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/Abstract: We present the synthesis and switching studies of
systems with two photochromic dihydroazulene (DHA) units
connected by a phenylene bridge at either para or meta po-
sitions, which correspond to a linear or cross-conjugated
pathway between the photochromes. According to UV/Vis
absorption and NMR spectroscopic measurements, the
meta-phenylene-bridged DHA-DHA exhibited sequential
light-induced ring openings of the two DHA units to their
corresponding vinylheptafulvenes (VHFs). Initially, the VHF-
DHA species was generated, and, ultimately, after continued
irradiation, the VHF-VHF species. Studies in different sol-

\

vents and quantum chemical calculations indicate that the
excitation of DHA-VHF is no longer a local DHA excitation
but a charge-transfer transition that involves the neighbor-
ing VHF unit. For the linearly conjugated para-phenylene-
bridged dimer, electronic communication between the two
units is so efficient that the photoactivity is reduced for
both the DHA-DHA and DHA-VHF species, and DHA-DHA,
DHA-VHF, and VHF-VHF were all present during irradiation.
In all, by changing the bridging unit, we can control the
degree of stepwise photoswitching.

/

Introduction

A molecular switch is a system that can interconvert reversibly
between at least two different states when a stimulus is intro-
duced." For photoswitches, the stimulus is light.? Suitably de-
signed photoswitches have generated interest as components
for molecular electronics devices, information storage, molecu-
lar machines and sensors, control of chemical reactions, and as
units to control folding and assembly of proteins and other
biomolecules.®’ Thoroughly investigated examples of photo-
switches are, in particular, those of cis/trans-azobenzene and
dithienylethene (DTE)/dihydrothienobenzothiophene (DHB),®
which can interconvert between their two isomers by irradia-
tion, thus reaching a photostationary state that depends on
the degree of overlap between the absorption spectra and
that sometimes presents a drawback for these systems.

The dihydroazulene (DHA)/vinylheptafulvene (VHF) couple
presents a system that is photoactive in one direction and
thermally active in the other™ Upon irradiation with light
(= 350 nm), DHA undergoes a ten m-electron retro-electrocyc-
lization to form the meta-stable VHF, which in turn can under-
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Scheme 1. DHA-VHF isomerizations: Light-induced ring opening of DHA to
VHF and thermally induced ring closure of VHF to DHA.

VHF

go a thermally induced ring closure back to DHA (Scheme 1).
A major advantage of the DHA/VHF system is that, because
only the DHA is photochromic and the VHF is long-lived (t;,,
up to 1600 min in CH;CN at 25°C for certain derivatives),
a complete conversion between the two states is possible.”
This reversible switching has rendered DHA a particularly inter-
esting candidate not only for molecular electronics® and mo-
lecular sensors,” but possibly also for the development of
solar-energy storage devices, which harvest and store sunlight
and release it again as heat when needed.”

To enable the use of DHA/VHF in advanced devices, the
switching properties of the system need to be controlled. Fine-
tuning of the rate of ring closure (VHF —DHA) has been ac-
complished by substitution with either electron-withdrawing
and/or -donating groups with kinetics behavior that satisfies
Hammett correlations,” and it has also been shown that
having a strong electron acceptor such as a buckminsterfuller-
ene (Cg4) covalently attached to DHA quenches the light-in-
duced ring opening."” Also, by reversible oxidation of a cova-
lently attached ferrocene or tetrathiafulvalene unit™ or by
protonation of an aniline substituent®® the photochromism
of the DHA/VHF couple can be controlled. Along this line, mol-
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ecules with two photochromic units have attracted interest as
multimode switches. For example, for a dimeric DTE com-
pound, it was shown that one DTE could be partly converted
into DHB upon irradiation before this conversion occurred for
the other DTE unit."? In two other examples, only one of the
DTE units was photochromic, which showed the significance of
the bridging unit between the DTEs."® DHA and DTE have also
been combined in one example."” By using light/heat stimuli,
conversion between three states of this system was accom-
plished. Unfortunately, DHA and the DTE have similar excita-
tion wavelengths, which prevented us from addressing only
one unit in a controlled manner. In another example, the DHA/
VHF system was attached to a tetraethynylethene (TEE) that in-
corporated an aniline unit™™ Here, a combination of light-in-
duced cis-trans isomerization of the TEE and ring opening/clo-
sure of DHA/VHF together with acid/base control of the aniline
allowed for interconversion between six states of the system.

We became interested in investigating the possibility of con-
trolled multimodal switching of DHA/VHF in molecules that
contained two DHA units covalently linked together by a cen-
tral benzene ring. We reasoned that any communication be-
tween the two units could depend on the positions of these
on the benzene ring (meta or para) and that the photoactivity
of one DHA could depend on whether its neighboring unit
had already been converted to VHF. Here we present the syn-
thesis and properties, on the basis of both experimental and
computational studies, of such multichromophore systems
that connect two DHA/VHF units through either a para-phenyl-
ene (2) or a meta-phenylene (3) bridge (Figure 1). Indeed,
these different configurations turn out to have a detrimental
influence on the extent to which the two DHAs communicate
and whether one DHA unit can be addressed selectively.

Figure 1. Dimeric DHA photoswitches with para- (linearly conjugated) and
meta- (cross-conjugated) phenylene spacers.

Results and Discussion
Synthesis and X-ray crystallography

The para-phenylene-bridged DHA-DHA 2 was synthesized ac-
cording to an analogous procedure for making the monomeric
DHA 1.5%'39 First, a Knoevenagel condensation between 1,4-
diacetylbenzene and malononitrile in a buffer solution of hex-
amethyldisilazane (HMDS) and acetic acid (AcOH) at 70°C gave
the known!” crotononitrile 4 in a yield of 98% (Scheme 2). In
the next step, this compound was initially treated with tropyli-
um tetrafluoroborate (2 equiv) at —78°C in CH,Cl, under slow
addition of Et;N (not shown in Scheme 2), which gave the alky-
lated intermediate 5 as the major product (>90%). The crude
alkylated intermediate was heated to reflux with tritylium tet-
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Scheme 2. Synthesis of the para-phenylene-bridged dimeric DHA com-
pound.

rafluoroborate (2 equiv) for two hours in 1,2-dichloroethane
(DCE). After being cooled to 0°C and diluted with toluene,
Et;N was added, thereby furnishing the para-substituted VHF-
VHF 6, which was then heated to finally provide the para-sub-
stituted DHA-DHA 2. This compound was isolated almost pure
in a yield of 34% (as a mixture of diastereoisomers) after
column chromatography; an analytically pure sample could be
obtained from recrystallization from CH,CN. When too much
tropylium tetrafluoroborate was added in the initial step,
a complex mixture of photochromic molecules was obtained
(see the Supporting Information). In an attempt to ease the
purification, the alkylation was carried out in a different
manner, as outlined in Scheme 2. Compound 4 was deproton-
ated twice using 2.2 equivalents of lithium bis(trimethylsilyl)-
amide (LIHMDS) at —78°C to form the dicarbanion, and subse-
quently tropylium tetrafluoroborate was added to give 5 as
the major product (>90%). The following step was carried out
as described above, which gave the final product 2 in an over-
all yield of 87% with minor impurities, and after recrystalliza-
tion in a yield of 21%. The identity of the final DHA dimer 2
was ultimately confirmed by X-ray crystallographic analysis
(Figure 2). The two DHA units are perfectly coplanar, whereas
the para-phenylene between them is twisted by 27° relative to
this plane.

To optimize the yield, a different route to the para-phenyl-
ene-bridged DHA-DHA 2 was attempted (Scheme 3). At this
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Figure 2. Molecular structure of DHA-DHA 2 (para; crystals grown from
CH,CN) with displacement ellipsoids at 50% probability. For clarity, hydro-
gen atoms are not shown.
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Scheme 3. Attempted synthesis of 2, which instead gave a product resulting
from ring contraction of two cycloheptatrienes.

point two cycloheptatriene units were incorporated at each
side of the crotononitrile 4 because it has previously been
shown that tropylium can act as a leaving group in a subse-
quent elimination step."® Treatment with tropylium tetrafluor-
oborate (5 equiv) gave product 7 in a yield of 74%. A subse-
quent oxidation of 7 was carried out with tritylium tetrafluoro-
borate in DCE under reflux conditions for 2 h, which, however,
only facilitated a ring contraction on both sides of the phenyl-
ene ring. Thus product 8 was isolated in 25% yield; such ring
contractions are known to occur for cycloheptatrienes with
a leaving group at the substituent on C-9 of the cyclohepta-
triene."? Performing the reaction at room temperature in DCE
or changing the oxidizing agent to 1,2-dichloro-3,4-dicyanoqui-
none (DDQ) gave rise to a complex mixture of photochromic
compounds that contained only trace amounts of 2, from
which we could isolate (in approximately 17 % yield) the mixed
version of 2 and 8 with one DHA unit and one phenylallylide-
nemalononitrile unit (see the Supporting Information).

Recrystallization of 7 gave a mixture of yellow and red crys-
tals, which were both subjected to X-ray crystallographic analy-
sis (Figure 3). Different packing of the molecules in the two
crystals might account for the different colors.
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Figure 3. Molecular structures of 7 with displacement ellipsoids at 50 %
probability based on two polymorphic crystals grown from chloroform/hep-
tane. Left: Structure obtained from red crystal (half of a unit cell is shown).
Right: Structure obtained from yellow crystal. For clarity, hydrogen atoms
are not shown.
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Scheme 4. Synthesis of meta-phenylene-bridged dimeric DHA compound.

To make the meta-phenylene-bridged DHA-DHA 3, we re-
turned to the original strategy in which only one cyclohepta-
triene is incorporated at each end of the molecule. A three-
step procedure is shown in Scheme 4. First, a Knoevenagel
condensation between 1,3-diacetylbenzene and malononitrile
in toluene heated to reflux by using AcOH/NH,OAc as buffer
gave product 9 in 53% yield after fractional recrystallization.
For this step, the often preferred AcOH/HMDS buffer for con-
densation of methylarylketones with electron-withdrawing
groups only gave the desired compound 9 in a trace amount.
Next, 9 was treated with tropylium tetrafluoroborate in CH,Cl,
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Figure 4. Molecular structures of (left) 10 (crystals grown from CH,Cl,/hep-
tanes) and (right) DHA-DHA 3 (meta; crystals grown from CH,Cl,/heptanes)
with displacement ellipsoids at 50% probability. For clarity, hydrogen atoms
are not shown.

at —78°C followed by slow addition of Et;N until the starting
material was fully consumed (approximately 2 equiv). From the
mixture of alkylated intermediates, the major product 10 could
again be isolated by recrystallization and its structure was con-
firmed by X-ray crystallography as shown in Figure 4 (left). The
crude mixture was then treated with tritylium tetrafluoroborate
in DCE heated at reflux for two hours followed by Et;N at 0°C
in toluene, which gave VHF-VHF
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version of DHA-DHA 3 to VHF-VHF 11, the decay of the VHF
absorption band (VHF-VHF/DHA-VHF) was followed in time,
thereby providing the rate constants listed in Table 2. Interest-
ingly, the rate of ring closure of VHF-VHF 11 to 3 through the
intermediate DHA-VHF changed during the back-reaction as
two exponential functions were needed to fit the decay in VHF
absorbance. Thus, the first ring closure was found to have
a longer half-life than the second ring closure. This effect is
largest in CH,Cl,, in which the rate constants are 2.0x10~° and
3.3x107%s™" for the first and second ring closure, respectively
(Table 2); these correspond to half-lives of 572 and 346 min.
Notably, the DHA and VHF absorption maxima in the isomers
of 3 depend on the identity of the neighboring unit and hence
shift slightly in DHA-DHA, DHA-VHF, and VHF-VHF.

The nature of the bridge had a significant influence on the
light-induced ring-opening reactions. Thus, the para-phenyl-
ene-bridged DHA-DHA 2 was quite reluctant to undergo ring
opening and could not be fully converted to the VHF-VHF 6
with the lamp successfully used to convert DHA-DHA 3 to
VHF-VHF 11. Instead, we had to use a more intense lamp with
a broader wavelength spectrum and higher radiation energy

11 as judged by thin-layer chro-
matographic analysis (a red spot Table 1. Absorption maxima for 1, 2, and 3.
that turned yeIIow upon heat- Solvent DHA-DHA [ 1] ADHA-VHE [ 1 DHA-VHF [0 1 AVHF-VHFL) [
ing). After heating to reflux for (DHA part) (VHF part)
one hour, VHF-VHF 11 was con- 1 CH,CN 355 ~ 470 ~
verted into DHA-DHA 3, which PhMe 360 - 464 -
was isolated by dry column CeHiz 354 - 446 -
vacuum  chromatograph as

; ) 9 p~ y 2 (para) CH,CN 408 Bl bl 466 (6)
a mixture of diastereoisomers PhMe 416 b tb] 467 (6)
and in an overall yield of 40% CeHiz 408 (bl (el 450 (6)
from 9. The structure of DHA-
DHA 3 was ultimately confirmed | 3 (M€t CH,CN 365 360 476 466 (11)

CH,Cl, 367 361 478 469 (11)

by X-ray crystallography (show- PhMe 369 _ 473 466 (11)
ing some disorder) as depicted CeHiz 363 353 454 449 (11)
in Figure 4 (right). Intere.stlngly, [a] Compound number of the VHF-VHF is provided in brackets. [b] Absorption maxima are not provided owing
whereas the conformation of to the overlapping bands of DHA-DHA, DHA-VHF, and VHF-VHF (but a spectrum of the mixture is shown in
DHA-DHA 3 has the two DHA Figure 5a).

units oriented in the same direc-
tion in the crystal, DHA-DHA 2

has them oriented in opposite directions.

UV/Vis absorption spectroscopy and switching

Table 2. Characteristics of DHA—VHF conversions and rate of back-reaction (VHF —
DHA at temperature T) for DHAs 1 and 3.

studies 1

The two dimeric DHA compounds 2 and 3 are both
photochromic in CH;CN, CH.Cl,, PhMe, and cyclohex-
ane (CgH,,), but with significantly different photoac-
tivities (see below). By irradiation with light at their
absorption maxima (which requires more intense
light for 2), as listed in Table 1, a new band at around
460 nm appeared that was characteristic of VHF for-

Solvent 7./, T[°C Kyr—ona [107° 571 ty, v —owa [MIN]
CH,CN - 25 536 216
CH,Cl, - 25 2,12 545
PhMe - 25 0.78 1474
CeHy, - 25 0.50 2333
CeHy, - 70 64.3 18.0
3 (meta) CH,CN 29 25 7.2—8.2" 160 — 140"
CH,Cl, 34 25 2.0—3.3" 572 —346"
PhMe 26 - - -
CeHs, 14 70 53620 21—19%

mation, whereas the characteristic DHA absorption
band disappeared. Absorption spectra are shown in
Figure 5a and b. Likewise the VHFs undergo thermal-
ly induced ring closures back to the DHAs. After con-

[a] Ratio between time constants (7,/7,) determined from a double-exponential fit of
the VHF absorbance increase over time, corresponding to the stepwise conversions of
DHA-DHA to DHA-VHF and DHA-VHF to VHF-VHF (see Scheme 5). [b] The rate con-
stant gradually increased during the experiment.
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Figure 5. a) UV/Vis absorption spectra in CH;CN of DHA-DHA 2 (para; con-
centration: 5.89x 10~®m), its corresponding VHF-VHF (6), and a mixture of
the DHA-DHA, DHA-VHF, and VHF-VHF. b) UV/Vis absorption spectra in
CH,CN of DHA-DHA 3 (meta) and its corresponding DHA-VHF and VHF-VHF
(11). ¢) VHF absorbance in CH;CN at absorption maximum (normalized to
unity for the final species) as a function of time of light irradiation: DHA-
DHA —DHA-VHF —VHF-VHF for 3 (open circles) and 2 (filled circles). Irradia-
tion of 2 was performed using a light source (four lamps) with a broad radi-
ation around 368 nm, whereas irradiation of 3 was carried out using a less
intense 150 W xenon arc lamp equipped with a monochromator set at

a wavelength of 365 nm. Thus, the timescales for DHA-to-VHF conversions
for the two compounds cannot be directly compared in this figure, but it is
clear that both ring openings of DHA-DHA 3 occur faster than those of
DHA-DHA 2 as less intense light is used for 3.

to achieve full conversion to the VHF-VHF (for details on the
homebuilt lamp setup, see the Supporting Information). We
explain this reduced quantum yield of ring opening of 2 by
a change in the chromophore part by the linearly conjugated
bridge in line with the redshifted absorption maximum
(408 nm in CH,CN) relative to that of DHA 1 (355nm in
CH;CN), which is also supported by a computational study (see
below). Figure 5¢ shows the increase in the VHF absorbance
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(normalized to unity for the final VHF-VHF species) during irra-
diation. The data points for compound 2 could be fitted by
one exponential function, which indicates that the two DHAs
are opened nonselectively (i.e., with similar quantum yields,
which are very small). We also subjected a sample to NMR
spectroscopic studies between irradiations. The spectra show
that all three species—DHA-DHA, DHA-VHF, and VHF-VHF—
are present; this is most clearly seen from the different reso-
nances of the phenylene protons for the three species
(Figure 6).

NC cN 2 NC CN
0 min / ‘ i o
4 ¥ 3

NC oy b NC

=N — CN

J

A OO C@

146 min
CN . NC
NC \ / CN
o S O
7.96 7.94 7.92 7.90 7.887.62 7.60 7.58 7.56 7.54 7.52 7.50
ppm

Figure 6. Part of the 'H NMR spectrum (500 MHz, CD5CN) of DHA-DHA 2
before and after exposure to light. The spectra show the phenylene reso-
nances of the DHA-DHA, DHA-VHF, and VHF-VHF (which correspond to 6)
species, all present after some minutes of irradiation.

When placed in a meta arrangement (3), the two photochro-
mic DHA units undergo stepwise ring openings according to
Figure 5¢ and illustrated in Scheme 5. In CH,CN, the first ring
opening of 3 (DHA-DHA —DHA-VHF) proceeded with a high
quantum vyield (@,=0.65, estimated by comparison to parent
DHA; see the Supporting Information) very similar to that of
the parent DHA 1 (@ =0.55). However, the second ring open-
ing (DHA-VHF —VHF-VHF) is characterized by a much lower
quantum yield. Figure 5c shows the change in the VHF absorp-

heat
ti2" (25 °C)

light heat
72 || ty? (25°C)

Solvent wl T 2] byt
MeCN 29 1.14
CH,Cl, 34 1.65
PhMe 26 =
Cyclohexane 14 1.1

Light-induced change of VHF absorbance in time:

A(t) = Aginal - cOnstant xexp(-t/z,) - constant' xexp(-t/z,)

Scheme 5. Stepwise ring openings of the two DHAs in the meta-phenylene-
bridged DHA-DHA 3 to VHF-VHF, which returns to DHA-DHA through
DHA-VHF with two different half-lives. On account of the large difference in
the two time constants, 7, and 7,, obtained from the double-exponential fit,
they are for simplicity assigned to each of the two consecutive ring-opening
reactions in the scheme (for illustrative purposes only); this separation is
only an approximation.

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

:@2 ChemPubSoc
e Europe

tion during irradiation; it is clearly visible that the first ring
opening took place within the first 35s of irradiation, after
which the change in absorption slowed, and after another
1500 s of irradiation, the second DHA unit had been fully
opened to VHF. By fitting the VHF absorption against time of
irradiation with a double-exponential fit, the ratio between
time constants was determined to be 29 (Scheme 5). In effect,
one can almost selectively open one DHA unit without affect-
ing the second. The sequential ring openings appear stepwise
with isosbestic points in the UV/Vis absorption spectra, but as
the isosbestic points are located at two different wavelengths
(in CH;CN at 404 and 399 nm, respectively), they will appear to
move slightly during the two ring openings (see the Support-
ing Information). The sequential ring openings were also ob-
served in CH,Cl,, toluene, and C¢H,,. Importantly, in polar sol-
vents the sequential switching is more dominant than in non-
polar solvents (see Table 2). Thus, the ratio between time con-
stants is significantly reduced from 29 in acetonitrile to 14 in
cyclohexane. This observation suggests that quenching of DHA
photoactivity in DHA-VHF is related to a charge-transfer mech-
anism, which is supported by a computational study (see
below). All photoswitching experiments were performed in
non-deoxygenated solvents because it has previously been
shown that such precautions do not significantly improve the
stability of the DHA chromophore.” In non-deoxygenated
CH;CN, a photodegradation of approximately 6.6% was ob-
served for 3 after seven full light/heat cycles, whereas a value
of 3.4% was obtained in deoxygenated CH,CN (see the Sup-
porting Information).

We also followed the initial DHA-DHA 3 to DHA-VHF con-
version by means of NMR spectroscopy as shown in Figure 7.
The evolution of the NMR spectra during irradiation confirms
the stepwise ring opening (a longer irradiation time is needed
owing to the larger concentration used in the NMR spectro-
scopic experiment relative to the UV/Vis experiment). As the
DHA-DHA 2 could not be opened by the light source used to
open both DHAs of DHA-DHA 3, we can infer that the quan-
tum yield must be even smaller than that of the DHA-VHF of
3; a rough estimate indicates that the quantum yield must be
below 1% for 2.
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Figure 7. Part of the 'H NMR spectrum (300 MHz, CD,CN) of DHA-DHA 3
before and after exposure to light. The H3 resonance of DHA-DHA 3 disap-
pears along with the appearance of the upfield-shifted DHA H3 resonance
and VHF exocyclic fulvene CH resonance of DHA-VHF, whereas signals from
VHF-VHF (which correspond to 11) are not observed.

Computational study

To shed light on the origin of the reduced photoactivity of 2
and its DHA-VHF isomer and the sequential ring openings of
3, we subjected the compounds to a detailed computational
study. Optimization of the compounds was performed in Gaus-
sian 09" using the polarizable continuum model (PCM)
method and the CAM-B3LYP/cc-pVDZ level of theory. The opti-
mized structures (with VHFs in s-cis conformations) were sub-
jected to vertical excitation-energy calculations using the TD-
CAM-B3LYP/cc-pVDZ method. To verify the method of DFT/
CAM-B3LYP, CC2/cc-pVDZ excitation calculations were per-
formed in TURBOMOLE®" and are listed in Table 3. The gas-
phase-calculated CC2 absorption maxima are in good agree-
ment with the DFT/CAM-B3LYP-calculated ones for both the
DHA-DHA and the DHA-VHF compounds in meta and para
positions. DFT data for the DHA 1 are also included in Table 3
for comparison.

The influence of polar solvents (water and acetonitrile) was
studied next. As expected, these media provided redshifted
absorption maxima relative to the gas-phase values. Longest-
wavelength absorption maxima at 386 and 359 nm were ob-
tained for DHA-DHAs 2 and 3, respectively, in CH;CN, and simi-
lar values of 395 and 359 nm, respectively, in H,0. These calcu-
lated values are in good agreement with the experimental ab-
sorption maxima of these DHA-DHA compounds (408 and

Table 3. Absorption maxima calculated using the PCM method and CAM-B3LYP/cc-pVDZ and CC2/cc-pVDZ levels of theory. Oscillator strengths are provid-
ed in brackets.
Medium A2 [nm] A2 [nm] 252 [nm] A2 [nm]
DHA-DHA or DHA DHA-VHF or VHF DHA-DHA or DHA DHA-VHF or VHF
1 vacuum 337 (0.44) 403 (0.03) 321 (0.53) 402 (0.33)
H,0 351 (0.54) 432 (0.67)
CH;CN 351 (0.54) 432 (0.67)
2 (para) vacuum 384 (1.30) 363 (0.80), 401 (0.30), 414 (0.25) 366 (1.57) 428 (0.35) (VHF unit)
H,0 395 (1.47) 373 (0.85), 407 (0.05), 448 (0.72)
CH;CN 386 (1.31) 373 (0.85), 407 (0.05), 448 (0.71)
3 (meta) vacuum 352 (0.79) 341 (0.43), 400 (0.36), 413 (0.22) 331 (0.94) 426 (0.28) (VHF unit)
H,O 359 (0.91) 350 (0.53), 406 (0.04), 444 (0.70)
CH;CN 359 (0.92) 350 (0.53), 406 (0.04), 444 (0.70)
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365 nm in CH;CN). Figure 8 shows the simulated spectra for
DHA 1 and DHA-DHAs 2 and 3 in CH;CN. The redshifted ab-
sorption maximum of 2 signals that the p-phenylene bridge
has changed the chromophore significantly, which could ex-
plain the lower quantum yield of ring opening (the chromo-
phore has less DHA character). The orbitals that correspond to
the DHA excitations for 2 are shown in Figure 9 relative to
those of DHA-VHF of 2 and those of DHA-DHA/DHA-VHF of
3. All these plots are from the calculations with H,0O, in which
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Figure 8. Calculated absorption spectra of DHA 1 and DHA-DHA isomers 2
(para) and 3 (meta) in CH;CN using CAM-B3LYP/cc-pVDZ.
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differences between orbitals are most significant and hence
most illustrative for a qualitative discussion. Both the HOMO
and LUMO of 2 are significantly delocalized along the entire
molecule with significant density on the central benzene ring;
these two orbitals are the most important in describing the
transition (molecular orbital coefficient of 0.43). The chromo-
phore is accordingly significantly changed from being just
a simple DHA, in accordance with its reluctance to undergo
conversion to DHA-VHF. For the DHA-VHF form of 2, the cal-
culation provides a vertical electronic DHA transition at
373 nm. This excitation involves a transition from the
HOMO-1 to the LUMO and LUMO+2, and as the LUMO is
mainly situated at the VHF, this transition has significant
charge-transfer character, which can account for the reluctance
of this isomer of 2 as well to undergo DHA ring opening (no
longer a local DHA excitation). For the DHA-DHA of 3, the ver-
tical electronic DHA transition is at 359 nm in both CH,CN and
H,O, hence slightly redshifted relative to that calculated for
1 in these solvents (351 nm) and in agreement with experi-
mental observations. For the DHA-VHF isomer of 3, a vertical
electronic “DHA transition” is calculated at 350 nm (hence
slightly blueshifted relative to the DHA-DHA, also in agree-
ment with experimental results). This excitation involves a tran-
sition from the HOMO—1 (located mainly at the DHA) to the
LUMO+1 and LUMO+2 and only to a small extent to the
LUMO (Figure 9). Both LUMO+1 and LUMO+2 are partly on
the VHF, albeit not to the same extent as the LUMO, and the
transition thus has charge-transfer character and is not a local-
ized DHA excitation. It seems
therefore very reasonable that
the DHA-VHF of 3 undergoes
less efficient ring opening to
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Figure 9. Orbitals corresponding to the “DHA excitations” for the DHA-DHA and DHA-VHF isomers of 2 and 3 in
H,0. The molecular orbital coefficient is shown above each arrow and the oscillator strength (f) of the overall tran-

sition is provided.
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dimer (2), we found that the DHA ring openings were strongly
inhibited for the initial DHA-DHA species (which exhibited an
even smaller photoactivity than that of the DHA-VHF of 3).
This bridging unit separates the two DHA units by a linearly
conjugated pathway. The chromophore is hereby significantly
altered and it was found to exhibit a redshifted absorption
maximum relative to both a monomeric DHA and to the cross-
conjugated meta-phenylene-bridged DHA dimer 3. Future
work will seek to investigate the influence of separating the
two DHAs by other spacers and having more than two DHA
units working in concert in related DHA oligomers. Further
functionalization of the DHA dimers in the seven-membered
rings by our previously developed®?? bromination—elimina-
tion cross-coupling protocol might also allow further tuning of
the switching properties.

Experimental Section
General procedure

All reactions except for the Knoevenagel condensations were done
under an argon atmosphere. All handling of photochromic com-
pounds was carried out in the dark. THF was distilled over a Na/
benzophenone couple. Thin-layer chromatography (TLC) was car-
ried out on commercially available precoated plates (silica 60) with
a fluorescence indicator. All melting points are uncorrected. UV/Vis
absorption spectroscopy measurements were performed using
a 1 cm-path-length cuvette. For compound 3, UV/Vis absorption
spectra were obtained by scanning the wavelength from 800 to
200 nm in a 1 cm-path-length cuvette using a Cary 50 Bio UV-visi-
ble spectrophotometer. Photoswitching experiments were per-
formed on non-deoxygenated solutions using a 150 W xenon arc
lamp equipped with a monochromator. The thermal back-reaction
was performed by heating the sample (cuvette) by a peltier unit in
the UV/Vis spectrophotometer. For compound 2, UV/Vis absorption
spectroscopy measurements were performed in a 1cm-path-
length cuvette using a Perkin—Elmer Lambda 1050 UV/Vis-NIR spec-
trometer. UV/Vis absorption spectra were obtained by scanning
the wavelength from 600 to 200 nm for solutions in CH;CN and
CgH;,, and from 600 to 290 nm for solutions in toluene. Photo-
switching experiments were performed by using a homemade
setup, which included four black-light lamps (FAWTS5, Sylvania)
with a UV radiation center at 368 nm (more details in the Support-
ing Information). NMR spectra were acquired using 500 MHz instru-
ments equipped with a (non-inverse) cryoprobe or with a pentap-
robe. All chemical-shift values in 'H and >C NMR spectra are refer-
enced to the residual solvent peak (CDCl; d,=7.26 ppm, d.=
77.16 ppm; CD;CN 6,4,=1.96 ppm, O.=1.94 ppm). Mass spectra
were recorded by using either a Bruker Solarix ESI-MALDI-FT-ICR in-
strument equipped with a 7 T magnet (prior to the experiments,
the instrument was calibrated using sodium trifluoroacetate
(NaTFA) cluster ions) or a Bruker MicrOTOF-QIl system with an ESI
source.

2,2'-(1,4-Phenylene)bis(1,8a-dihydroazulene-1,1-dicarboni-
trile) (2)

Method 1: Et;N (0.67 mL, 4.8 mmol) was added slowly over the
course of 2 h to a stirred suspension of 4 (621 mg, 2.40 mmol) and
freshly mortared tropylium tetrafluoroborate (857 mg, 4.82 mmol)
in CH,Cl, (50 mL) at —78°C, and the reaction mixture was allowed
to slowly warm to RT overnight. The reaction mixture was concen-
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trated under vacuum, and the resulting dark yellow solid (com-
pound 5) was dissolved in DCE (100 mL). Tritylium tetrafluorobo-
rate (1.66 g, 5.03 mmol) was added to this solution, and it was
then heated to reflux for 2 h. The now red/black reaction mixture
was cooled to 0°C, and toluene (100 mL) was added followed by
Et;N (0.67 mL, 4.80 mmol). The temperature was allowed to reach
RT. The resulting strongly red reaction mixture (which contained 6)
was heated to reflux for 1h (to convert 6 into 2), after which it
was concentrated under vacuum. Purification by dry column
vacuum chromatography (silica 15-40 um, 12.6 cm?; 1) 0-90%
CHCly/heptanes, 5% steps, 40 mL fractions; 2) 0-100% toluene/
heptanes, 10% steps, then 0-30% CH,Cl./toluene, 5% steps, 40 mL
fractions; 3) 0-60% EtOAc/heptanes, 5% steps, then 60-100%
EtOAc/heptanes, 10% steps, 40 mL fractions) gave 2 (356 mg,
0.819 mmol, 34%) as a bright yellow solid with minor impurities.
An analytically pure sample was obtained by recrystallization from
boiling CH;CN as bright yellow, thin needles. TLC (CH,CL,): R;=0.73
(bright yellow); TLC (50% EtOAc/toluene): R;=0.32 (bright yellow);
"H NMR (500 MHz, CDCl;) 6=7.84 (s, 4H), 7.26 (s, 4H), 6.98 (s, 2H),
6.60 (dd, J=11.3, 6.3 Hz, 2H), 6.51 (dd, /=11.3, 6.1 Hz, 2H), 6.41
(brd, J=6.3 Hz, 2H), 6.33 (ddd, J=10.2, 6.1, 2.1 Hz, 2H), 5.84 (dd,
J=10.2, 3.8 Hz, 2H), 3.82 ppm (dt, J=3.8, 2.1 Hz, 2H); *CNMR
(125 MHz, CDCl;) 6=139.00, 138.50, 133.68, 131.82, 131.59, 131.03,
127.93, 127.05, 122.13, 119.68, 115.06, 112.68, 51.23, 45.11 ppm (no
splitting of signals with 0 Hz exponential apodization) (signals for
diastereoisomers overlapping); HRMS (MALDI+, dithranol): m/z
caled for C3oH gN, t: 434.15260; found: 434.15263 [M'*]; elemental
analysis calcd (%) for CyH,gN, (434.50): C 82.93, H 4.18, N 12.89;
found: C 83.04, H 3.84, N 12.96.

Method 2: LiIHMDS (2.6 mL, 1™ in toluene, 2.57 mmol) was added
dropwise at —78°C to a solution of 4 (302 mg, 1.17 mmol) in THF
(50 mL). After 10 min, tropylium tetrafluoroborate (504 mg,
2.80 mmol) was added, and the reaction mixture was allowed to
warm to RT over 2 h. Then the reaction mixture was quenched
with saturated aqueous NH,CI (20 mL) and diluted with water
(80 mL). It was extracted with diethyl ether (2x 100 mL), dried with
MgSO,, and the solvent was removed under vacuum. The residue
that contained 5 was dissolved in DCE (75 mL) and degassed with
argon; then tritylium tetrafluoroborate (853 mg, 2.58 mmol) was
added, and the mixture was heated to reflux for 2 h. The mixture
was diluted with toluene and cooled to 0°C, and Et;N (0.36 mL,
2.58 mmol) was added dropwise to generate 6. The reaction mix-
ture was protected from light and left to stir while reaching RT.
After 16 h, the reaction mixture was quenched with aqueous NH,CI
(20 mL), then diluted with water (80 mL), extracted with diethyl
ether (2x100 mL), dried with MgSO,, and concentrated under
vacuum. The remains were then purified by flash chromatography
(20% CH,Cl,, 80% toluene to 100% CH,Cl,) to give 2 (440 mg,
87 %) with a minor impurity, which could be removed by recrystal-
lization from boiling CH;CN to give compound 2 (105 mg, 21 %).

2,2'-(1,3-Phenylene)bis(1,8a-dihydroazulene-1,1-dicarboni-
trile) (3)

Et;N (0.866 mL, 6.210 mmol) was added to a stirred suspension of
9 (801.9 mg, 3.105 mmol) and freshly mortared tropylium tetra-
fluoroborate (1.436 g, 8.072 mmol) in CH,Cl, (175 mL) at —78°C.
The reaction mixture was allowed to slowly warm to RT overnight
and then concentrated under vacuum. The resulting dark yellow
solid (compound 10) was dissolved in DCE (175 mL). Tritylium tet-
rafluoroborate (2.153 g, 6.521 mmol) was added to this solution,
whereafter the mixture was heated to reflux for 1 h. The now red/
black reaction mixture was cooled to 0°C and toluene (175 mL)
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was added, followed by Et;N (0.866 mL, 0.210 mmol). The tempera-
ture was allowed to reach RT. The resulting strongly red reaction
mixture (which contained 11) was heated to reflux for 1 h to con-
vert 11 into 3, whereafter it was concentrated under vacuum. Pu-
rification by dry column vacuum chromatography (silica 15-40 um,
12.6 cm?, 0-100% CHCls/heptanes, 5% steps, 40 mL fractions) gave
3 (1.24 g) as a yellow solid with some impurities. An analytically
pure sample was obtained by recrystallization from boiling CHCI;
(50 mL) and 96% EtOH (100 mL), which gave 3 (498 mg, 40%) as
a bright yellow crystalline powder. TLC (CH,Cl,): R;=0.73 (yellow to
orange-red). M.p. >230°C, darkens at 215-218°C; 'HNMR
(500 MHz, CDCl): 6=8.04 (t, J=19Hz, 1H), 7.80 (dd, J=7.9,
1.9 Hz, 2H), 7.61 (t, J=79Hz, 1H), 6.97 (s, 2H), 6.60 (dd, J=11.2,
6.2 Hz, 2H), 6.51 (dd, J=11.2, 6.2 Hz, 2H), 6.42 (d, J=6.2 Hz, 2H),
6.33 (ddd, J=10.2, 6.1, 2.2 Hz, 2H), 5.83 (dd, /=10.2, 3.8 Hz, 2H),
3.82 ppm (m, 2H) (the coupling constants are not paired as the
spin systems could not be assigned); *C NMR (125 MHz, CDCls):
0=139.01, 139.00, 138.33, 138.31, 133.95, 131.82, 131.52, 131.03,
131.02, 13043, 127.92, 127.49, 123.99, 122.09, 119.64, 119.62,
115.09, 115.07, 112.71, 112.69, 51.21, 45.38 ppm (signals missing
due to overlap); HRMS (MALDI+): m/z caled for C;H,gN,Na™:
457.14237; found: 457.14262 [M+Na*]; elemental analysis calcd
(%) for C5oH,gN, (434.49): C 82.93, H 4.18, N 12.89; found: C 82.82,
H 4.32, N 12.86.

2,2'-[1,4-Phenylenebis(ethan-1-yl-1-ylidene)ldimalononitrile
(4)

1,1,1,3,3,3-Hexamethyldisilazane (3.29 mL, 15.8 mmol) was added
to acetic acid (7.54 mL, 131 mmol) while keeping the temperature
under 75°C. 4-Acetylacetophenone (2.10 g, 13.0 mmol), malononi-
trile (1.71 g, 25.9 mmol), and acetic acid (3.76 mL, 65.7 mmol) were
added to this mixture. The mixture was heated to 70°C for 29 h,
after which the reaction mixture was poured into water (100 mL).
The precipitate was collected, washed with water (4x50 mL), and
then quickly with 40% EtOH (40 mL), which gave 4 (3.28 g, 98 %)
as a white powder. M.p. 193-196°C; 'H NMR (500 MHz, CDCl,): 6 =
7.67 ppm (s, 4H), 2.66 ppm (s, 6H); *C NMR (126 MHz, CDCl,): 6=
173.61, 139.15, 128.20, 112.31, 112.18, 86.64, 24.35 ppm; HRMS
(ESP+): m/z caled for Ci¢HyN,Na*: 281.0798; found: 281.0744
[M+Na*]; elemental analysis calcd (%) for CigH,oN, (258.09): C
74.40, H 3.90, N 21.69; found: C 74.28, H 3.75, N 21.46.

2,2'-{1,4-Phenylenebis[2,2-di(cyclohepta-2,4,6-trien-1-yl)e-
than-1-yl-1-ylidene]}dimalononitrile (7)

Et;N (0.45 mL, 3.2 mmol) was added to a solution of 4 (165 mg,
0.638 mmol) and tropylium tetrafluoroborate (575 mg, 3.23 mmol)
in CH,Cl, (100 mL) at RT. After 2 h, four spots were observed on
TLC, and more tropylium tetrafluoroborate (135 mg, 0.759 mmol)
and Et;N (0.12 mL, 0.86 mmol) were added. After a further 16 h,
there was one main spot on TLC. The mixture was quenched with
saturated aqueous NH,ClI (50 mL) and washed with water, then
dried with MgSO, and concentrated under vacuum. The residue
was purified by flash chromatography (20% EtOAc, 80% heptane)
and recrystallized from chloroform and heptane, which gave com-
pound 7 (291 mg, 74%) as a yellow solid. A small amount was re-
crystallized from THF/heptane for X-ray crystallography. M.p. 171-
172°C; 'HNMR (500 MHz, CDCl,): §=7.21 (s, 4H), 6.74-6.68 (m,
8H), 6.28-6.23 (m, 8H), 5.26 (dd, J=9.1, 6.8 Hz, 4H), 4.87 (t, J=
8,12 Hz, 4H), 3.76 (t, J=9.3 Hz, 2H), 2.10 ppm (s, 4H); *C NMR
(125 MHz, CDCl;): 6 =180.20, 131.59, 130.86, 128.40, 126.39, 125.97,
119.99, 118.16, 111.59, 111.55, 48.54, 40.54 ppm (two signals miss-
ing); HRMS (ESP+): m/z calcd for C,H3N,Na™: 641.2676; found:
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641.2663 [M+Na*]; elemental analysis calcd (%) for C,HyN,: C
85.41, H 5.54, N 9.05; found C: 85.35, H 5.28, N 9.04.

2,2'-[(2E,2'E)-1,4-Phenylenebis(3-phenylallyl-1-ylidene)ldima-
lononitrile (8)

Tritylium tetrafluoroborate (142 mg, 0.430 mmol) was added to
a dry and argon-degassed solution of compound 7 (103 mg,
0.166 mmol) in DCE (45 mL) under argon. The mixture was heated
to reflux for 2 h and was then washed with brine (2x50 mL), dried
with MgSO,, and concentrated under vacuum. The residue was
then purified by flash chromatography (20% EtOAc, 80% heptane)
and recrystallized from CH,Cl,/heptane to give compound 8
(24 mg, 25%). 'HNMR (500 MHz, CDCl,): 6=7.64 (d, J=15.6 Hz,
2H), 7.59 (s, 4H), 7.58-7.54 (m, 4H), 7.50-7.38 (m, 6H), 6.90 ppm
(d, J=15.6 Hz, 2H); CNMR (126 MHz, CDCl;) 6=169.93, 150.18,
135.94, 134.07, 132.32, 129.74, 129.47, 129.24, 124.03, 113.24,
112.44, 83.22 ppm; HRMS (MALDI+): m/z calcd for CyH;gN,Na*:
457.14237; found 457.14255 [M+Na"'].

2,2'-[1,3-Phenylenebis(ethan-1-yl-1-ylidene)ldimalononitrile
(9)

NH,OAc (10.0 g, 130 mmol) and AcOH (30 mL, 500 mmol) were
added to a stirred mixture of 1,3-diacetylbenzene (8.61 g,
53.3 mmol) and malononitrile (14.97 g, 226.6 mmol) in toluene. The
flask was equipped with a Dean-Stark trap, and the reaction mix-
ture was heated to reflux overnight. The reaction mixture was
cooled for about 30 min, and while still hot it was poured into
a mixture of brine (100 mL) and diethyl ether (100 mL) in a separa-
tion funnel. Diethyl ether (100 mL) was cautiously poured into the
hot flask and the mixture was left at boiling for a few minutes to
extract the product from the oil that formed in the flask and was
transferred into the separation funnel. The ether phase was sepa-
rated and washed with water (100 mL) and brine (100 mL), then
dried with MgSO,, filtered, and concentrated under vacuum. The
resulting yellow residue was purified (in two separate batches) by
means of dry column vacuum chromatography (silica 15-40 um,
12.6 cm? 0-36% EtOAc/heptanes, 3% steps, 40 mL fractions),
which gave 9 (9.91 g, 38.4 mmol, 72%) as a slightly yellow crystal-
line powder. Alternatively, the crude product could be purified by
a fractional recrystallization from CH,Cl,/heptanes or boiling EtOH
(150 mL) (Note 1), which gave 9 (6.73 g, 53%) as slightly yellow
crystals. M.p. 151°C (EtOH); 'H NMR (500 MHz, CDCl,): 6=7.73-
765 (m, 4H), 2.68 ppm (s, 6H); *CNMR (125 MHz, CDCly): 6=
173.76, 136.99, 130.65, 130.39, 126.29, 112.44, 112.11, 86.73,
24.46 ppm; HRMS (MALDI+): m/z calcd for Ci¢H,oN,;Na*: m/z:
281.07977; found: 281.07983 [M+Na*]. Note 1: The residue was
first attempted purified by recrystallization from boiling EtOAc/
heptanes (1:5).

2,2'-{1,3-Phenylene-bis[2-(cyclohepta-2,4,6-trien-1-yl)ethan-
1-yl-1-ylidene]}dimalononitrile (10)

Et;N (0.866 mL, 6.210 mmol) was added to a stirred suspension of
9 (801.9 mg, 3.105 mmol) and freshly mortared tropylium tetra-
fluoroborate (1.436 g, 8.072 mmol) in CH,Cl, (175 mL) at —78°C,
and the reaction mixture was allowed to slowly warm to RT over-
night. Saturated aqueous NH,CI (50 mL) was added, and the organ-
ic phase was separated and concentrated under vacuum. Purifica-
tion by means of dry column vacuum chromatography (silica 15-
40 um, 12.6 cm? 0-50% EtOAc/heptanes, 5% steps, 40 mL frac-
tions) gave 10 (790 mg, 58%) as a yellow solid. The desired com-
pound could also be isolated by fractional recrystallization from
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CH,Cl,/heptanes, which gave 10 (504 mg, 37%) as dark yellow
crystals from which some were suitable for X-ray crystallography.
M.p. 197-199°C (decomp); "H NMR (500 MHz, CDCl,): 6 =7.63 (app
t, J=7.8Hz, 1H), 7.53 (dd, /=7.8, 1.6 Hz, 2H), 7.41 (t, J=1.6 Hz,
1H), 6.22 (app dt, J=9.3, 3.2 Hz, 4H), 5.16 (app dd, J=9.3, 6.8 Hz,
4H), 3.11 (d, J=8.0 Hz, 4H), 2.20-2.13 ppm (m, 2H) (the coupling
constants are not paired as spin systems could not be assigned);
BCNMR (125 MHz, CDCly): 0=176.27, 135.95, 131.30, 130.45,
130.25, 127.05, 126.40, 122.65, 112.22, 111.87, 88.24, 38.27,
37.59 ppm (signals missing due to overlap); HRMS (MALDI+): m/z
calcd for C30H,,N,Na™: 461.17367; found: 461.17363 [M+Na*]; ele-
mental analysis calcd (%) for C30H,,N,: C 82.17, H 5.06, N 12.78;
found: C 81.99, H 5.01, N 12.62.

CCDC-1015127 (7, red crystal), CCDC-1015128 (7, yellow crystal),
CCDC-1015129 (10), CCDC-1015130 (DHA-DHA 3), and CCDC-
1016226 (DHA-DHA 2) contain the supplementary crystallographic
data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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