The crystal packing diagrams are different; both con-

tain pyrene n-stacked centro-symmetric dimers, but in one
structure this is the total extent of the n stacking whereas
the other structure has pyrene dimers interleaved to generate
infinite parallel stacks. Detailed 'H NOE experiments are
consistent with a solution-phase structure that differs mark-
edly from the solid-state structure, and in which the pyrene
groups are syn to one another but orientated away from the
spiropyran group.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Introduction

The many factors that combine to control the dynamics
of electron-transfer processes have been unravelled and ex-
plained over the preceding decades, and there now exists
a profound theoretical understanding of such reactions.!!]
Attention is now focussed on how to exploit this knowledge
to design advanced molecular-scale devices and machines.”)
Several important practical applications of electron-transfer
phenomena have emerged in recent years and cover such
diverse fields as chemical sensors,’! light-emitting diodes!
molecular rectifiers,[® artificial enzymesl® and signal trans-
duction.[l Future goals include the development of effective
mimics of the natural photosynthetic light-harvesting com-
plex,!® and the design of miniaturized opto-electronic com-
ponents.’] These latter systems either use light or create
light by way of coupled charge-transfer processes and are
intended to offset the increasing demand for high speed and
high efficiency processing, transmission, and reception of
information. Whilst it is clear that there is no requirement
to replace all the components present in a conventional
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electronic circuit with molecular-scale analogues, it is cer-
tain that the new circuitry will need to replicate key features
of current integrated circuits. In particular, it is essential
that circuit-breakers and molecular-scale switches become
available in the near future.['Y

The design of a molecular T-junction, whereby electronic
information can be directed along orthogonal pathways,
presents a formidable challenge to contemporary science.['!]
This task is greatly amplified if the two pathways are to
be topologically equivalent. Promising routes towards the
development of fast optical switches involve systems cap-
able of large-scale torsional motion under illumination!'”
and many such photochromic materials have been re-
ported.l'3-131 Related approaches use stimulated transla-
tional motion to re-position molecular units along linear
chains. Again, numerous such rotaxanes and catenanes have
been devised in recent years.'®! None of these systems, how-
ever, can be used as the scaffold for a molecular T-junction.

In a recent report we described the synthesis and spec-
troscopy of two molecular systems that incorporate the nec-
essary overall T-shaped arrangement (Figure 1).[17! Selective
light activation of the pyrene unit leads to ring opening of
the spiropyran to afford the merocyanine form (MC). Cre-
ation of the MC form extends the m conjugation from the
central phenylene ring and thus introduces a new chromo-
phore into the T-junction. We were able to elucidate the
mechanism for spiropyran ring opening in PY-SPN oc-
curred via an intramolecular exciplex which can be formu-
lated as PY™ NMe"" For efficient exciplex formation it is
reasonable to assume that a close proximity of the pyrene
to the spiropyran tertiary nitrogen is warranted. Clearly
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R=HPY-SP

R =NO, PY-SPN

Figure 1. Ilustration of the two T-shaped dyads discussed herein.

from the substitution pattern of the pyrene unit, rotation
can dispose the unit away from the spiropyran group. One
would expect the rotation process to be relatively facile in
fluid solution but more restricted in a glass or the solid
phase. Because ultimately we expected to use the T-shaped
dyads in an organized medium for Write-Read-Erasel'® ap-
plications, a more comprehensive structural study was re-
quired. Here, we describe the solid-state structures and low-
temperature structural studies for the two dyads in an at-
tempt to elucidate their rotamer distribution.

Results and Discussion

The synthesis of PY-SP and PY-SPN has been described
previously,l!”l but a detailed analysis of their solid- and
solution-phase structures was not given. Hence, to ascertain
the ground-state structure for the T-shaped relays, PY-SP
and PY-SPN were subjected to single-crystal, X-ray crystal-
lographic studies. This was complemented by detailed
NMR analysis on PY-SPN, to ascertain the relative posi-
tioning of the pyrene units with respect to the spiropyran
group. Illustrated in Figure 2 are views of the molecular
structures for PY-SP and PY-SPN, and collected in Table 1
are selected bond lengths and angles. The first point to
note, for both structures, is the relative positioning of the
pyrene subunits. The pyrene groups are essentially co-
planar (with dihedral angles of 3.8 and 3.1° for PY-SP and
PY-SPN, respectively) and lie anti to each another, with one
being displaced away from the gem-dimethyl groups of the
spiropyran unit. This is presumably due to steric reasons
and to facilitate crystal packing. In each case, the pyrene
groups are twisted somewhat out of the plane of the ben-
zene ring that lies between them, the twist being somewhat
larger for PY-SPN (dihedral angles 22.6 and 24.6°, com-
pared with 10.1 and 13.9° for PY-SP). The closest contact
distance betweeen the nitrogen of the spiropyran and the
pyrene group N1-C52 are 5.293 A and 5.047 A for PY-SPN
and PY-SP, respectively. Also important to note is the in-
crease in the C-O bond length for the spiro segment on
replacing H by NO, in the terminal aryl ring. This alter-
ation is accompanied by a decrease in the pyramidal nature
of the N-methyl site in the indolene unit, as measured by
the sum of bond angles at the N atom (Table 1). Aldo-
shin'! has proposed that an interaction takes place be-
tween the nitrogen lone pair and the anti-bonding 6*-or-
1654
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bital for the Cgir,—O bond, which accounts for the length-
ening of the Cqiro—O bond. Thus, the increase in Cgpiro—O
bond length for PY-SPN is a result of the electron-with-
drawing nitro group weakening that bond. It should be
noted that the spiro carbon labeled CI1 is a chiral center;
the synthetic procedure is such that both enantiomers are
produced in a racemic mixture; the crystal structures are
centro-symmetric.
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Figure 2. Ellipsoid representations (50% probability level) of the
molecular structures for T-shaped compounds PY-SP (top) and
PY-SPN (bottom). Atomic numbering is shown and hydrogen
atoms are omitted for clarity.

Despite the obvious molecular similarity between PY-SP
and PY-SPN, the crystal packings for the two are disparate
(Figure 3), which is not surprising because one is a chloro-
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Table 1. Selected bond lengths and angles for PY-SP and PY-SPN.

Bond lengths [A]/angles [°] PY-SP PY-SPN
CI-Nl1 1.464(3) 1.476(5)
CI3-N1 1.465(3) 1.458(5)
CI19-N1 1.416(3) 1.404(4)
C1-01 1.467(3) 1.507(4)
Cl-C2 1.503(4) 1.469(5)
O1-C1-N1 106.4(2) 104.6(3)
01-C1-C2 112.7(2) 111.8(3)
01-C1-C10 105.1(2) 106.6(2)
Sum of angles at N1 343.5 350.8

form solvate and the other a toluene solvate. For both mole-
cules, centro-symmetric dimers are formed in which pyrene
units are stacked essentially parallel to each other with a
separation of about 3.4 A, indicating intermolecular n-
stacking interactions, as is common for pyrene deriva-
tives.?% In the case of PY-SPN, overlap of the pyrene units,
when viewed normal to their planes, is rather small and the
dimers are arranged in such a way that stacking does not
continue beyond the dimer. In the crystal structure of PY-

Figure 3. n-Stacked centrosymmetric dimers for PY-SPN (top) and
PY-SP (bottom); hydrogen atoms are omitted for clarity.
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SP, however, there is greater overlap of the pyrene units and
the dimers are interleaved so as to form continuous stacks
running parallel throughout the structure.

ITH NMR Structural Characterization

The dissimilar crystal-packing features for the two dyads
are an indication that their structures might be significantly
different in solid and solution phases. That rotation of the
pyrene units may take place in fluid solution leads to four
planar conformations (Figure 4), that differ in the relative
orientations of the two pyrene units. First, the two pyrene
groups can be on the same side and point either towards or
away from the spiropyran unit (conformers 1 and 4). Sec-
ond, two anti arrangements are feasible that depend on
whether or not a pyrene points towards or away from the
N-methyl group of the spiropyran (conformers 2 and 3).
Clearly, conformations are also possible where the pyrene
groups are not coplanar with the spiropyran moiety, though
extended m conjugation is reduced in such rotamers. As
indicated from structural determinations, the pyrene groups
can approach within ca. 5 A of the N-methyl and gem-di-
methyl groups of the spiropyran (f, g and h) as well as the
two protons (i, j) of the indolene unit. This distance is
within the range that might be expected to give Nuclear
Overhauser Enhancement (NOE)P! effects for protons as-
sociated with the indolene and pyrene groups. With this is
mind, the most probable NOE’s for each conformation are
illustrated by arrows in Figure 4. The unique NOE patterns
for each of the conformers (1-4) facilitates their identifica-
tion. However, in order to carry out this task specific pro-
ton assigments for PY-SPN are required.

Proton Peak Assignment

Assignment of specific proton resonances associated with
the pyrene and spiropyran residues was performed using
a number of routine NMR spectroscopic techniques (for
supporting information see also the footnote on the first
page of this paper). The main complication is unequivocal
identification of resonances associated with protons 2 and
10 for each pyrene unit, because there is substantial overlap
of signals in the aromatic region. Identification of other
proton signals was more straightforward and listed in
Table 2 are selected proton shifts and assignments.

The singlet peak at 6 = 1.42 ppm with an integral of 3H
is identified as the methyl group, g, on the basis of a cross
correlation with the alkenyl proton, e, using ROESY. The
peak at 6 = 1.71 ppm, again with an integral of 3H, is thus
assigned to methyl group, f, because it displays a cross-cor-
relation peak in the ROESY with the methyl group g. Be-
cause of its characteristic chemical shift and integral, the
peak at 0 = 3.45 ppm is readily assigned to the methyl group
marked k. Owing to the identical coupling constants (J =
10.4 Hz) and TOCSY correlation, the two doublets at 6 =
5.88 and 6.98 ppm are identified as the alkenyl protons e
and d. That only the proton signal at 6 = 5.88 ppm displays
1655
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Figure 4. Illustrations of the four possible planar conformers for PY-SPN in fluid solution, and the corresponding proton numbering and
lettering Scheme. Arrows depict the most significant NOE’s expected between proton pairs that could be used for conformer assignment.

Table 2. Selected 'H and '3C NMR shifts and assignments for PY-
SPN in CD,Cl, [

Site 6 (*H) ppml®! 6 (3C) ppm!!
A 6.84 115.85
B 7.98 123.18
C 8.07 129.34
D 6.98 129.48
E 5.88 121.36
F 1.71 20.29
G 1.42 23.80
i 7.21 124.61
j 7.53 133.52
k 345 31.71
A2 8.09 -
AT7/B7 7.97 -

A9 8.11 -

Al0 8.55 125.66
B2 8.15 -

B9 8.10 -

B10 8.60 125.66

[a] Solvent signal used as the internal reference. [b] £0.01 ppm.

a strong NOE to the methyl group, g, unequivocally assigns
this signal to the proton marked e.

Verification of proton signals for i and j rely on assigning
signals for a and b, because these two protons could have
shown, to a first approximation, similar coupling patterns.
However, the signal at 6 = 6.84 ppm is readily assigned to
proton a because of its ROESY correlations with protons k
and f but not g. Assignments of proton resonances for b
and ¢ at 6 = 7.98 and 8.07 ppm, respectively, are now
1656
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straightforward using a combination of TOCSYR! and
ROESY[! experiments and by acquiring a J-resolved spec-
trum (Table 2). Hence, the two doublets at 6 = 7.21 and
7.53 ppm are assigned to protons i and j, respectively owing
to the similar coupling constants (J = 7.95 Hz) and cross-
correlations in the TOCSY spectrum.

The two doublets at 6 = 8.55 and 8.60 ppm are identified
as protons, 10, for the two pyrene rings due to their charac-
teristic chemical shifts (compare 1-fluoropyrene and other
1-substituted pyrene derivatives). Both these signals show
cross-correlation to resonances buried in the multiplet asso-
ciated with the remaining pyrene signals. Deconvolution of
all the overlapping proton resonances for the multiplet was
not possible, and only a limited number of resonances can
be assigned (Table 2). However, the doublet resonances at ¢
= 8.09 and 8.15 ppm could be assigned to the pyrene pro-
tons, 2, because of cross-correlations with f and g in the
ROESY spectra. The triplet identified from the J-resolved
spectrum at 6 = 7.97 ppm is due to proton 7, although this
proton is too remote to display significant NOE’s to pro-
tons associated with the spiropyran residue. The same argu-
ment can be invoked for the remaining pyrene protons.

Solution Stereochemistry

The ROESY spectrum recorded for PY-SPN at room
temperature in CD,Cl, shows far fewer long-range NOE’s
than the one collected at —70 °C. One implication for such
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behavior is that at room temperature there is considerable
conformational mobility and relatively free pyrene rotation
on the NMR time scale. In contrast, at the lower tempera-
ture there is a degree of dominance by just a few rotamers.

Commencing at conformer 1, which corresponds to the
solid-state structure, it is reasonable to expect that the NOE
between proton pair B10 and i would be much stronger
than the corresponding NOE between A10 and j. Because
this is not the case, conformer 1 can be discounted as the
dominant rotamer in solution. Similar reasoning can be
used to discount conformer 3. That experimentally the pro-
ton pair interaction between A10 and j is much stronger
than for the proton pair A2 and i rules out confomer 2 as
a major rotamer. This result seems reasonable, since for this
conformer there will exist a high level of steric crowding
between A10 and k and between B10 and f, g. These deduc-
tions leave only conformer 4 as the major rotamer in solu-
tion. The ROESY experiments reveal a strong NOE be-
tween proton pair A10 and j, as well as between protons
B10 and i. Other NOE interactions are observed between
proton pairs B2 and f, and A2 and k. Both these results are
fully consistent with the proposed conformer assignment.
Rather surprisingly there are also interactions between pro-
tons A10 and k, and between protons B10 and f. At first
sight, these results seem contradictory and are more in fit-
ting with an assignment to conformers 1 and 2. However,
when comparing the different conformers one has to take
into account the difference in distances between proton
pairs and the 7 ® NOE distance dependence.*'! The A10 to
k distance in conformers 1 and 2 is some 20% shorter than
the A2 to k distance for conformers 3 and 4, leading to a
factor of almost three for the NOE’s. Thus, the NOE inter-
action in the former case would be expected to be much
stronger than that observed experimentally, so the apparent
inconsistencey is illusory. Similar considerations apply to
the B10 interactions. It is worth noting that NOE interac-
tion is also observed between proton pair j and k though
they are quite remote in all conformers.*?

The foregoing analysis ignores possible contributions
from conformers in which the pyrene groups are not copla-
nar with the central benzenoid ring. If such contributions
were large this would represent an approach to “free rota-
tion” leading to a reduction in the differences in the NOE’s
noted above. That is, they may well be significant at higher
temperatures, but are probably relatively minor at —70 °C.

Conclusions

Considering the similarity in structure of the asymmetric
unit in the solid state for PY-SPN and PY-SP it is reason-
able to assume that their solution phase structures will be
very similar. The lowest-enery conformer appears, at least
at low temperature in fluid solution, to arrange the pyrene
groups away from the spiropyran moiety. By comparison, ©t
stacking of the pyrene units appears to dominate when the
dyads are allowed to form organised structures. Clearly
some aspect of the rotamer problem can be solved by mov-
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ing the substitution position in the pyrene to the I-position
so that only perpendicular structures need to be considered.
Future work is underway to create new T-shaped dyads
where exciplex formation is enhanced to facilitate ring
opening and molecular ordering is better controlled in the
solid state. This later feature is one we hope to exploit in
the generation of solid state Write-Read-Erase devices.

Experimental Section

Compounds were made as described previously and purified.['”)
Several different NMR experiments were carried out on PY-SPN
in CD,Cl, using a Jeol Lambda spectrometer operating at
500.16 MHz for protons and 125.26 MHz for '3C using standard
pulse sequences. Proton 2-D TOCSY spectra were recorded at
20 °C with a 25 ms mixing time; this experiment is equivalent to
short-range COSY. Proton 2-D J-resolved NMR spectra were re-
corded at 24 °C to aid assignments in congested parts of the aro-
matic region of the spectra. 'H 2-D ROESY spectra were collected
at —70 °C with a 250 ms mixing time and an initial 2 K X 0.5 K data
matrix S2 which was zero-filled to 2 K X2 K prior to processing.
Indirect detected H/C correlation spectra (HSQC) and long-range
H/C correlations spectra (HMBC) for the aromatic region, with
timings optimized for 3J ('3C-H) interactions, were all recorded at
24 °C.

Crystals suitable for X-ray diffraction were obtained by slow evapo-
ration of solutions of PY-SP in CHCl; or PY-SPN in toluene. De-
tails pertaining to the two structural determinations are collected
in Table 3. Data were collected on a Nonius KappaCCD dif-

Table 3. X-ray crystallographic data and refinement parameters for
spiropyran derivatives.

PY-SP PY-SPN
Molecular formula C56H36C13NO C61H42N203
M 845.2 851.0
a[A] 11.254(6) 9.8842(14)
b [A] 11.822(6) 13.869(2)
¢ [A] 16.514(6) 17.558(2)
7 [°] 80.43(3) 89.983(13)
VA3 2081.9(17) 2246.0(6)
a [°] 81.36(4) 69.735(12)
B[] 75.27(3) 84.483(11)
7 [°] 80.43(3) 89.983(13)
Z 2 2
D yica. [gem™] 1.348 1.258
Crystal system triclinic triclinic
Space group Pl P1

Diffractometer

Radiation, / [A]
Crystal size [mm]

Nonius Kappa-
CCD

Mo-K,, 0.71073
0.20x0.10x0.10

Nonius Kappa-
CCD

Mo-K,, 0.71073
0.40x0.12x0.10

T [K] 150 150

0 range [°] 4.0 to 24.0 4.1 to 22.5
Reflections measured 32980 24273
Independent reflections 6479 5812

Rint 0.0641 0.0423
Reflections with 2 > 26 4347 4044
Absorption coeff. [mm™'] 0.264 0.077
Max./min. transmission  0.950/0.975 0.970/0.992
R[F, F? > 20] 0.0546 0.0837

R, [F?, all data] 0.1179 0.2607

S [F2, all data] 1.062 1.068
Refined parameters 553 546
Max./min. electron den-  0.22/-0.31 0.82/-0.42

sity [e A3
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fractometer, and corrected semi-empirically for absorption, based
on repeated and symmetry-equivalent reflections. The structures
were solved by direct methods and refined on all F2 values. Chloro-
form solvent could be modeled with discrete atoms in one struc-
ture, but highly disordered toluene in the other structure had to be
treated with the SQUEEZE procedure of PLATON (A. L. Spek,
University of Utrecht, The Netherlands). Other programs were
standard Nonius control and integration software, and Bruker
SHELXTL.

CCDC-631378 and -631379 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccde.cam.ac.uk/data_request/cif.

Supporting Information (see also the footnote on the first page of
this article): Four figures (S1-S4) showing the crystal packing views
for PY-SPN and PY-SP, the full-range cross-correlated ROESY
spectrum recorded for PY-SPN in CD,Cl, at —70 °C, and individual
cross-sections from the ROESY spectrum recorded for PY-SPN in
CD,Cl, at —70 °C (two figures for the latter).
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