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Molecular switches can toggle between two (or more) stable
states encoding different physical features. They allow com-
plex systems to respond to changes in their environment defined
by light intensity, pH, temperature or voltage. As such, molec-
ular switches play a key role in biology and information tech-
nology and have become important components of advanced

materials.

Chemists have developed a large number of synthetic switches,
complementing the many types found in nature. Given their
prominence in biology, it is not surprisingly that photoswitches,
which are actuated by ultraviolet, visible or infrared light, have
been an especially productive field of study. Despite their long
history, new types of synthetic photoswitches continue to
emerge and “old friends”, such as azobenzenes are constantly
improved and optimized. This is not only true with respect to
their photophysical properties but also with regard to their syn-
thetic accessibility. Indeed, as molecular switches are applied in
ever-increasing quantities, the efficiency of their syntheses
becomes a primary concern, requiring the development of new
synthetic methods and strategies. The corresponding results,
however, are often buried in the Supporting Information of

papers that focus on functional aspects, which does not reflect
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the relative effort that goes into the design and synthesis of
these molecules.

Caged compounds are a subclass of (photo)switches that have
special functional features. As opposed to “true” switches, they
can only be turned ON and the abatement of their activity
depends on secondary processes (such as diffusion from the
active zone or, more importantly, re-uptake systems). In terms
of their biological application, especially in neurobiology, they
are much further developed than reversibly switchable mole-
cules. For instance, two-photon activation, which allows for
very precise localization, is fairly well established with caged
compounds but in its infancy in the case of reversible photo-
switches.

The present Thematic Series of the Beilstein Journal of Organic
Chemistry addresses the crucial role that chemistry, and particu-
larly organic chemistry, can play in tuning the functional
features of molecular switches and cages. These features
include their absorption spectra, conductivity, geometry and
bistability, as well as their polarity, solubility, efficacy, or
catalytic activity. Photoswitches are covered extensively,

ranging from diarylethenes (Pu, Wagenknecht) to dihydro-
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azulenes/vinylheptafulvenes (Nielsen) and azobenzenes
(Riick-Braun, Hoppmann). Two reviews discuss cis-azoben-
zenes with rapid thermal isomerization kinetics (Velasco), and
highlight the azobenzene moiety as one of the smallest light-
driven molecular motors conceivable (Merino). Issues of
bistability are also addressed in an account on shape-persistent,
optically active macrocycles (Pasini). Molecular switches that
respond to changes in pH are covered as well (Haberhauer and
Aprahamian), reflecting their importance in biology and in
materials science. Finally, switching is highlighted as a syn-
thetic strategy for building advanced materials that are useful in
photovoltaics (Matile).

Chemists, by nature, like to control things and probably actuate
macroscopic switches more often than the average person. We
hope that this collection of papers will motivate some of our
colleagues to also consider nanoscopic versions of switches
(and cages). For those of us who deal with these molecules on a
daily basis, this Thematic Series will hopefully provide further
inspiration and an impetus to continue work in this fascinating

field of research.
Dirk Trauner

Munich, June 2012
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The pH-activated E/Z isomerization of a series of hydrazone-based systems having different functional groups as part of the rotor

(R=COMe, CN, Me, H), was studied. The switching efficiency of these systems was compared to that of a hydrazone-based mole-

cular switch (R = COOEt) whose E/Z isomerization is fully reversible. It was found that the nature of the R group is critical for effi-

cient switching to occur; the R group should be a moderate H-bond acceptor in order to (i) provide enough driving force for the

rotor to move upon protonation, and (ii) stabilize the obtained Z configuration, to achieve full conversion.

Findings

Nature is full of elegant examples of perfectly designed bio-
logical motors and machines [1] that perform delicate and
precise tasks. Primitive as they may be, numerous artificial
molecular machines [2-6] have been developed that strive to
mimic their biological counterparts as far as function is
concerned. As part of these efforts, a variety of molecular
systems have been developed that can perform different types
of motion (e.g., translation, rotation) in response to chemical
[7-9], electrochemical [10-13], and photochemical stimuli [14-
18]. One of the benefits of artificial molecular switches and
machines is that their output can be controlled or fine-tuned by
altering their components [19-21]. A relevant example in this

context is Feringa’s overcrowded alkene-based light-driven

rotary switches that can be induced to rotate at different rates by
replacing a naphthyl group in the upper-half of the molecule
(i.e., the rotor) with a less sterically hindered benzothiophenyl
group [20].

Previously, we have shown that hydrazone-based rotary
switches can change their configuration (i.e., £/Z isomerization)
as a function of pH [22-24], or upon the addition of a Lewis
acid (i.e., Zn?") [25]. The simplest hydrazone switch (PPH-1,
Scheme 1) for example, exists mainly as its £ isomer (PPH-1-
E) in solution, as illustrated by the £/Z isomer ratio of 93:7 in
CD3CN. Protonation of PPH-1-E with acid results in an inter-
mediate PPH-1-E-H", which quickly isomerizes to
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Scheme 1: The acid-activated switching process of PPH-1.

PPH-1-Z-H*, which is the more stable isomer. During this
process, an E/Z isomerization takes place, which can be fully
reversed by the addition of base to the solution.

In order to fine tune the properties of the hydrazone switches,
we studied the effect of different R groups in the rotor part
(Scheme 2) on the switching cycle. The target hydrazones were

» 0

R Z R _

N |N E@
H\N’

N
i H*

R=H (PPH-2)
|\ R = Me (PPH-3)
=

PPH-E PPH-E-H*
X X
N Na
Ho N " o N I
N ‘N " Ho N H
PPH-4-Z PPH-4-E PPH-4-Z-H* PPH-4-E
(80%) (20%) (80%) (20%)
X
| —
N
H+
—_— + |\
=
PPH-5-E PPH-5-Z-H* PPH-5-E
(56%) (44%)

Scheme 2: The hydrazone-based molecular systems that were analysed in this paper, each having different rotors. The stable isomer(s) in solution
and their protonation products are shown.
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synthesized either by the direct condensation of phenyl-
hydrazine with the corresponding aldehyde (PPH-2) or ketone
(PPH-3), or by Japp—Klingemann reaction (PPH-4, PPH-5)
[26]. The NMR spectroscopy and mass spectrometry characteri-
zations show results consistent with the previously reported data
[26].

In certain cases it has been shown that intramolecularly
H-bonded hydrazones exist predominantly as the kinetically
stable Z isomer in solution [27-29]. We were expecting that the
intramolecular H-bonds in PPH-2 and PPH-3 would drive them
to adopt the Z configuration in solution as well, leading to a
low-field-lying NH signal (12—16 ppm) [22-24]. However, this
is not the case with PPH-2. The hydrazone N-H proton in
PPH-2 resonates at 8.95 ppm, which clearly shows that it is not
H-bonded to the pyridyl nitrogen, indicating that the £ configur-
ation is the predominant isomer in solution (CD3CN). The addi-
tion of trifluoroacetic acid (TFA) only results in a general
downfield shift of the aromatic and the hydrazone N-H proton
signals as a result of protonation, which reaches saturation with
3 equiv of TFA. Unlike in PPH-1, signals from other species
are not observed during the course of protonation, suggesting
that the protonation of PPH-2 with TFA is a fast equilibrium,
and that, as expected, it does not cause any isomerization.
Similar to PPH-2, the '"H NMR spectrum of PPH-3 shows a
signal for the hydrazone N—H proton at 8.24 ppm indicating that
it too is in the E configuration. The protonation of PPH-3 with
TFA is a fast equilibrium as well, without any indication of

rotary motion (i.e., isomerization).

On the other hand, PPH-4, in which R is a strong electron-with-
drawing group (—CN) shows two sets of signals in the '"H NMR
spectrum (CD3CN), indicating that two isomers, having a 4:1
ratio, coexist in solution. The major isomer shows a hydrazone
N-H signal at 9.60 ppm, indicating that it is the Z isomer, in
which an intramolecular H-bond is not present. On the other
hand, the hydrazone N-H signal of the minor isomer resonates
at 15.12 ppm, which is characteristic of H-bonded N-H signals,
suggesting that the minor isomer is actually the £ configuration.
Such an unusual £/Z isomer ratio was reported before for
similar systems, and it was attributed to kinetic stability of the Z
isomer, in addition to solvent effects [27-29]. The titration of
PPH-4 with TFA only affects the major isomer (Z), while the
minor isomer (£) remains intact even in the presence of
10 equiv of TFA. The changes in the 'H NMR spectrum of
PPH-4-Z are similar to those of PPH-2 and PPH-3, except for
the fact that it requires an excess of TFA (ca. 10 equiv) for the
protonation to reach saturation. This observation can be attrib-
uted to the strong electron-withdrawing nature of the CN group,
which drastically decreases the basicity of the pyridyl nitrogen.
Furthermore, since the pyridyl nitrogen in PPH-4-E is

Beilstein J. Org. Chem. 2012, 8, 872-876.

H-bonded to the hydrazone N—H, the basicity of PPH-4-E
becomes even lower, which explains why PPH-4-E does not

become protonated even in the presence of 10 equiv of TFA.

Structurally, PPH-5 is the closest to PPH-1, that is, instead of
an acyl ester group, PPH-5 has an acetyl residue as the R group.
The '"H NMR spectrum of PPH-5 in CD3CN shows only one
set of signals, and a sharp singlet at 14.54 ppm for the hydra-
zone N—H proton, indicating that it is H-bonded to the pyridyl
nitrogen. Since the acetyl group is a less effective H-bond
acceptor than ethyl ester, it is reasonable that PPH-5 exists
exclusively in the £ form in solution. When TFA is added to the
solution, a second set of signals arises, which grows as the
amount of acid increases. The protonation of the pyridyl ring
results in the downfield shift of the aromatic signals, except for
proton H1, which shifts from 8.92 to 8.70 ppm as it is no longer
affected by the H-bond [22-24]. Moreover, the hydrazone N—H
signal shifts to a higher field (13.22 ppm) in congruence with
what is observed in PPH-1 [24]. These changes are consistent
with those observed during the acid-activated switching of
PPH-1, suggesting that PPH-5 switches from the £ to the Z
configuration upon protonation. However, the switching process
of PPH-5 is relatively inefficient as there is still ca. 44% of
PPH-5-E remaining in solution even when 30 equiv of TFA is
added.

In order to rationalize the different behaviour of the structurally
similar switches, PPH-1 and PPH-5, a quantitative evaluation
of the thermodynamic process is necessary. Taking a look at the
acid-activated switching process of PPH-1 (Scheme 1), we can
formulate the following equations for the acid-induced E/Z

isomerization:

PPH-1-E-H*

Kp = [ " ]+ (1
[PPH-1-E-H" J[H*]
PPH-1-Z-H*
[PPH-1-E-H*]
PPH-1-Z-H*

Kg=Kp-Ky = [ ] 3)

[PPH-1-E-H" J[H*]

where Kp is the equilibrium constant of the protonation step, Kj
is the equilibrium constant for the rotation process, and Kg is
the overall equilibrium constant for the switching reaction. The
pK, of PPH-1 is actually log;oKp, so Kg also equals
10[PKa (PPH-DT K;. From the above equations, it becomes clear
that K5 can be used as an index to evaluate the feasibility of the
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switching process in hydrazone-based switches; the larger the
Kg value, the easier the switching process. In the case of PPH-1
versus PPH-S, since the acetyl group is a stronger electron-
withdrawing group than the ester group, the basicity (pK,) of
the pyridyl group in PPH-1 will be higher than in PPH-5.
Moreover, the ester group is a better H-bond acceptor than the
acetyl group, which means that the protonated Z configuration
of PPH-1 is more stable than that of PPH-5, resulting in a
larger K| for PPH-1. Thus, it can be qualitatively deduced that
PPH-1 has a larger Kg than PPH-5, suggesting that PPH-1 is a
more ideal system to be used as a molecular switch. This
analysis is clearly in line with the acid switching experiments
that show that PPH-1 can be fully switched, whereas PPH-5

cannot.

Conclusion

In summary, we have synthesized four hydrazone-based
systems having different R groups as part of the rotor section.
The role of the R group was assessed vis-a-vis the switching of
the system, and it was found that for the switch to operate effec-
tively it is crucial that (1) the R group be able to offer a second
H-bond-accepting site in order to provide enough driving force
for the rotor to move; and (2) the R group be a moderate
H-bond acceptor, otherwise the isomer generated will not be
stable enough to enable full conversion (isomerization).

Supporting Information

Supporting Information File 1

Experimental section and acid titration of the hydrazone
compounds.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-98-S1.pdf]
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The investigation of multi-photochromic compounds constitutes a great challenge, not only from a synthetic point of view, but also

with respect to the analysis of the photochemical properties. In this context we designed a novel strategy to access meta-oligoazo-

biphenyls via site-selective Mills reaction and Suzuki cross-coupling in a highly efficient iterative way. Photochemical examina-

tion of the resulting monomeric and oligomeric azo compounds revealed that the overall degree of switching was independent of

the connected azo-units. However, one of the azobonds in the bis-azobiphenyl is isomerized preferentially despite the high struc-

tural similarity.

Introduction

The possibility to control structures on the molecular level in a
reversible manner by using an external stimulus has fascinated
scientists for a long time. One of the earliest reports on a molec-
ular entity that can be influenced in this way concerns the
azobenzene scaffold. Since this discovery by Hartley in 1937
[1] many more compounds showing such a photochromism
have been reported [2]. However, the azobenzene moiety still
remains one of the most popular “work horses” in this respect
[3-6]. The reason can probably be found in its relatively easy
synthetic accessibility combined with its interesting switching

behavior. Upon irradiation with UV light the usually more

stable £ isomer can be switched to the Z form. If the Z isomer is
irradiated with visible light or heated it can be converted back
to the E state. During this isomerization the azobenzene under-
goes a drastic length reduction of ~3.5 nm rendering it an ideal
candidate for changing spatial arrangements on the molecular
level. This change has been featured in a variety of applications
[7-9], such as, switchable sensors [10], ion channels [11], cata-
lysts [12], or liquid crystals [13].

In most of these applications, however, only one azobenzene

unit is incorporated. One of the reasons is the synthetic chal-

877

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:hermann.wegner@unibas.ch
http://dx.doi.org/10.3762%2Fbjoc.8.99

lenge associated with the preparation of such oligomers. Solu-
bility and, especially, selectivity issues have to be addressed.
Another reason is the higher complexity of the photochemistry
of these multi-photochromic compounds. The number of
possible isomers increases exponentially with the number of azo
units. Additionally, it has been shown by others [14], as well as
by us [15-17], that the direct connection of two azobonds to one
aromatic ring alters the switching behavior considerably, such
that bis-ortho-azobenzenes did not show any photochromicity.
Therefore, in recent examples in the literature the azo-units
have been dissected by incorporation of biphenyl units. Hecht
and co-workers investigated the effect of the electronic coupling
in detail and showed that the incorporation of ortho-methyl
groups on the biphenyl restores the photoisomerization prop-
erties (Figure 1) [18,19]. In a related example by Samanta and
Woolley a similar compound was presented featuring anchoring
groups for biological applications (Figure 1) [20]. In another
study the team of Hecht synthesized oligomers separated by
alkynyl linkers, demonstrating interesting coil-uncoil
phenomena upon irradiation [21]. There are also reports on
polymers that contain multiple azobenzene units. In these ma-
terials, however, the effect of the individual azobenzene moiety
on the whole molecular assembly is not specified [22,23].

R'R?

N
/
AW
’
N

R2R!

O
e

1

Figure 1: para-Substituted bisazobiphenyls 1 investigated by Hecht
(R', R2 = H, Me, R3 = t-Bu) and by Woolley and co-workers (R' = H,
S03Na, R? = H, R3 = NHCOCHy).
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So far, mainly para-connected bisazobiphenyls have been
addressed. Synthetic studies on meta-bisazobiphenyls were
reported early on, in the context of azodyes over 100 years ago
[24-26]. The switching properties of this class of compounds
have not been examined though. As it has been shown that the
connectivity is crucial for the photochemical properties, we set
out to study meta-connected azobiphenyls. Not only have the
photochemical properties been investigated, but also selective

synthetic strategies for their preparation have been explored.

Results and Discussion

Synthesis of meta-substituted azobiphenyls
In the design of our target molecule, different aspects were
considered: One important issue is solubility, which was
addressed by incorporating tert-butyl-groups on every second
ring. Additionally, it was envisioned to attach groups such as an
amino functionality, which would open the potential to
incorporate our system in, for example, biological settings. As a
synthetic strategy it would be highly desirable to be able to
build up the oligomer in a modular, protecting-group-free
manner. In this respect, we planed a combination of the Mills
reaction [27] with Suzuki cross-coupling, which we have
successfully employed in previous studies (Figure 2) [28]. A
key issue, however, was a site-selective transformation in order
to differentiate both ends of the oligomer. The installment of an
ester group on one site of the biphenyl unit should steer the crit-
ical Mills reactivity not only by steric, but also by electronic
factors to the second ring.

One of the building blocks for the synthesis envisioned in
Figure 2 is a tetra-substituted phenylderivative, which can be
prepared from readily available 4-tert-butyltoluene (3)
(Scheme 1). The first reaction was a nitration at the 2-position.
After discouraging results were obtained under classical
nitrating conditions employing a H,SO4/HNO3 mixture, the

H,N o

RO

*--- Ill. Suzuki cross-coupling

@ --- II. site-selective Mills reaction

*---|. Suzuki cross-coupling

Figure 2: Synthetic strategy for the assembly of meta-substituted oligo-azobiphenyls 2.
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KMnOy, CO,H NBS,
CsHsN/H,0 No, _H2804 60°C
66% /lf
CO,H
HNO4/AcOH NO, Br NO,
ACZO
5
93%
3 4 6
NBS, Br NO,  KMnO,,
TFA/H,S0,, 50 °C CsHsN/H,0
53% 62%
7

Scheme 1: Synthesis of 2-nitro-4-tert-butyl-6-bromobenzoic acid (6).

conditions were altered to use a mixture of AcOH/HNOj in
acetic anhydride as the solvent. In this way the mono nitration
product 4 could be obtained in excellent yields. In a first
attempt, the intermediate 2-nitro-4-tert-butyltoluene (4) was
oxidized with potassium permanganate in a 1:1 solvent mixture
of pyridine/H,O, to the corresponding benzoic acid 5. The reac-
tion proceeded with an acceptable yield of 66%. However, the
resulting highly deactivated aromatic system 5 did not react
even under harsh bromination conditions with NBS in concen-
trated sulfuric acid. Therefore, the reaction sequence was
changed to bromination first, followed then by oxidation of the
benzylic position. The bromination proceeded slowly, and after
three days of stirring at 50 °C, only 53% of 2-nitro-4-tert-butyl-
6-bromotoluene (7) was obtained. It turned out that the oxi-
dation of this substrate was not as convenient as in the first
attempt. Complete conversion of the starting material could not
be achieved, even after stirring at 100 °C overnight and by
using an excess of 10 equiv of KMnQy. Finally, the desired key

compound 6 was isolated in a yield of 62%.

The next two steps in the synthesis of the building blocks were
straightforward (Scheme 2) and comprised esterification of the

CO5H CO,Me
Br NO, Mel, KCOs, By NO,
acetone, 60 °C
96%
6

Scheme 2: Preparation of nitroso derivative 10.

Fe, AcOH, 90 °C_
81%

acid 6 with potassium carbonate and methyl iodide in acetone,
as well as reduction of the nitro group via a Béchamp reaction
to give compound 9. The amino group was afterwards reacted
with mCPBA in THF to yield the nitroso derivative 10 in a good
yield of 69%.

With all the necessary building blocks in hand, the assembly of
oligomer 2 was started with a Suzuki reaction of 9 with
3-aminophenylboronic acid pinacolate (11) to prepare biphenyl
12 (Scheme 3). The reaction proceeded in a good yield of 84%.
However, pinacol was obtained as a side product and could not
be separated by column chromatography. The impure diamine
12 was then subjected to the Mills reaction with one equiv of
nitroso compound 10. The aim was to achieve selectively only
one coupling at the less functionalized benzene ring. As
expected from the initial design, the deactivation of the second
amino group by the ester in the ortho-position led to the isola-
tion of the mono-coupled product as the major species in 60%.
After this successful Mills reaction step, two more Suzuki reac-
tions and one additional Mills coupling step were required to
obtain the bisazobiphenyl 2. The Suzuki reactions were
performed with 3-aminophenylboronic acid (14) instead of the

COZMG

mCPBA THF
69%

COzMe
T/ 3/ o}
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Br
NH, Pd(PPhs)s N=N  CO,Me
o K,CO5
Br + :B@ _ H,O/THF, 80 °C _ O O 10, AcOH _
(6] 84% 60%
H,N  CO,Me H,N  CO,Me H,N  CO,Me
9 1 12 13
NH,
HO
B
HO ,
14 92%
Pd(PPhs)s
K,COs
H,O/THF, 80 °C
Br NH,
=W,
O O N=N COzMe
10, AcOH
N=N  CO,Me R —
55%
OO
16 15
HoN COzMe
14, Pd(PPhg),
Ko,COs3 | 88%
H,O/THF, 80 °C NHz
N=N  CO,Me
N=N  CO,Me
0,
HoN COgMe

Scheme 3: Assembly of oligomer 2 by Suzuki cross-coupling and site-selective Mills reaction.

pinacolate, to eliminate the difficulties in the purification. The
selective Mills reaction was again successful, giving only
slightly lower yields.

Isomerization studies
Compounds 13, 15, 16 and 2 were analyzed by UV spec-
troscopy. All of them exhibit the typical behavior of azoben-

zenes, with a strong absorption at 330 nm for the n—n* tran-
sition and a weak absorption at 430 nm for the n—z* transition
(Figure 3). For compounds 16 and 2 an increased absorption of
the whole spectrum is noted due to the additional chromophore
in the molecule. Upon irradiation at 356 nm (8 W hand-held UV
lamp, at room temperature) all compounds underwent an E—Z

isomerization, which can be seen as a decrease of the n—n* and
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Figure 3: Isomerization studies of compound 13 (a), 15 (b), 16 (c) and 2 (d) (Irradiation at 356 nm in CHClI3).

an increase of the n—n* band. In this respect all compounds
display similar characteristics and show a comparable degree of

isomerization (Figure 3).

This phenomenon can be easily visualized when the degree of
isomerization is plotted against the irradiation time for all four
compounds (Figure 4). In the first 100 s all four compounds
isomerize at the same rate regardless how many azo units are
present. After this time compounds 13 and 15 reach their photo-
stationary state and their isomeric ratio does not change signifi-
cantly. The bisazocompounds 16 and 2 with their additional azo
moiety, however, show a further switching, which plateaus
when both of their photochromic azo units have been equili-
brated in the photostationary state.

The composition of the photostationary state was investigated
for compounds 15 and 2 by NMR spectroscopy. In the case of
15 the ratio of the E/Z isomers is 1/1.2 in the photostationary
state corresponding to a degree of isomerization of ~55%. For 2
the situation is more complicated as, due to the lack of

symmetry, four different isomers are possible [(E,E), (E,Z),

40

2 ]
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g |

= .

[¥]

10+
] e 2
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0 50 100 150 200 250 300 350

irradiation time /s

Figure 4: Comparison of the absorption as well as the photostationary
state of compounds 13, 15, 16, 2.

(Z,E), (Z2,2); Figure 5]. The ratio in the photostationary state of
(E.E)(E,Z)(Z,E)(Z,Z) is 20/18/36/26, which corresponds also
to a similar average isomerization of ~51% per azo unit.
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Figure 5: Four different isomers of 2.

Although it may be expected that the (£,Z) and the (Z,E) isomer
would be found in equal amounts as their direct chemical envi-
ronment is very similar, a clear preference for the (Z,F) isomer
can be seen. Therefore, although the overall degree of isomer-
ization seems to be independent if two azo units are
connected via a biphenyl unit in meta-positions, there seem to
be subtle differences that influence the preference as to which
azo bond is switched preferentially. Such a property will be
highly useful in the design of selective, switchable, functional
oligomers.

Conclusion
In summary, a very efficient modular synthetic approach for the

preparation of meta-oligoazobiphenyls has been developed

relying on a site-selective Mills reaction and Suzuki cross-
coupling. The switching behavior of the azo units seems to be
rather independent from an electronic point of view. However,
delicate aspects favor certain isomers, allowing the rational
design of selective switchable functional oligomers in the
future.

Supporting Information

Supporting Information File 1

Experimental procedures and characterization data.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-99-S1.pdf]
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Photoswitchable click amino acids (PSCaa) are amino acids bearing a side chain consisting of a photoswitchable unit elongated
with a functional group that allows for a specific click reaction, such as an alkene that can react with the thiol group of a cysteine
residue. An intramolecular click reaction results in the formation of a photoswitchable bridge, which can be used for controlling
conformational domains in peptides and proteins. The ability to control conformations as well as the efficiency of the intramolec-
ular bridging depends on the length of the PSCaa side chain and the distance to the cysteine residue to be clicked with. On
comparing i,i+4 and i,i+7 spacings of PSCaa and cysteine in a model peptide without a preferred conformation, it was seen that the
thiol-ene click reaction takes place efficiently in both cases. Upon induction of an a-helical structure by the addition of trifluoro-
ethanol, the thiol click reaction occurs preferentially with the i,i+4 spacing. Even in the presence of glutathione as an additional
thiol the click reaction of the PSCaa occurs intramolecularly with the cysteine rather than with the glutathione, indicating that the

click reaction may be used even under reducing conditions occurring in living cells.

Introduction

Photoswitchable bridges that are site-specifically incorporated
into proteins allow the conformation and activity of proteins to
be modulated by light. In contrast to common bivalent thiol
reactive azobenzene switches [1-5], the PSCaa described here
(Scheme 1) is an a-amino acid containing, besides an azoben-
zene unit, a vinyl function that can react specifically with a
cysteine within a putative conformational domain of a peptide
or a protein by light-induced thiol—ene click reaction [6-9]. The
light-induced click reaction of our PSCaa occurs predominantly

in the cis state that is formed simultaneously due to the photo-
isomerization at A = 365 nm.

Recently, the concept of photoswitchable click amino acids has
been applied to the polypeptide hormone urocortin, the helical
fold of which was regulated by light, showing different biopo-
tencies dependent on the trans/cis isomeric state of the photo-
controllable bridge [6]. In the achievement of an efficient and

“clean” thiol-ene click reaction between the vinyl function of
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Scheme 1: Photoisomerization of the photoswitchable click amino acid
2-amino-3-(4-((3-vinylphenyl)diazenyl)phenyl)propanoic acid.

PSCaa and the cysteine residue within a-helical structures, the
spacing between the two plays a pivotal role. For the i,i+4
spacing we have shown that the thiol-ene click reaction in the
model peptide Ac-E-K-E-E-PSC-E-K-K-C-K-E-NH; occurs
smoothly without a preferred conformation, in aqueous buffered
solution (pH 7.5). However, fully recombinant proteins exhibit
highly structured domains, which may influence the intramolec-
ular thiol click reaction between the PSCaa and a cysteine
residue. Here, we show that the thiol click reaction of the photo-
switchable click amino acid (PSCaa) at the i,i+4 position and a
cysteine in a helical model peptide, under structure-inducing
conditions, is favoured compared to that with PSCaa at the i,i+7
position. Furthermore, in the presence of glutathione (GSH), a
naturally occurring thiol in living cells, the click reaction takes
place at relatively high GSH concentrations (1 mM) indicating

that the thiol click reaction occurs preferentially intramolecu-

larly.
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Results and Discussion
Thiol click reaction of PSCaa within a-helical

conformations

Before we incorporated PSCaa into the helical model peptide at
1,i+4 and 1,i+7 positions, we calculated for the trans and the cis
PSCaa the expected end-to-end distances between the C atom of
the methyl group and the cysteine S atom of the built-in photo-
controllable bridge (Figure 1). The range of distances covered
by the cis form was found to be between 4 and 11 A, and
between 10 and 14 A by the trans form. Therefore, in o-helical
structures the cis form of PSCaa is expected to be compatible
with an i,i+4 spacing (5.4 A). Moreover, the different distances
covered by the cis and the trans form of the photocontrollable
bridge explain the significant stabilization of the a-helical con-
formation of the crosslinked peptide 3 (Scheme 2) with i,i+4
spacing in the cis form in contrast to the more extended trans
form, which disturbs an a-helical conformation [6].

To study the effect of 1,i+4 or 1,i+7 spacings on the efficiency of
intramolecular thiol-ene click reactions of the PSCaa with a
cysteine in an a-helical structure, we compared the reaction in
peptide 1 with i,i+4 and peptide 2 with i,i+7 spacing in the pres-
ence of 50% trifluoroethanol (TFE) (Scheme 2). The addition of
TFE causes both peptides to adopt an a-helical conformation,
while in aqueous buffered solution no preferred conformation of
the two peptides was observed (see CD spectra in Supporting
Information File 1). Interestingly, the overall helix content of

N=N
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4-11A
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70000 1

60000
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# structures

200001

10000

2 3 4 56 7 8 9 10 111213 14 15
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Figure 1: Histogram showing the distribution of end-to-end distances of the trans and the cis form between the C atom of the methyl group and

cysteine S of the built-in photocontrollable bridge.
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Scheme 2: Thiol-ene click reaction of PSCaa with cysteine within the helical model peptides 1 (i,i+4) and 2 (i,i+7) under structure-inducing conditions

in the presence of trifluoroethanol (50%).

peptide 2 is lower (42%) than that of peptide 1 (77%) indi-
cating that the PSCaa positioned at 1,i+7 disturbed the a-helical
conformation in our model peptide. However, for the herein
described investigation the induction of a-helical conformation
by adding TFE is sufficient for the study of this effect.

Irradiation of the reaction mixture at A = 365 nm for 45 min
induces not only the thiol-ene click reaction but simultane-

ously the trans-to-cis photoisomerization. Under these condi-

tions the formation of the intramolecular bridge resulted in click
product 3 with i,i+4 helical spacing, whereas for peptide 2 with
1,i+7 spacing only traces of the intramolecular click product
were observed. Most notably, for peptide 2 (i,i+7) the predomi-
nate formation of the disulfide 4 was detected, indicating that
the intramolecular thiol-ene click reaction within i,i+7 helical
spacing is inefficient (Scheme 2). In contrast, in aqueous
buffered solution, in which both peptides adopted no preferred
conformation, the click products of either peptide 1 (i,i+4) or 2
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(1,i+7) were obtained equally. These findings indicate that in
o-helical structures, i,i+4 spacing of PSCaa and the cysteine
residue preferentially allows the intramolecular thiol click reac-
tion to take place, in contrast to the case of i,i+7 spacing.

Thiol click reaction in presence of glutathione

(GSH)

For the formation of intramolecular bridges in proteins, even
under conditions in living cells, it is important that the intramol-
ecular thiol-ene click reaction takes place in the presence of
endogenous thiols. In most cells the cysteine containing tri-

Beilstein J. Org. Chem. 2012, 8, 884—-889.

peptide glutathione (GSH) is present at millimolar concentra-
tions (0.1 mM-10 mM). Therefore, we investigated the
thiol—ene click reaction of PCSaa and cysteine within peptide 1
and 2 in buffered solution (peptide concentration 0.1 mM) in
the presence of GSH at different concentrations (10 mM, 5 mM,
1 mM, 0.5 mM, 0.1 mM).

Simply by comparing the intensity of the mass peaks of the
intramolecular with that of the intermolecular click product, we
found that with decreasing GSH concentration the yield of the
intramolecular thiol click reaction increased (Figure 2, data

100-
10 mM
GSH %7
AT ewseme
" g5 850 875 900 025 ¢
O [M + 2H]?* = 960.90
100+ HO
5 mM HN
GsH %7 /_2:0
807 37 OH
o { 884‘63{8,95 38 =N O=S HNM
25 850 675 900 925 O3 @_} O NH; ©
100 HS
H
807 37 Glu—Lys—Lys—N %
1mM %] 4 Lys—GIu—lI—NHz
GSH ( 808 37 o
808 68 884 39 896 38 5
0- "l""l""ITA'_""LI""I""I
§25 850 875 000 925
80737
1007 507 87
808 38
0.5mM o 960.31 N=N [M + 2H]?* = 807.36
GSH 308 88 961,92
sas3s 2919 o
81837 gp4 3788439 7 \ 0
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Figure 2: ESI-MS spectra of fractions of the crude reaction solution of the thiol-ene click reaction of peptide 1 (peptide concentration 0.1 mM) in the
presence of GSH (10 mM, 5 mM, 1 mM, 0.5 mM, 0.1 mM), showing the intermolecular click product 5 at high GSH concentrations and the intramolec-

ular click product 3 at decreasing GSH concentrations.
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shown for peptide 1). At the highest GSH concentration tested
(10 mM), only the intermolecular click product 5 ([M + 2HP? =
960.90) was detected as the corresponding sulfoxide of the
thioether formed in the crosslinked peptide 3. Already, in the
presence of 1 mM GSH the intramolecular thiol click products
(IM + 2H]?* = 807.36) of both peptides with i,i+4 and i,i+7
spacings were obtained (for ESI-MS spectra of peptide 2 with
1,i+7, see Supporting Information File 1). Our results show that
the intramolecular thiol-ene click reaction of PSCaa and
cysteine is preferred compared to the intermolecular reaction of
PSCaa with glutathione, providing perspectives for an intracel-
lular application of this reaction type within recombinant
proteins.

Conclusion

The light-induced thiol—ene click reaction of our PSCaa with
cysteine occurs in its cis form, which is predominantly formed
under the conditions of the inducing light (A = 365 nm). The
distribution of calculated end-to-end distances of the cis form
(4-11 A) is compatible with the i,i+4 spacing (5.4 A) in a
helical peptide. Accordingly, the intramolecular click reaction
with 1,i+4 spacing occurs more efficiently when a helical con-
formation of the model peptide has been stabilized by the addi-
tion of TFE rather than without a preferred conformation in the
absence of TFE. Without a preferred peptide conformation, the
click reaction proceeds smoothly with both i,i+4 and 1,i+7 spac-
ings. Our results indicate that our PSCaa incorporated into
helical domains of proteins may allow the formation of photo-
switchable bridges for controlling the conformation of bio-
logically important protein domains. The intramolecular click
reaction takes place even under reducing conditions, thus
lending itself to an application in vivo in combination
with protein synthesis with ad hoc evolved orthogonal
tRNA/synthease pairs in an ongoing project [10].

Experimental

The photoswitchable click amino acid 2-amino-3-(4-((3-
vinylphenyl)diazenyl)phenyl)propanoic acid (PSCaa) and the
helical model peptides were synthesized as described in [6].
Thiol-ene coupling was performed at a peptide concentration of
0.1 mM in the presence of the photoinitiator 2-hydroxy-1-[4-(2-
hydroxyethoxy)phenyl]-2-methyl-1-propanone (0.5 equiv) and
TCEP-HCI (1.0 equiv) in degassed buffered solution containing
50% trifluoroethanol (pH 7.5). The reaction mixture was
exposed to A = 365 (4 mW/cm?) for 45 min. LC-MS analysis
was performed on an ACQUITY UPLC system equipped with a
C18 column (3 um, 2.1 x 30 mm) in combination with an elec-
trospray time-of-flight (ESI-TOF) mass spectrometer (LCT
Premier) from Waters. LC conditions: flow 0.2 mL/min,
temperature 30 °C, eluent systems: eluent A = 1% acetonitrile
in water (0.05% TFA), eluent B = 99% acetonitrile in water

Beilstein J. Org. Chem. 2012, 8, 884—-889.

(0.05% TFA), linear gradient of 5 to 95% B in 6 min. UV detec-
tion was performed at 220 and 358 nm. CD spectra were
recorded on a JASCO spectrophotometer (J-720) in a quartz cell
of 0.1 cm path length over the range 198-300 nm at 25 °C.
Peptide concentration was ~1 x 107 M in phosphate buffer
pH 7.5. Obtained CD spectra were the average of six accumula-
tions made at 0.1 nm intervals, reported in terms of molar ellip-
ticity per residue ([0],) in deg x cm? x dmol™!. The calculation
of end-to-end distance changes for each isomer was realized
with the Tripos FF method [11-13]. For each isomer 250,000
structures were generated maintaining a threshold of 5 kcal/mol.

Supporting Information

Supporting Information File 1

CD spectra of 1 and 2 and ESI-MS spectra of peptide 2 in
the presence of GSH.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-100-S1.pdf]
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and auxiliary-based native chemical ligation reactions. For this

purpose, the two regioisomeric azobenzene building blocks 3,4'-AMPB thioester 1b and 4,4'-AMPB thioester 2b were employed in

the ligation reactions. While 4,4'-AMPB requires the 4,5,6-trimethoxy-2-mercaptobenzyl auxiliary to minimize reduction of the

diazene unit, 3,4'-AMPB can be used in combination with the 4,5,6-trimethoxy-2-mercaptobenzyl auxiliary as well as the N*-2-

mercaptoethyl auxiliary. Thus, 3,4'-AMPB derivatives/peptides proved to be significantly less prone to reduction by aliphatic and

aromatic thiols than were the 4,4'-AMPB compounds.

Introduction

Optical switches not only offer the advantage to elucidate, but
also to control biological processes with high spatial and
temporal resolution by using light, either in vitro or in vivo [1].
In this context, azobenzenes remain a privileged class of photo-
switches, and typical applications based on light-triggered re-
versible conformational control of cyclic, helical or beta-hairpin
peptides have been intensively reviewed [2,3]. Current research
in this field focuses on advanced methods and designs for the
synthesis of complex azopeptides and azoproteins for ambi-

tious biophysical studies, and also for intracellular applications.

In this respect, an increased and predictable stability of azoben-
zene building blocks under reducing conditions seems to be a
prerequisite in light of synthetic challenges, but also when
considering the reducing intracellular environment. We recently
reported on the synthesis, properties and applications of a series
of novel azobenzene w-amino acids, with a preference for meta-
substitution patterns. Our purpose was amongst other things (i)
to increase flexibility, and (ii) to suppress resonance effects in
order to enhance the stability of the diazene unit [4,5]. Since

methods based on native chemical ligation (NCL), e.g., NCL
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with N%-acyl transfer auxiliaries, have gained considerable
interest in the past two decades [6], we reasoned that a compar-
ative ligation study with the Boc-protected azobenzene m-amino
acids Boc-3,4'-AMPB 1a and Boc-4,4'-AMPB 2a may result in
an in-depth analysis of the redox-stability of these building
blocks under the reducing conditions of thiol-based ligation
methods. Generally, native chemical ligation allows the
coupling of two unprotected peptides in neutral aqueous solu-
tion: a C-terminal thioester peptide and either an N-terminal
cysteine peptide or N*-auxiliary-capped peptides. However, for
elucidating the complex redox chemistry of the two azoben-
zene building blocks under the reducing conditions of ligation
methods, we solely applied the Boc-protected azobenzene
w-amino acid thioesters 1b and 2b instead of a C-terminal
thioester peptide. We explored the conventional cysteine-based
NCL with Cys-peptide 3, and also screened the application of
the TFA-cleavable 4,5,6-trimethoxy-2-mercaptobenzyl (Tmb)
and 1-(2,4-dimethoxyphenyl)-2-mercaptoethyl auxiliaries by
using peptides 4 and 5 (Figure 1) [6-8], in order to circumvent

the need for the presence of a cysteine at the ligation site.

The peptide motif in peptides 3, 4 and 5 is based on a specific
binding sequence for PDZ recognition [9]. Numerous scaf-
folding proteins contain multiple PDZ domains for their inter-
action with PDZ-binding motifs at the C-terminus of transmem-
brane channels and receptors or other intracellular signaling
proteins. Class 1 interactions involve a (S/T)-X-(V/I/L)-COOH
sequence motif, and examples for these interactions include the
proteins PSD-95, Fas or NHERF 1 [10]. Fas (APO-1/CD95), for
example, is a cell surface receptor, belonging to the tumor-
necrosis-factor receptor superfamily, which induces apoptosis.
Fas-associated phosphatase-1 (FAP-1) is a Fas binding protein,
which interacts with 12 to 15 of the C-terminal amino acids of
the Fas receptor; however, the necessary and sufficient region
for binding consists of the three C-terminal amino acids (SLV)
[11-13]. PDZ-domain-containing proteins are superb examples
of allosteric systems built up by semirigid domains able to
interact by means of flexible regions, and therefore they seem to
be ideally suited for biophysical function studies with photo-
switchable ligands. For instance, Fas-associated studies in
certain cells using the tripeptide SLV suggest that this small
peptide alone can induce apoptosis [14,15]. Related peptides
containing class I C-terminal sequence motifs, e.g., SKV, are
also derived from viral origins [16]. The latter specific binding
motif is associated with H5N1 influenza infections. We
reasoned that the attachment of a photoswitch next to SXV
PDZ-binding motifs would be a powerful strategy for exploring
the function of these PDZ-binding peptide ligands in vitro and
in vivo. For the synthetic ligation studies presented herein we
had to place the ligation junction next to the third amino acid

serine of the SKV binding motif. In the case of the conven-
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3,4'-AMPB:
N. R
SN
BocHN_ (0]
1a: R=0OH

1b: R = S(p-NHAC-C gHa)

(0]
4,4'-AMPB:
R
N
o
BocHN__
2a: R=0H
2b: R = S(p-NHAc-CgHy)
Auxiliaries:
SH
SH
OMe
4
/ MeO OMe
MeO OMe
Aux1 Aux2

1-(2,4-Dimethoxyphenyl)-2-
mercaptoethyl auxiliary

4,5,6-Trimethoxy-2-
mercaptobenzyl auxiliary

Peptides for NCL:

3: H-Cys-Ser-Lys-Val-OH
4: Aux1-Gly-Ser-Lys-Val-OH
5: Aux2-Gly-Ser-Lys-Val-OH

Figure 1: Structures of azobenzene thioesters, N°-ligation auxiliaries
and peptides for the application in ligation studies. AMPB =
(aminomethylphenylazo)benzoic acid.

tional NCL, we used cysteine at the ligation site, and for the
auxiliary mediated ligations, we decided to introduce auxiliary-
glycine-conjugates at the N-terminus, due to the steric limita-
tions of this type of ligation reaction [6-8]. After ligation, the
SKYV binding motif in the photoswitchable azopeptides should
only be accessible in the dark trans-azo state (Scheme 1),
whereas light switching to the cis-azo state should result in
unfavorable interactions between the N-terminus, which follows
behind the azo-switch, and the side chains that are critical for
PDZ recognition (as exemplified in Scheme 1 for the 4,4'-
substituted azobenzene system). However, the design presented
herein, in combination with an appropriate ligation method,
seems also to be applicable to the synthesis and evaluation of
photoswitchable protein analogues, for example receptors with
the photoswitch placed in the direct neighborhood of the
specific C-terminal binding motif.
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Results and Discussion

The azobenzene w-amino-acid thioesters 1b and 2b were
prepared by following and applying literature procedures
(Supporting Information File 1) [4,17]. The syntheses of the
auxiliary-linked glycine conjugates 7 and 8 were accomplished
by using literature protocols developed by Dawson, Offer and
MacMillan [7,8] (Figure 2).

SPMB

“>COOH

COOH Fmoc

Figure 2: Structure of the glycine-linked auxiliary conjugates 7 and 8.

The Cys-peptide 3 and the N*-auxiliary peptides 4 and 5 were
assembled on Wang resin by manual Fmoc-based peptide syn-
thesis using standard amino-acid building blocks (Scheme 2)
[4]. Commercially available preloaded Wang resin was used,
and HBTU was applied as the coupling reagent in the presence
of DIPEA in NMP. Removal of the temporary Fmoc-protecting
group was achieved by using 20% piperidine in NMP. Cleavage

H-Val-Wang o

coupling:

Fmoc-protected amino acids:
Fmoc-Lys(Boc)-OH (3 equiv),
Fmoc-Ser(Ot-Bu)-OH (3 equiv),
Fmoc-Cys(Trt)-OH (3 equiv), or
7 (2.5 equiv), or 8 (2.5 equiv)

HBTU (3 equiv),
DIPEA (3 equiv), NMP

removal of the Fmoc group:
20% piperidine/NMP

cleavage/deprotection:
TFA/water/iPr3SiH (95:2.5:2.5)

Aux-(Gly),-Ser-Lys-Val

3:Aux=Cys,n =0
4: Aux = Aux1,n =1
9: Aux = PMB-protected Aux2, n = 1

Hg(OAc),, TFA, 0 °C, 10 min
then DTT, H,0, rt, 90 min

5: Aux=Aux2,n =1

Scheme 2: Solid-phase synthesis of the ligation-mediating peptides
3-5.
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from the resin and removal of the permanent ter#-butyl and trityl
protecting groups was carried out with a mixture of trifluoro-
acetic acid, water and triisopropylsilane. The peptides 3 and 4
were purified by preparative RP-HPLC and isolated in 86% and
56% yield, respectively. Peptide 9 with a protected thiol moiety
was treated with Hg(OAc), in TFA, followed by DTT
according to the literature [8], and the deprotected peptide 5
was purified by preparative RP-HPLC and isolated in 64%
yield.

All attempts to ligate azobenzene w-amino acid thioester 1b in
phosphate buffer in the presence of TCEP-HCI and guani-
dinium hydrochloride failed, because of the poor solubility of
the azobenzene thioester in the aqueous buffer as well as in
buffer/NMP mixtures. Therefore, a ligation protocol of
Danishefsky et al. was applied using DMF as the solvent [18].
The ligations were realized by reaction of the appropriate
peptide 3, 4 or 5 with an excess of the azobenzene thioester
(1.9 equiv), and TCEP-HCI (2.75 equiv) in the presence of
NayHPOy4 (5.5 equiv, pH 7.3) at room temperature, and the
reaction courses were monitored by analytical RP-HPLC
(Supporting Information File 1). The ligation reactions were

Beilstein J. Org. Chem. 2012, 8, 890-896.

conducted under normal lighting conditions, and therefore small
amounts of the cis-azobenzene forms of the thioesters 1b/2b
and of the ligation products 10-15 were detected during HPLC
monitoring (Supporting Information File 1). The results of all
ligation courses prior to purification by chromatography are
summarized in Table 1.

In ligation reactions employing the N-terminal Cys-peptide 3,
nearly complete conversion was determined after five hours, but
stirring was nevertheless continued overnight (Table 1, entries 1
and 4). For peptide 5 containing the 4,5,6-trimethoxy-2-mercap-
tobenzyl auxiliary, complete consumption of the starting ma-
terial was detected after 23—24 h (Table 1, entries 3 and 6). In
ligation reactions employing the N®-2-mercaptoethyl auxiliary
peptide 4 reaction times were doubled for complete turnover
(Table 1, entries 2 and 5). These results are in accordance with a
chemoselective bimolecular thioester exchange prior to the S- to
N-acyl transfer through a five-membered transition state for
Cys-peptide 3, a six-membered transition state for 4,5,6-
trimethoxy-2-mercaptobenzyl auxiliary peptide 5, and a steri-
cally more demanding five-membered transition state for

racemic N%-2-mercaptoethyl auxiliary peptide 4 [6].

Table 1: Cysteine- and auxiliary-based ligation courses with 3,4'-AMPB thioester 1b and 4,4'-AMPB thioester 2b.2

NHBoc NHBoc
X
3,40r5 | H .
N’/N = = N/N >
o | Ho |
RSOC RSOC

1b: m-COSR (3,4'-AMPB)
2b: p-COSR (4,4'-AMPB)

R = p-CgHa(NHAG) R = p-CgHa(NHAC)

No. Thioester Peptide Red-1b/2bP [%)] Product
1 1b 3 - 10

2 1b 4 9 1

3 1b 5 - 12

4 2b 3 4 13

5 2b 4 14 (12)¢ 14

6 2b 5 2 15

@Reaction conditions: 1.9 equiv of azobenzene thioester 1b or 2b, TCEP-HCI

Red-2b: p-COSR (4,4'-AMPB)

Red-1b: m-COSR (3,4'-AMPB)

NHBoc NHBoc
X
| H
ZINAINA NN
S Hoo, |
0:( 1 0:( 1
R .R
N N
R2” 0} R2” O
3 3
R3 = -Ser-Lys-Val-OH
10-15 Red-10-Red-15
R R2 Ratio of Yieldd [%]
product/red-product®

H CH,SH 69:31 62
Aux1 H 97:3 43
Aux2 H 100:0 38
H CH,SH 52:48 44
Aux1 H 18:82 (21:79)¢ 43
Aux2 H 90:10 45

(2.75 equiv), NayHPO4 (5.5 equiv), DMF, rt. Peptides 3-5 were

employed as the symmetric disulfides and were reduced in situ by TCEP. ®Conversion of 1b or 2b to the hydrazines Red-1b or Red-2b related to the

unreacted excess of 1b or 2b in the ligation mixture during HPLC-monitoring

after the appropriate reaction time; — : Red-1b was not detected. °HPLC-

based ratio determined by HPLC-monitoring after work-up and lyophilization of the crude ligation mixture. YIsolated yield after preparative RP-HPLC.

®Reinvestigated ratio given in brackets.
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During the reaction courses employing Cys-peptide 3 and the
4,5,6-trimethoxy-2-mercaptobenzyl auxiliary peptide 5, only
reduction of the 4,4'-AMPB thioester 2b to the corresponding
hydrazine compound Red-2b was observed, in 2-4% yield (Ta-
ble 1). When using the N*-2-mercaptoethyl auxiliary peptide 4,
reduction of both azobenzene thioesters was detected: Forma-
tion of 9% Red-1b was observed for the 3,4'-AMPB thioester
1b, and of 14% Red-2b for 4,4'-AMPB thioester 2b. Obviously,
the excess of the azobenzene thioester prohibits reduction of the
ligation products. Additional experiments showed that the
yields of the ligation products could be improved by dilution of
the reaction solutions with water after complete conversion of
the peptide starting materials, followed by extraction of the
aqueous phase with diethylether and ethyl acetate to remove
4-acetamidothiophenol (Aatp), derived from the thioesters, as
well as the excess of the azobenzene thioesters 1b and 2b. After
lyophilization, analysis of the crude products by RP-HPLC indi-
cated the formation of varying amounts of reduced ligation
peptides in five out of six cases. Severe reduction was observed
in ligation reactions with Cys-peptide 3 and 3,4'-AMPB
thioester 1b, with a ratio of 69:31 peptide 10/peptide Red-10, as
well as 4,4'-AMPB thioester 2b, with a ratio of 52:48 peptide
13/peptide Red-13 (Table 1, entries 1 and 4). Moreover, the
N®-2-mercaptoethyl auxiliary peptide 4 in combination with
4,4'-AMPB thioester 2b gave peptide 14/peptide Red14 in an
18:82 ratio (Table 1, entry 5). However, reoxidation of the
hydrazine ligation peptides Red-10, Red-13 and Red-14 to the
azobenzene ligation peptides 10, 13 and 14 was observed after
purification by preparative RP-HPLC, and is obviously initi-
ated by oxygen from the air. Finally, the pure ligated azoben-
zene peptides 10, 13 and 14 were isolated in yields of 62%,
44% and 43%, respectively. When 3,4'-AMPB thioester 1b and
the N*-2-mercaptoethyl auxiliary peptide 4 were used, the

©\//N

N
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desired peptide 11 and its hydrazine analogue Red-11 were
detected in a ratio of 97:3 by analytical RP-HPLC (Table 1,
entry 2), and peptide 11 was isolated in 43% yield after prepara-
tive RP-HPLC. In light of the reactivity of the N*-2-mercap-
toethyl auxiliary, reduction of the azobenzene ligation peptides
derived from peptide 4 can obviously only be avoided by using
3,4'-AMPB thioester 1b, due to the lower reactivity of the
diazene unit in this thioester owing to the meta-substitution

pattern.

The ligation reaction of 3,4'-AMPB thioester 1b with the 4,5,6-
trimethoxy-2-mercaptobenzyl auxiliary peptide 5 furnished
ligation peptide 12 in 38% yield (Table 1, entry 3). In this case,
no hydrazine species Red-12 were detected at all (Table 1,
entry 3). In addition, the ligation reaction of 4,5,6-trimethoxy-2-
mercaptobenzyl auxiliary peptide 5 and 4,4'-AMPB thioester 2b
was also successfully accomplished, furnishing a ratio of 90:10
for 15/Red-15, and the pure ligation product 15 was isolated in
45% yield (Table 1, entry 6). Thus, the 4,5,6-trimethoxy-2-
mercaptobenzyl auxiliary applied in peptide 5 seems to be of
general use for both azobenzene systems 1b and 2b, with a
manageable tendency toward reduction in the case of the 4,4'-
AMPB thioester 2b.

The reduction sensitivity observed for the 4,4'-AMPB-derived
thioester 2b and its ligation peptides, may be rationalized by the
following considerations [19,20]: The initial addition of a thiol
to an electron-poor diazene double bond is a reversible reaction,
furnishing a zwitterionic adduct intermediate A en route to an
N-sulfenohydrazodiarene B, with a rather labile N-S bond
(Scheme 3, reaction 1). Aliphatic thiols readily undergo adduct
formation towards the N-sulfenohydrazodiarene intermediates B

because of their higher nucleophilicity. Accordingly, we

B
N

resonance stabilization

@me
S

Lt RisH S N X O
RI®H R(S
2b,14 O A O) B O
R=NHR,NRR", SR" R = Alkyl R = NHR', NRR", SR" R = NHR', NRR", SR"
) A H
Z N,N N/N
| + RISH — : + R1SSR! (2)
S R H R
R1
0
B Red-2b, Red-14

R =NHR', NR'R", SR"

R =NHR', NR'R", SR"

Scheme 3: Reduction of the diazene unit of 4,4'-AMPB thioesters and peptides during aliphatic thiol-based N%-auxiliary ligation strategies.
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R (0]
N. N —
ﬁ A \)J\peptide
0]

11: R' = Aux1
12: R' = Aux2

BocHN

O
peptide
Y

14: R' = Aux1

90% TFA, rt

Beilstein J. Org. Chem. 2012, 8, 890-896.

N /O H
N \YN\)J\peptide
HoN

0]

16: 3,4'-AMPB product
17: 4,4'-AMPB product

peptide = —Ser-Lys-Val-OH

Scheme 4: Synthesis of the azopeptides 16/17 by final TFA cleavage of the Boc-protecting groups, and of the auxiliaries Aux1 and Aux2 in the liga-

tion peptides 11, 12 and 14.

observe a higher tendency toward reduction when applying the
aliphatic N®-2-mercaptoethyl auxiliary in comparison to the
aromatic 4,5,6-trimethoxy-2-mercaptobenzyl auxiliary. Further-
more, only 4,4'-substituted azobenzene systems, e.g., 2b and
peptide 14, furnish resonance-stabilized zwitterionic intermedi-
ates A. Finally, reduction is completed by a nucleophilic attack
of the second aliphatic thiol molecule at the N-sulfenohydrazo-
diarene B, yielding the symmetric disulfide and the respective
hydrazine thioester or hydrazine peptide (Scheme 3, reaction 2).
The reduction of diazene units by thiols has been intensively
studied in the past for electron-poor azobenzenes or azodi-
carboxylates, en route to symmetrically and asymmetrically
substituted disulfides [21-23].

The final cleavage of the Boc-protecting group, the N®-2-
mercaptoethyl auxiliary and the 4,5,6-trimethoxy-2-mercapto-
benzyl auxiliary in the 3,4'-AMPB ligation peptides 12 and 14
was successfully achieved with 90% TFA under standard condi-
tions furnishing peptide 16 in 94% and 89% yield, respectively,
after purification by preparative RP-HPLC (Scheme 4). Simi-
larly, the Boc-protected 4,4'-AMPB ligation peptide 14 derived
from the N®-2-mercaptoethyl auxiliary peptide 4 was depro-
tected and purified yielding peptide 17 in 81% yield.

Conclusion

In conclusion, we have demonstrated the high redox stability of
the Boc-protected 3,4'-AMPB thioester 1b when applying
N®-auxiliary ligation methods en route to photoswitchable
peptides containing the C-terminal PDZ binding motif SKV.
The positioning of the carbonyl group relative to the diazene
unit in the 3,4'-AMPB-derived thioester 1b and its peptides
predictably decreases the reactivity towards unwanted redox

side-reactions upon application of aliphatic as well as aromatic
thiols in N®-auxiliary ligation strategies using peptides 4 and 5.
In stark contrast, the Boc-protected 4,4'-AMPB thioester repro-
ducibly furnished peptide 15 only in combination with the
4,5,6-trimethoxy-2-mercaptobenzyl auxiliary peptide 5 during
the ligation course and work-up, whereas the N*-2-mercap-
toethyl auxiliary peptide 4 preferentially gave the hydrazine
ligation peptide Red-14 besides the azobenzene ligation peptide
14. Our future efforts directed towards the synthesis of photo-
switchable peptides will focus on water-soluble 3,4'-AMPB
building blocks being applicable in native chemical ligation
methods in aqueous media.
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Quite extensive synthetic achievements vanish in the online supporting information of publications on functional systems. Underap-

preciated, their value is recognized by experts only. As an example, we here focus in on the recent synthesis of multicomponent

photosystems with antiparallel charge-transfer cascades in co-axial hole- and electron-transporting channels. The synthetic steps are

described one-by-one, starting with commercial starting materials and moving on to key intermediates, such as asparagusic acid, an

intriguing natural product, as well as diphosphonate “feet”, and panchromatic naphthalenediimides (NDIs), to finally reach the

target molecules. These products are initiators and propagators for self-organizing surface-initiated polymerization (SOSIP), a new

method introduced to secure facile access to complex architectures. Chemoorthogonal to the ring-opening disulfide exchange used

for SOSIP, hydrazone exchange is then introduced to achieve stack exchange, which is a “switching” technology invented to drill

giant holes into SOSIP architectures and fill them with functional n-stacks of free choice.

Introduction

The architecture of photosystem 1 is rather sophisticated,
probably as sophisticated as it gets with photosystems today
(Figure 1) [1]. It is composed of three co-axial -stacks that are
grown from an indium tin oxide (ITO) surface. With lower
frontier molecular orbital (FMO) levels, the “yellow” stacks can

transport photogenerated electrons toward the ITO surface

along the gradient in their LUMO. With higher FMO levels, the
“red” stacks can transport holes along the gradient in their
HOMOs in the opposite direction, away from the ITO surface.

The double-channel architecture 1 with antiparallel redox
gradients has been referred to as OMARG-SHJ, that is supra-
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Figure 1: Schematic structure of photosystem 1 on indium tin oxide
(ITO, grey) with antiparallel gradients in hole (p, h*) and electron

(n, e7) transporting coaxial channels. HOMO (solid) and LUMO levels
(dashed) of all components (color coded) are indicated in eV against
vacuum (-5.1 eV for Fc/Fc*), including triethanolamine (TEOA), used
as mobile hole transporter.

molecular n/p-heterojunctions with oriented multicomponent/
color antiparallel redox gradients [2,3]. With n/p contact areas
maximized down to the molecular level, photoinduced charge
separation (i.e., charge generation) should be as favorable as
directional charge translocation (i.e., charge separation) along
redox gradients in the molecular channels. With photosystem 1,
these high expectations could finally be tested experimentally
[1]. OMARG-SHIJs turned out to be best quantified with bimol-

Beilstein J. Org. Chem. 2012, 8, 897-904.

ecular charge recombination efficiencies ngg, that is, losses in
photonic energy. Photosystem 1 gave ngr = 22%; gradient-free
controls gave ngr = 50%; destructive gradients gave ngr =
76%. These results are very satisfactory. They also confirmed
that significant synthetic efforts to build sophisticated func-
tional architectures can be worthwhile. In the original commu-
nication, these synthetic efforts completely disappeared in the
online supporting information [1]. The fact that results on syn-
thesis are self-explanatory to all and do not require much
discussion can be considered as a marvelous illustration of the
success of the field. However, to illustrate the frequent lack of
appreciation of the synthetic organic chemistry in work on func-
tional systems, the total synthesis of photosystem 1 will be
described step-by-step in the following.

Results and Discussion

Synthesis of initiators

Photosystem 1 is constructed from the molecular building
blocks 2—6 (Schemes 1-3). Initiator 2 is composed of a central
naphthalenediimide (NDI) [4-19] to act as a template for the
central stack and two peripheral NDIs to act as templates for
stack exchange. They are embedded into hydrogen-bonded
networks, to assure self-organization, and four geminal diphos-
phonates [20,21] for tetravalent anchoring on the ITO surface.

\ H NH,
/Boc .0 BnyO3P—
HaN 203
o 28\ (CI)ZOF'ﬂ PO3Bn
on N J\_NHz NHAlloc PO(Cl), BnOH =2
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Scheme 1: Synthesis of initiator 2.
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The geminal diphosphonates 7 were synthesized from meth-
ylene bis(phosphonic dichloride) 8 (Scheme 1) [20,21]. Conver-
sion with benzyl alcohol and pyridine as a base yielded tetra-
benzyl methylene bisphosphonate 9. Activation with sodium
hydride and alkylation with ethyl bromoacetate (10) gave ethyl
ester 11, and final ester hydrolysis lead to the desired acid 7.

The peripheral NDIs 12, designed to template for stack
exchange on initiator 2, were prepared from naphthalenedianhy-
dride (NDA) 13. Microwave-assisted imidation [15] with the
two amines 14 and 15 at 140 °C gave the mixed diimide 16 in
excellent 66% yield together with the symmetric diimide side
products. Amines were liberated by palladium-catalyzed Alloc
removal and reacted with acid 7. The obtained amide 17 was
deprotected with acid to afford the desired aldehyde 12.

The central NDI 18 of initiator 2, designed to initiate and
template for SOSIP, was accessible from NDA 13 as well. The
synthesis of NDI 19 by microwave-assisted imidation with Boc-
protected lysine 20 has been reported before in the literature
[15]. Reaction with Cbz-hydrazine gave the Cbz-protected NDI
hydrazide 21. After chemoselective, acid-catalyzed deprotec-
tion, the liberated amines were coupled with the Boc-protected
cysteine fert-butyl disulfide 22. The obtained amide 23 was
treated with TFA for Boc removal and coupled with the geminal
diphosphonate foot 7. Deprotection of both hydrazides and
diphosphonates in NDI 24 gave 18, which was reacted in situ
with NDI 12 to yield initiator 2.

Etl
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Synthesis of propagators

The synthesis of propagator 3 starts with NDA 13 as well
(Scheme 2). Diimidation with Cbz-protected lysine 25 gave the
diacid 26. Activation with EDC, HOBt and TEA was followed
by the reaction with fert-butyl carbazate under mild conditions.
The protected hydrazide 27 was obtained in 59% yield over two
steps. The Cbz protecting groups were removed chemoselec-
tively by hydrogenolysis over Pd—C in the presence of acetic
acid, and the obtained diamine was reacted with the activated
asparagusic acid 28. Hydrazide deprotection in NDI 29 and in
situ hydrazone formation with benzaldehyde 30 gave propa-
gator 3.

In contrast to propagator 3, propagator 4 is constructed around a
yellow, core-substituted cNDI fluorophore. Nevertheless, the
synthesis of this target molecule also starts with NDA 13. Bro-
mination in the core with dibromocyanuric acid (31) afforded
an intractable mixture containing the 2,6-dibromo NDA 32
together with lower and higher homologues [16]. However,
pure product 33 could be readily isolated from this mixture after
transformation of the NDAs into the core-substituted naph-
thalenetetraesters (c(NTEs). Nucleophilic core-substitution with
ethanolate gave cNTE 34 as described in the literature [16].

NTE 34 was subjected to basic ester hydrolysis followed by
diimidation with lysine 25. From this point, the synthesis of
cNDI propagator 4 was analogous to the synthesis of NDI prop-
agator 3. Reaction of EDC-activated diacid 35 with fert-butyl

ok J NHCbz
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carbazate followed by deprotection of the obtained cNDI 36 and
coupling with activated asparagusic acid 28 gave cNDI 37.
Hydrazide deprotection quenched by benzaldehyde 30 gave the
yellow ¢cNDI propagator 4.

The activated asparagusic acid 28 was prepared by following
literature procedures [22-25]. In the first step from bis(hydroxy-
methyl)malonate 38, simple nucleophilic substitution is coupled
with an ester hydrolysis and a debrominative decarboxylation.
Another nucleophilic substitution with thioacetate converted
bromide 39 into thioester 40. Addition of a second thioacetate
gave dithioester 41, which was hydrolyzed with a base. Oxi-
dation of dithiol 42 with molecular oxygen gave asparagusic
acid (43), which is the natural product that contributes to the
characteristic odor of asparagus. Activation with NHS gave the
ester 28, ready for coupling with amines, such as 27 or 36.

Synthesis of stack exchangers

The synthesis of the red cNDIs 5 and 6 for stack exchange was
possible in very few steps starting from available synthetic
intermediates (Scheme 3). cNDI 5, with one bromo and one
alkylamino substituent in the core, was prepared from crude
dibromo cNDA 32. Microwave-assisted reaction [15] with
amines 14 and 15 gave the mixed cNDI 44 together with the
symmetric side products. The obtained mixture of 2,6- and 3,7-
regioisomers was not separated throughout the entire synthesis
of photosystem 1. Nucleophilic aromatic substitution with
isopropylamine for 10 min at room temperature gave the red

Br HoN—, \ Br,
. b 15

0 “—NHAlloc
) o 5%
tNHz (from mixture) ¢} ¢}

Br Br
32 (mixture) 14 44

O.0._0
o700

iPrNH, o 0 TFA
52% NH NH
y 45 5 \
o @ o o>
APy NN
- o} 0 NHAlloc
0 O 9 1. KOH _&N —( N
— 4 o — 2.14,15 O
o} 0 0
Q o}
34 46 {
N 8! [¢f
. 00 o} 0 o}
. o 0 ~NHAlloc — 0 NHAlloc
iPrNH; K_N N =W W W
P U P U
NH TFA NH
4« 8% (4 steps) Aﬁ
47 6

Scheme 3: Synthesis of stack exchangers 5 and 6. Compounds 5, 6,
45 and 47 are mixtures of 2,6- and 3,7-regioisomers.
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cNDI 45, which was followed by deprotection with acid to give
the target aldehyde 5.

The more pinkish cNDI 6 was synthesized from the cNTE 34
following the procedure developed for cNDI 5. Diimide forma-
tion with amines 14 and 15 followed by core substitution of the
mixed cNDI 46 and deprotection of the red cNDI 47 gave the
desired aldehyde 6.

Self-organizing surface-initiated polymeriza-
tion

With the five building blocks 2—6 in hand, the solid-phase syn-
thesis of photosystem 1 on ITO surfaces could be launched.
ITO was first cleaned with RCA solution, that is, a boiling 5:1:1
mixture of water, 24% NH4OH and 30% H,0,, and then rinsed
with bidistilled water and EtOH, and dried. Then the ITO was
immersed in a 3 mM solution of initiator 2 in DMSO for 2 days.
The formation of monolayers of 48 on ITO electrodes was fol-
lowed by the inhibition of potassium ferricyanide reduction in
solution, and by absorption spectroscopy (Scheme 4). The
obtained monolayers of 48 were annealed for 1 h in the oven at
120 °C. These conditions are known to improve the covalent
bonding between phosphonic acids and the ITO substrate [26].

The disulfide protecting groups on the surface of monolayer 48
were removed with DTT to afford free thiols on the surface of
monolayer 49. For SOSIP [18,19], the concentration of propa-
gators had to be optimized to a critical SOSIP concentration,
csosip- Below cgosip, ring-opening disulfide-exchange poly-
merization [27] does not occur, whereas above cgosip, the poly-
merization occurs everywhere, not only on the surface but also
in solution. To determine cgpgp, ITO plates with and without
activated initiators were incubated together in the same solu-
tion of propagators. The amount of polymers either grown from
the ITO surface or deposited on the ITO surface by precipita-
tion during polymerization in solution was determined by
absorption spectroscopy. Plots of the absorption of the elec-
trode as a function of the concentration of the propagator in
solution revealed both cgpgjp, the critical concentration needed
for SOSIP, and cgoy, the critical concentration needed for poly-
merization in solution. Operational SOSIP was demonstrated
with cgosp < ¢sor, and failure of SOSIP with cgosip = ¢sOL-
Both cgosip and cgor, depended strongly on the conditions, i.e.,
the concentration and nature of the base catalyst, the nature of
initiator and propagator, the temperature, the presence of
oxygen in the solution and, most importantly, the composition
of the solvent mixture used.

For propagator 3, csosip = 3.5 mM was found in a 1:1 mixture

of chloroform and methanol with 100 mM DIPEA as a base
catalyst. Incubation of monolayer 49 in this solution gave
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Scheme 4: Synthesis of photosystem 1, self-organizing surface-initiated polymerization (SOSIP). R' = SH (50) or oxidized derivative (51), grey
surface = ITO. Dotted lines from diphosphonate groups indicate the bonds to the ITO surface. The polymer structures are generalized and idealized
structures, which are consistent with the experimental results. They will naturally contain defects.

SOSIP architecture 50. To add the yellow stacks in photo-
system 1, photosystem 50 was incubated with propagator 4 at
csosip = 7 mM in chloroform/methanol (1:1) with 100 mM
DIPEA. The obtained oriented diblock disulfide polymers 51
were characterized by the absorption of colorless NDIs at
385 nm and the absorption of yellow ¢cNDIs at 470 nm.
Assuming regular growth, these absorptions provided a mean-
ingful approximation of the average composition » and m of the
poly(disulfide) [27].

Stack exchange

Stack exchange within the resulting SOSIP photosystem 51
was initiated with excess hydroxylamine (Scheme 5). The
chemoorthogonality of disulfide and hydrazone exchange has
been demonstrated previously by several groups [28-31].
Benzaldehyde removal as oxime was followed by HPLC. The
hydrazide-rich pores produced in the resulting architecture 52
were first filled by reversible covalent capture of the red cNDI
aldehyde 5.

Stack exchange was easily detectable by comparison of the
respective maxima in the absorption spectra. Exchange of the
benzaldehyde hydrazones in photosystem 51 with NDIs
occurred with an excellent 75-95% yield. Moreover, the yield
of stack exchange was nearly independent of the thickness of
the photosystem. Control experiments revealed that in the case
of initiators without extra NDI templates, the yield drops to
40% for thin photosystems and further decreases with
increasing thickness to an irrelevant 25%. This significant
difference demonstrates the central importance of templated
synthesis for successful stack exchange.

To engineer antiparallel gradients into the red stack of photo-
system 53, partial stack exchange was envisioned. A part of the
red cNDI stack, /, was removed by brief treatment with hydrox-
ylamine. The produced, shallower holes in photosystem 54 were
filled with cNDI aldehyde 6. The desired photosystem 1 with
antiparallel redox gradients in coaxial hole- and electron-trans-

porting channels was obtained.
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Scheme 5: Synthesis of photosystem 1, stack exchange. R! = SH or oxidized derivative, R = CH,CHCHy. 5 and 6 are mixtures of 2,6- and 3,7-

regioisomers.

Graphical summary of complex transforma-

tions

Both SOSIP and post-SOSIP stack exchange can be quite
complicated to follow in complete molecular structures
(Scheme 4 and Scheme 5). We thus summarize both processes
in schematic form (Scheme 6). To recapitulate briefly from this
perspective, we repeat that the solid-phase synthesis begins with
the deposition of initiator 2 on ITO. Activation of monolayer 48
with DTT produces monolayer 49 with free thiols on the
surface. Recognition of propagators 3 on the surface of 49
places the strained disulfides of asparagusic acid right on top of
the activated thiolates on the surface. Covalent capture by ring-
opening disulfide exchange generates new thiolates on the
surface of the growing photosystem 55 for continuing SOSIP.
The obtained ladderphane 50 is then treated with propagator 4.
Ring-opening disulfide exchange SOSIP via intermediates 56
leads to photosystem 51 with a two-component redox gradient

in the z-stack.

Post-SOSIP stack exchange is then initiated by benzaldehyde
removal as oxime 57. The giant pores drilled into photosystem
52 are first filled completely with red cNDI 5. Subsequently, the
partial removal of the new stack in photosystem 53 as oxime 58
and covalent capture of 6 in the more shallow pores in photo-

system 54 affords the desired double-gradient photosystem 1.

Conclusion

The objective of this brief highlight was to exemplify the syn-
thetic efforts that are often hidden behind short papers on func-
tional systems. Quite extensive multistep synthesis has been
covered, followed by innovative surface-initiated polymeriza-
tion and chemoorthogonal dynamic covalent chemistry. The
excellent properties obtained confirm that significant synthetic
efforts to build more sophisticated functional systems can be
justified and rewarding. In this research, multistep organic syn-
thesis is the means rather than the end. Therefore, the main

difference from research dedicated to synthetic methodology is
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that the individual steps often remain unoptimized as long as the
level reached is sufficient to produce large enough amounts of
the target molecule without extensive effort and cost. However,
the quality, timeliness and beauty of the transformations
employed are the same, as is the pleasure of occasional contri-
butions to improve or innovate in the field of organic synthesis.
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Diarylethenes were attached to the 5-position of 2’-deoxyuridine in order to yield three different photochromic nucleosides. All

nucleosides were characterized with respect to their absorption and photochromic properties. Based on these results, the most

promising photochromic DNA base modification was incorporated into representative oligonucleotides by using automated phos-

phoramidite chemistry. The switching of optical properties in DNA can be achieved selectively at 310 nm (forward) and 450 nm

(backward); both wavelengths are outside the normal nucleic acid absorption range. Moreover, this nucleoside was proven to be

photochemically stable and allows switching back and forth several times. These results open the way for the use of diarylethenes

as photochromic compounds in DNA-based architectures.

Introduction

The well-defined photoinduced switching of the optical and
electronic properties of molecular components represents an
increasingly significant goal for the development of new
photoreactive nanostructured architectures. Among those archi-
tectures, nucleic acids were proven to be an important scaffold
for the precise arrangement of all kinds of chromophores inside
or along the double helix [1-4]. Nucleic acids are synthesized
by building blocks; in this bottom-up approach artificial func-
tionalities, such as photoswitches, can be introduced syntheti-

cally by providing the corresponding artificial DNA building

block. Among the known and structurally diverse photochromic
compounds [5-8], azobenzenes [9], spirobenzopyrans [10] and
diarylethenes [11] represent the most promising candidates for
introducing photoswitching functionality into biopolymers, and
thereby for regulating biological activity [12,13]. Azobenzenes
were designed and synthesized as artificial photoswitchable
components in nucleic acids and are suitable for the control of a
variety of different biological functions. The photoinduced
cis—trans isomerization of azobenzene nucleosides can

reversibly switch between the formation and dissociation of
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DNA duplexes [14-17], photoregulate DNA polymerase reac-
tion [18], photocontrol DNA triplex formation [19], and drive
photon-fueled DNA-based nanomachines [20,21].

Concerning the extent of structural change, the cis—trans
isomerization of azobenzenes behaves much simpler than the
ring opening of spiropyrans to merocyanines. In the latter case
not only is a structural change observed but a large change in
polarity is yielded additionally [10,22]. It is expected that the
ring-closed spiropyran form of this molecular switch does not
insert into the base stack due to its twisted structure, but the
open merocyanine form could intercalate based on its planarity

hV2

Beilstein J. Org. Chem. 2012, 8, 905-914.

and polarity. This assumption was experimentally verified by
synthetic spiropyrans as noncovalent DNA and RNA binders
[23-25]. As expected, ground-state interactions between the
noncovalently bound molecular switch and the DNA bases were
detected in the case of the merocyanine form by CD spec-
troscopy, but not in the case of the spiropyran form. Attempts to
attach spiropyrans covalently to DNA are rare [26,27] and
include our recent approaches to incorporate synthetically the
spiropyran chromophore [28], by either DNA building block 1
[29] or by DNA base modifications 2 and 3 [29,30], into oligo-
nucleotides (Scheme 1). Although the spiropyran DNA building
blocks 1 and 2 exhibit promising photochromic properties as

HO

Scheme 1: Spiropyran as DNA base surrogate 1, DNA base modifications 2 and 3, and diarylethene-modified nucleosides 4-6. Photoswitching is

representatively shown for nucleoside 4.
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nucleosides, it is not worth pursuing this synthetic direction
further for the following reasons [30]: (i) It is reported that
spiropyrans decompose in aqueous buffer solutions [31], and
(according to our experience) the DNA environment does not
efficiently prevent this decomposition. (ii) Moreover, we found
out that the spiropyran chromophore in the DNA environment
loses its photoswitching abilities [29].

The second alternative, diarylethenes, have been applied for
switching the binding affinities of proteins and peptides [32] but
are still rather unexplored with respect to nucleic acids. The
advantage of this type of photoswitch is that back reaction
(reopening of the central ring) requires light and cannot be
achieved in a thermally induced way. Diarylethenes have been
applied in a noncovalent chiroptical photoswitchable DNA
complex [33] and combined with 7-deazaadenosine to obtain a
nucleosidic diarylethene switch [34]. Recently, we reported,
very preliminarily, the preparation and optical properties of
nucleoside 4 [30]. Herein, we give a full account and present
the detailed synthesis of diarylethene-modified nucleosides 4, 5
and 6 (Scheme 1), and the characterization of their
photochromic behavior. It turned out to be most promising to
continue the DNA work with the modified and photochromic
nucleoside 4, which was, thus, incorporated into representative
oligonucleotides by using automated phosphoramidite chem-
istry, and characterized with respect to its photochromism in
DNA.

Results and Discussion

Design and synthesis of diarylethene-modi-
fied 2’-deoxyuridines 4—6

The typical way to tether fluorophores to oligonucleotides is to
use an alkyl chain linker between the chromophore and DNA
base as the point of attachment. The purpose of this conforma-
tionally flexible tether is to overcome problems in the enzy-
matic activity by DNA polymerases in the context of primer-
extension (PEX) or PCR studies [35-37]. However, the shortest
possible linking of chromophores to oligonucleotides offers
potentially interesting optical characteristics, among these being
solvatochromism and red-shifted exciplex-type fluorescence
[38]. Such absorption and fluorescence readouts are potentially
suitable for DNA probing [39-41]. On the other hand, with
respect to polymerase-assisted PEX and PCR experiments, an
absolutely critical issue regarding the application of single C—C
bonds, or ethinyl or phenylene linkers is the question of whether
the canonical base-recognition complementarity is effected by
the chromophore modification [42,43]. Due to the strongest re-
activity the 5-position of pyrimidines (U/T and C) and the
8-position of purines (A and G) are preferred as chromophore
modification sites. The assumption, that these points of attach-

ment allow the chromophores to point into the major groove is
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only partially true, if at all. In particular, large and aromatic
chromophores tend to insert into the base stack due to their
hydrophobicity by changing the attached nucleoside from the
natural anti- to the syn-conformation. The modification of the
8-position of purines clearly forces the nucleoside into the syn-
conformation, which interferes with Watson—Crick base pairing.
In the case of the pyrimidines the modification at position 5
should not significantly interfere with the preferred anti-con-
formation of the nucleosidic bond. Thus, the Watson—Crick
base pairing of the corresponding modified oligonucleotides
should be maintained. Over the past few years we have synthet-
ically attached various chromophores, such as ethynylpyrenes
[44,45], BODIPY [46], ethynyl nile red [47,48] and others, to
2’-deoxyuridines for electron transfer studies and for fluores-
cent probes. To gain greater insight into the counterbase selec-
tivity, we performed PEX experiments with a representative set
of chromophore-modified oligonucleotides and found that the
DNA-polymerase-catalyzed nucleotide incorporation opposite
to attached chromophores at the 5-position of uridine follows
Watson—Crick selectivity [49]. In the meantime, DNA poly-
merases have been evolved that have an increased reactivity for
C5-modified deoxyribonucleotides [50]. Hence, it looked most
reasonable to attach diarylethenes as photochromic compounds
to the S-position of 2’-deoxyuridine. The nucleoside 4 bears the
bromine group, which was introduced initially for synthetic
reasons. In the second nucleoside 5 the bromine was replaced
by an ethynyl group. The third nucleoside 6 carries two
2’-deoxyuridine moieties and should principally allow connec-
tion of the two DNA double helices by the diarylethene linker
as a covalent bridge between.

The preparation of all three nucleosides 4 [30], 5 and 6
(Scheme 2) is based on Sonogashira-type cross couplings as key
steps [51] to attach the photoactive chromophore to the nucleo-
side. For the synthesis of the first nucleoside 4 (Scheme 2),
commercially available 5-bromobenzothiazole (7) is deproto-
nated with LDA and methylated by methyl iodide in quantitat-
ive yield. The resulting 5-bromo-2-methylbenzothiazole (8) was
converted in a double Friedel-Crafts-type acylation. Treatment
with glutaryl chloride in the presence of AICl3 connects two
benzothiazoles 8 and provides 9 in 74% yield. The double
McMurry-type reaction, which is performed with Zn and TiCly,
forms the central cyclopentane ring of diarylethene 10. Subse-
quently, the ethynyl linker is attached to 10 by treatment with
TMS-protected acetylene in a Pd-catalyzed cross-coupling reac-
tion. Careful evaluation of this synthetic step revealed that the
best yield (43%) of the mono-ethinylated product 11 is obtained
with 2 equiv of TMS-acetylene in the reaction mixture. The
competitively formed doubly ethinylated diarylethene 12 is, of
course, easier to obtain. In the latter case, a strong excess of

TMS-acetylene (10 equiv) helps to increase the yield of prod-
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Scheme 2: Synthesis of diarylethene-modified 2’-deoxyuridines 4 [30], 5 and 6.

uct 12 to 85%. The synthesis of the first diarylethene-modified
nucleoside 4 then continues by cleavage of the TMS protecting
group of 11 with K,COj3 in MeOH. Finally, the synthesis is
concluded by the Sonogashira-type coupling of diarylethene 13
to 5-iodo-2’-deoxyuridine (14) in 65% yield.

For the second and third modified nucleosides 5 and 6, the last
two synthetic steps are similar to those for nucleoside 4. Depro-
tection of 12 gave the doubly ethinylated diarylethene 15 in
quantitative yield. The subsequent Sonogashira coupling with
14 at rt gave the mono-nucleosidic product 5 in 23% yield, and
at 60 °C the di-nucleosidic product 6 in 35% yield.

Photochromic properties of diarylethene-
modified 2’-deoxyuridines 4—6

The photochromic properties of the modified nucleosides 4-6
were characterized by UV—vis absorption spectroscopy at rt. All
irradiations for photoswitching of the nucleosides were
performed by using a 75 W Xe arc lamp equipped with a mono-
chromator for wavelength-selective excitation. The absorption
of nucleoside 4 in the pure synthetic form (and presumably
open form) shows absorption peaks in the UV range at 242 nm
and 310 nm (Figure 1A). It is assumed that the band at 242 nm
overlays with the absorption of the uracil moiety. Hence, the
absorption side band at 310 nm should allow, at least in prin-
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Figure 1: Photoswitching properties of nucleosides 4-6 (each 20 mM in MeCN, rt). Top: Irradiation of 4 at 242 nm (A, left) and irradiation of 4 alter-
nating at 242 nm and 450 nm (B, right). Middle: Irradiation of 5 at 250 nm (C, left) and irradiation of 5 alternating at 250 nm and 450 nm (D, right).
Bottom: Irradiation of 6 at 254 nm (E, left) and plots of kinetic traces of absorption changes at 450 nm of all nucleosides 46 irradiated at the corres-

ponding wavelength until 30 min, then at 450 nm (F, right).

cipal, the selective excitation of the switch, outside the nucleic
acid absorption range. Accordingly, the photoswitching of 4
was probed at 242 and 310 nm. In fact, by irradiation at either
wavelength the closed form of nucleoside 4 is formed with its

characteristic band at 450 nm in the visible range. The color of

the samples turns yellow. However, the differences in the
absorption changes indicate that especially the contribution of
the colored closed form of 4 in the photostationary state by
excitation at 310 nm is less than at 242 nm (Figure 1F). Hence it
can be concluded, that the band at 310 nm can be used indeed to
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excite selectively the diarylethene chromophore in nucleic
acids, but the yield of the colored form is reduced. In all cases,
the photostationary state was reached in 30 min since no addi-
tional changes were observed after that time. The absorption
bands of the open and closed forms of 4 overlap in the UV
range, which makes a detailed analysis of the photostationary
state impossible. Irradiation of the sample at 450 nm reopens
the diarylethene 4 within a few minutes. The absorption spectra
of 4 during all irradiations show an isosbestic point at 275 nm.
As expected, the thermally induced opening of the closed chro-
mophore in nucleoside 4 was never observed. The diarylethene
nucleoside 4 stays chemically and photochemically stable and
can be switched several times to the closed form, and back to
the opened form (Figure 1B).

At first glance, the photochromic properties of the second
nucleoside (5) are very similar to those of 4 (Figure 1C).
However, a careful look at the absorption changes performed at
250 nm reveals that the isosbestic point between the closed and
the opened form of nucleoside 5 has moved bathochromically
from 275 to 300 nm. Moreover, the closed form does not only
show an increased absorption in the visible range at 450 nm but
also a more significant contribution to the absorption in the UV
range at 310 nm. As a result, photoswitching from the opened
form of 5 to the closed form at 310 nm cannot be performed in
an efficient way. This result is in contrast to that for the first di-
arylethene-modified nucleoside 4 described above and limits
the applicability of nucleoside 5 significantly as a photochromic
switch in nucleic acids. The diarylethene 5 can be switched
several times back and forth; however, the photochemical
stability is slightly reduced compared to nucleoside 4
(Figure 1D).

A rather dramatic change of photochromic properties is
observed upon comparison of nucleosides 4 and 5 with the third
one (6). The synthetically obtained and thereby purely closed
form of diarylethene 6 shows absorption at 254 and 350 nm
(Figure 1E). Irradiation at 250 nm indeed shows the formation
of the colored form at 450 nm, but to a much smaller extent
when compared with 4 or 5. Obviously, the conjugation of the
terminal acetylene group of nucleoside 5 to a second
2’-deoxyuridine in 6 affects its photochromism significantly
and reduces its photoswitching abilities.

Synthesis and photochromic properties of
DNA modified with diarylethene 4

As mentioned in the introduction, in a bottom-up approach
nucleic acids can be modified with artificial functionalities by
providing the corresponding synthetic building blocks. Based
on the previously described results regarding the photochromic

properties of nucleosides 4 [30], 5 and 6 it appeared to be most

Beilstein J. Org. Chem. 2012, 8, 905-914.

promising to incorporate synthetically the nucleoside 4 into
oligonucleotides. It is the only diarylethene that allows selec-
tive excitation at 310 nm, outside of the absorption range of
DNA. The preparation of the corresponding phosphoramidite 17
as an artificial DNA building block follows standard pro-
cedures (Scheme 3) [30]: Protection of the 5’-OH group of
nucleoside 4 by DMT-chloride is followed by phosphitylation
of the 3’-OH group of the intermediate 16 yielding phosphor-
amidite 17. By automated DNA synthesis on a solid phase we
prepared a set of four oligonucleotides in order to report prelim-
inarily the optical properties of 4 in DNA. The sequences were
identical except for the base pairs that surround the position of
nucleoside 4. The oligonucleotides were purified by semi-
preparative HPLC, identified by mass spectrometry and quanti-
fied by their extinction coefficient at 260 nm.

Irradiation of each of the four single-stranded oligonucleotides
DNA1-DNA4 at 310 nm yields the characteristic absorption of
the closed forms as small and broad bands at ~450 nm, and ir-
radiation at this wavelength drives the reaction back toward the
open form of the switch (representatively shown for DNA2 in
Figure 2). The most remarkable result is that of DNA2 bearing
two guanines in the direct vicinity of the diarylethene modifica-
tion. Guanine is known to interfere with a variety of photophys-
ical properties (mainly fluorescence) in DNA. It is important to
mention here that guanine does not influence the photochromic
properties of the diarylethene switch 4 as a DNA modification.
In fact, the photoswitching behavior of 4 is maintained in all
four different DNA environments. The sequence independent
photochromic behavior represents an important result for the
future application of this type of switch in DNA-based nano-
structures. Representatively, we performed switching experi-
ments with the double strand (ds) of the most critical candidate
(DNA2). The kinetic behavior of the opening and closing of
nucleoside 4 cannot be directly compared to dSDNA2 since the
solvents in the two measurements are different. However, the
photochromic switching is clearly observable in the absorption
spectra (Figure 2A and 2B) and is very similar to that of the
single strand. Double-stranded DNA2, with the diarylethene
switch in the opened form, exhibits a melting temperature of
60.6 °C and shows a high destabilization according to the
unmodified double strand (68.0 °C). After irradiation at 310 nm,
the melting temperature decreases significantly to 56.8 °C.
According to the noncovalently bound diarylethene derivative
as chiroptical switch published by Feringa and coworkers [33],
the closed form is able to intercalate whereas the open form of
the switch binds differently. This could potentially explain the
difference in melting temperature for dSDNA2, since the inter-
calated closed form of the diarylethene interferes with stacking
to the neighboring bases by the two methyl groups pointing up
and down from the chromophore.
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Figure 2: Irradiation of dSsSDNA2 at 310 nm (A, left) and plot of kinetic trace of absorption changes at 450 nm of dsDNA2 irradiated at 310 nm until

30 min, then 450 nm (B, right).

Conclusion

Three different diarylethene-modified 2‘-deoxyuridines 4—6
were prepared by using Sonogashira-type cross couplings as
key steps. The photochromic properties of the nucleosides were
evaluated and revealed that only nucleoside 4 allows selective
excitation at 310 nm, outside the nucleic acid absorption
window, to close the diarylethene chromophore. Switching back
of the colored form of all three nucleosides 4-6 to the corres-

ponding opened forms can be achieved by selective excitation
at 450 nm. Moreover, nucleoside 4 was proven to be photo-
chemically stable and, hence, allows switching back and forth
several times. Nucleoside 4 was incorporated into oligo-
nucleotides by automated DNA synthesis. It is remarkable that
the photochromic properties of 4 are maintained for the corres-
ponding base modification in oligonucleotides and show
sequence-independent switching behavior. Our results open the
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way for the use of diarylethenes as photochromic compounds in
DNA-based architectures and represent one important step
further for the design and synthesis of photoreactive and self-
assembled nanostructures and materials based on nucleic acids.

Experimental

Materials and methods

Chemicals were purchased from Sigma Aldrich, Fluka, ABCR,
Alfa Aesar and Acros. Unmodified oligonucleotides were
purchased from Metabion. TLC was performed on Merck silica
gel 60 Fys4 coated aluminum foil. Flash chromatography was
carried out with silica gel 60 from Aldrich (60-73 um). Spec-
troscopic measurements and the melting points were recorded
on a Varian Cary 100 spectrometer in quartz-glass cuvettes. Ir-
radiation experiments were performed with a 75 W Xe arc lamp
equipped with a monochromator. The synthetic procedures for
compounds 4, 8, 9, 10, 11, 13, 16 and 17 have been already
described in [30].

Compound 12: 10 (617 mg, 1.19 mmol), trimethylsilylacetyl-
ene (1.68 mL, 11.90 mmol), dry NEt3 (0.39 mL, 4.76 mmol),
Pd(PPh3)4 (550 mg, 0.48 mmol) and Cul (91 mg, 0.48 mmol)
were dissolved in dry THF (11 mL) under argon. The mixture
was degassed and heated under reflux for 20 h. After cooling to
rt, the solvent was removed under reduced pressure. The residue
was dried in vacuo and purified by flash chromatography on
silica gel (hexanes—toluene 100:1) to yield 559 mg 12 (85%) as
a white solid. R;0.20 (hexanes); "H NMR (300 MHz, CDCl3) &
7.72 (s, 2H, H-Ar), 7.56 (d, J = 7.9 Hz, 2H, H-Ar), 7.30 (d, J =
6.9 Hz, 2H, H-Ar), 3.20-2.80 (m, 4H, CH,), 2.31 (p, J =
6.8 Hz, 2H, CHj), 1.99 (s, 6H, CH3), 0.30 (s, 18H, Si(CH3)3);
13C NMR (75 MHz, CDCl3) & 139.3 (Cquart.)> 138.7 (Cquart.)s
137.5 (Cquart.)s 137.1 (Cquart.)a 130.2 (Cquart.)a 127.1 (Carom.)a
126.1 (Carom.)> 121.9 (Carom.)s 118.7 (Cyrom.), 106.0 (C=C),
37.9 (CH,), 29.9 (C=C), 24.3 (CH,), 15.4 (CH3), 0.3
(Si(CH3)3); EIMS (70 eV) m/z (%): 552.2 (8) [M]*;
HRMS-ESI (m/z): [M]" caled for C33H36S,Si5, 552.1797;
found, 552.1794.

Compound 15: 12 (408 mg, 0.74 mmol) was dissolved in dry
MeOH (15 mL), and K,CO3 (408 mg, 2.95 mmol) was added.
The reaction mixture was stirred for 20 h at 40 °C. After
cooling to rt, MeOH was removed under reduced pressure. The
residue was dried in vacuo and purified by flash chromatog-
raphy on silica gel (hexanes—toluene 10:1) yielding 299 mg 15
(99%) as a white solid. Ry 0.41 (hexanes—toluene 10:1);
TH NMR (400 MHz, CDCl3) & 7.75 (s, 2H, H-Ar), 7.57 (s, 2H,
H-Ar), 7.31 (s, 2H, H-Ar), 3.08 (s, 2H, C=CH), 3.01-2.77 (m,
4H, CHy), 2.28 (p, J = 7.3 Hz, 2H, CHj), 1.96 (s, 6H, CH3);
13C NMR (101 MHz, CDCls) 6 139.3 (Cquart.)> 138.9 (Cquart.)>
137.1 (Cquart.)s 130.0 (Cquart.)a 128.5 (Cquart.)a 126.8 (Carom.)a
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126.4 (Carom)> 122.0 (Carom.)s 117.6 (Carom), 76.4 (C=C), 37.9
(CHa), 29.9 (C=C), 24.2 (CHy), 15.2 (CHz); EIMS (70 eV) m/z
(%): 408.1 (48) [M]".

Compound 5: 15 (75 mg, 0.18 mmol), 5-iodo-2’-deoxyuridine
(14, 65 mg, 0.18 mmol), dry NEt3 (30 pL, 0.37 mmol),
Pd(PPh3)4 (42 mg, 0.04 mmol) and Cul (7 mg, 0.04 mmol)
were dissolved in dry DMF (7 mL). The mixture was degassed
and stirred for 48 h at rt. The solvent was removed under
reduced pressure and the residue was dried in vacuo and puri-
fied by flash chromatography on silica gel (CH,Cl,—MeOH
10:1) yielding 27 mg 5 (23%) as a white solid. Rf 0.53
(CH,Cl,-MeOH 5:1); 'H NMR (300 MHz, CDCl3) & 8.01 (s,
1H, NH), 7.82 (s, 1H, C=CH), 7.70 (s, 2H, H-Ar), 7.55 (d, J =
7.8 Hz, 2H, H-Ar), 7.36 (s, 2H, H-Ar), 6.22 (t, J= 6.0 Hz, 1H,
1°-H), 4.62 (s, 1H, 3°-H), 4.16-4.02 (m, 1H, 4’-H), 4.00-3.85
(m, 2H, 5°-H), 3.08 (s, 1H, C=CH), 3.02-2.72 (m, 4H, CH,),
2.40 (s, 1H, 2°-H), 2.26 (s, 2H, CHj), 2.05-1.79 (m, 7H, CH3,
2°-H); '13C NMR (75 MHz, CDCls) & 154.2, 142.7, 141.4,
140.1, 138.9, 138.6, 137.2, 130.0, 127.1, 127.0, 121.6, 118.0,
106.1, 90.4, 88.1, 77.3, 72.8, 64.0, 42.5, 38.5, 24.9, 15.0;
MALDI-MS m/z (%): 633.6 (5) [M]*; HRMS-ESI (m/z): [M +
H]* caled for C36H31N205S,, 635.1674; found, 635.1681.

Compound 6: 15 (81 mg, 0.20 mmol), 5-iodo-2’-deoxyuridine
(14, 140 mg, 0.40 mmol), dry NEt3 (30 pL, 0.40 mmol),
Pd(PPhj3)4 (46 mg, 0.04 mmol) and Cul (8 mg, 0.04 mmol)
were dissolved in dry DMF (7 mL). The mixture was degassed
and stirred for 3 h at 60 °C. After cooling to rt, the solvent was
removed under reduced pressure, and the residue was dried in
vacuo and purified by flash chromatography on silica gel
(CH,Cl,-MeOH 15:1) to yield 60 mg 6 (35%) as a white solid.
R;0.55 (CH,Cl,-MeOH 10:1); '"H NMR (400 MHz, DMSO-dj)
5 8.87 (s, 1H, NH), 8.38 (s, 1H, NH), 7.97 (s, 2H, C=CH), 7.85
(d, J=9.3 Hz, 2H, H-Ar), 7.80-7.52 (m, 4H, H-Ar), 6.31-6.02
(m, 2H, 1’-H), 5.31 (d, J = 10.7 Hz, 2H, 3’-H), 5.24-5.08 (m,
2H, 4’-H), 4.27 (s, 2H, 5’-H), 3.94-3.83 (m, 2H, 5’-H),
3.79-3.43 (m, 4H, CHj), 3.17-3.13 (m, 2H, 2’-H), 3.00-2.67
(m, 10H, 2’-H, CH,, CH3); '3C NMR (101 MHz, DMSO-dq) &
161.4, 153.9, 149.4, 137.5, 136.2, 130.3, 130.0, 129.6, 122.8,
120.1, 117.9, 117.6, 106.9, 99.5, 99.2, 98.3, 88.2, 87.6, 84.8,
70.1, 69.5, 60.9, 60.7, 45.6, 37.5, 29.0, 28.7, 23.4, 22.1, 15.0.
MS-FAB m/z (%): 883.4 (25) [M + Na]*; HRMS-ESI (m/z):
[M + H]" caled for C45H4N4O oS>, 861.2264; found,
861.2282.

DNA synthesis: Oligonucleotides were prepared with an
Expedite 8909 Synthesizer from ABI by using standard phos-
phoramidite chemistry. Reagents and CPGs were purchased
from ABi and Glen research. Modified oligonucleotides were

synthesized by a modified protocol. The activator solution
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(0.45 M tetrazole in MeCN) was pumped simultaneously with
the building block 17 [30] and the coupling time was extended
to 35 min, with an intervening step after 17.5 min for washing
and refreshing of the activator—17 solution. After coupling, the
vial was washed with MeCN. When the synthesis was complete
the trityl-on oligonucleotides were treated with conc. NH4OH
(700 pL, >25%, trace select, Fluka) at 55 °C for 14 h for
cleavage from the resin for deprotection. The oligonucleotides
were purified by HPLC on a semipreparative RP-18 column
(300 A, Supelco) by using NH4OAc buffer (pH = 6.5) and
MeCN as eluents (0-20% MeCN over 70 min; flow rate:
2.5 mL; UV detection: 260 nm, 310 nm). To cleave the terminal
DMT group the oligonucleotides were treated with 80% acetic
acid for 1 h at rt. After removal of the solvent, the residue was
redissolved in H,O and the emerging precipitate was removed.
The oligonucleotides were lyophilized and quantified by their
absorbance in H>O at 260 nm on a Varian Cary 100 spectrom-
eter, including €69 = 56200 M~! em™! for modification $
(Scheme 3). dsDNA1 was formed by heating to 90 °C (10 min)
followed by slow cooling to rt. MALDI-MS DNA1 m/z (%):
5898.9 (100) [M + DMT], 5597.3 (99) [M], 2949.2 21) M +
DMT] /2, 2797.7 (20) [M]*7/2; DNA2 m/z (%): 5950.0 (100)
[M + DMT], 5647.9 (38) [M], 2974.6 (17) [M + DMT]*7/2,
2823.6 (7) [M]*7/2; DNA3 m/z (%): 5869.0 (100) [M + DMT],
5666.8 (58) [M]™, 2944.4 (12) [M + DMT]*7/2, 2782.6 (12)
[M]27/2; DNA4 m/z (%): 5919.9 (100) [M + DMT]", 5617.7
(34) [M]™, 2957.7 (25) [M + DMT]%7/2, 2808.9 (6) [M]*>7/2.
The UV-vis absorption spectra of ssDNA1-ssDNA4 are shown
in Figure 3.

1.0 ——ssDNA1
] —— ssDNA2
ssDNA3
08 —— ssDNA4
0.6
0.4+
AA 021
00 T L) T T 1 T 1
200 250 300 350 400 450 500 550
A/ nm

Figure 3: UV-vis absorption spectra of ssDNA1-ssDNA4 (2.5 yM in
50 mM Na-Pi buffer, pH 7, 250 mM NaCl, rt).
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Abstract

Background: The dihydroazulene (DHA)/vinylheptafulvene (VHF) system (with two cyano groups at C1) functions as a photo-/
thermoswitch. Direct ionic bromination of DHA has previously furnished a regioselective route to a 7,8-dibromide, which by elimi-
nation was converted to a 7-bromo-substituted DHA. This compound has served as a central building block for functionalization of
the DHA by palladium-catalyzed cross-coupling reactions. The current work explores another bromination protocol for achieving
the isomeric 3-bromo-DHA and also explores the outcome of additional bromination of this compound as well as of the known
7-bromo-DHA.

Results: Radical bromination on two different VHFs by using N-bromosuccinimide/benzoyl peroxide and light, followed by a ring-
closure reaction generated the corresponding 3-bromo-DHAs, as confirmed in one case by X-ray crystallography. According to a
IH NMR spectroscopic study, the ring closure of the brominated VHF seemed to occur readily under the reaction conditions. A
subsequent bromination—elimination protocol provided a 3,7-dibromo-DHA. In contrast, treating the known 7-bromo-DHA with
bromine generated a very labile species that was converted to a new 3,7-dibromoazulene, i.e., the fully unsaturated species.
Azulenes were also found to form from brominated compounds when left standing for a long time in the solid state. Kinetics
measurements reveal that the 3-bromo substituent enhances the rate of the thermal conversion of the VHF to DHA, which is oppo-

site to the effect exerted by a bromo substituent in the seven-membered ring.
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Conclusion: Two general procedures for functionalizing the DHA core with a bromo substituent (at positions 3 and 7, respectively)

are now available with the DHA as starting material.

Introduction

1,8a-Dihydroazulene-1,1-dicarbonitrile (DHA, 1) is a yellow
photochromic compound, which undergoes a light-induced
10-electron retro-electrocyclization to a red-colored vinylhepta-
fulvene (VHF) (Scheme 1) [1-3]. The VHF compound is
formed as the s-cis conformer, which, however, is in equilib-
rium with the more stable s-trans conformer. The s-cis VHF
undergoes a thermally induced cyclization to regenerate the
original DHA. The significant structural difference between the
DHA and VHF forms, as reflected in their different colors and
hence electronic properties, renders the system interesting as a
light-controlled molecular switch in, for example, molecular
electronics. Indeed, light-induced conductance switching was
recently observed for a DHA derivative situated in a single-
molecule junction [4]. For the further exploration of the
DHA/VHF switch in this field, ongoing synthetic efforts are
required for the incorporation of functional groups onto the

system, especially in a regioselective manner.

hv, or
NG CN (1) ACls, (2) H 0 NC.__CN
R — @\J{
R R
DHA VHF
R = Ph: 1 R = Ph: 2

Scheme 1: Dihydroazulene (DHA)/vinylheptafulvene (VHF) photo-/
thermoswitch.

We have recently developed an efficient protocol for functional-
izing the DHA/VHF 1/2 (R = Ph) at position 7 (for numbering,
see Figure 1) by a bromination—elimination protocol of 1, as
shown in Scheme 2 [3,5-8]. Elimination of HBr from the inter-
mediate 3 provided the bromo-functionalized DHA 4 that was
employed for further cross-coupling reactions. The advantage of
this method is that the “parent DHA” 1 can be prepared on a
large scale in a few steps [9] and it is hence a convenient
building block for further functionalization. Moreover, we have
found that the treatment of DHA by aluminum chloride fol-
lowed by water provided another means of inducing ring-
opening of DHA to form VHF (Scheme 1) [10]. This method is

Figure 1: Numbering of azulene.

NG

NG eN LIHMDS CN
CH2<:|2 Ph THE O’ Ph
_78°C

Scheme 2: Bromination—elimination protocol for functionalization of
DHA [3,5-8]. HMDS = hexamethyldisilazide.

particularly convenient for making VHF on a preparative scale,
which is more tedious when employing a light source. Along
this line, we became interested in investigating the possibility of
brominating the VHF 2. It was previously shown by Kuroda
and Asao [11] that the related VHF 5 underwent bromination by
N-bromosuccinimide (NBS) to form the product 6 (Scheme 3),
but any thermal conversion of this VHF to a DHA was not
described. Here we describe NBS bromination of VHF 2 and
isolation of the corresponding 3-bromo-DHA. In addition, the
outcome of further bromination of this compound as well as of
the 7-bromo-DHA 4 is presented.

NC._ _CN
NC._ _CN NBS
—_—
CH,Cl,
0°C Br
5 6

Scheme 3: Bromination of VHF [11]. NBS = N-bromosuccinimide.

Results and Discussion

Synthesis

DHA 1 was first opened to VHF 2 by aluminum chloride fol-
lowed by quenching with water according to a previously
described procedure (Scheme 4) [10]. The resulting VHF 2 was
then treated with NBS and benzoyl peroxide in benzene and the
mixture was subjected to irradiation from a 500 W halogen
lamp source, presumably generating the intermediate, but short-
lived (see below), species 7. No structural evidence for 7 was
obtained, but after standard work-up, the ring-closed 3-bromo-
DHA product 8 was isolated in an overall yield of 46%,
suggesting that 7 is indeed formed as an intermediate. The
structure of 8 was elucidated by a 'H,!H COSY NMR spec-
trum (Figure 2) and ultimately confirmed by X-ray crystallo-
graphic analysis (Figure 3a). Interestingly, when following the
bromination by 'H NMR spectroscopy, signals from the VHF 2
seem absent within 5 min, while instead signals from the DHA

8 quickly emerge (Figure 4). There are, however, some signals

959



Beilstein J. Org. Chem. 2012, 8, 958-966.

(1) AICI5 ( jﬁ NC. _CN NC CN
NC
CN _CHiCly mcw (3)NBs, | PhCO O
. ’ Ph
Ph @mo PhH, hy Ph| v
1 7 Br (3 steps) 8

Bry l CH,Cly, -78 °C
many products

Scheme 4: Radical and ionic brominations of VHF.

around 6.5 and 7.3 ppm (Figure 4c and Figure 4d) from uniden-
tified intermediates, which decrease in intensity after irradi-
ation for longer time. No characteristic signals from the
suggested bromo-VHF intermediate 7 were observed, thus it
must undergo rapid ring closure to the DHA 8 under the reac-
tion conditions although the mixture is subjected to light.

Interestingly, when the known tolyl derivative 9 [12] (Figure 5)
was subjected to the ring opening followed by NBS bro-

4/6

ik

mination, the 3-bromo-DHA 10 was formed in almost quantita-
tive yield (estimated yield of 95%) instead of the benzylic bro-
mide product. This compound was, however, difficult to purify
without significant loss of material. When subjecting VHF 2 to
bromination by Br; (Scheme 4), under the same conditions used
to regioselectively brominate the corresponding DHA 1, many
products (unidentified) were formed according to NMR spec-
troscopy. Thus, ionic bromination is not a useful method for the
functionalization of the VHF. Gratifyingly, we managed to

8a —=

- 3.0

- 3.5

- 4.0

L 4.5

- 5.0

- 5.5

1 (ppm)

- 6.0

- 6.5

- 7.0

-7.5

- 8.0

6.5

Figure 2: TH,’"H COSY NMR spectrum of DHA 8 (CDCl3, 500 MHz). For

60 55 50 45 40 35 3.0

(Ppm)

assignments of DHA signals, see numbering in Figure 1.
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Figure 3: Molecular structures (with displacements ellipsoids at 50% probability for non-H atoms) of (a) DHA 8 (CCDC 868717; crystals were grown
from butanone/heptane); (b) VHF 2 (CCDC 866016; crystals were grown from benzene/cyclohexane; benzene cocrystallized with the VHF but has
been omitted for clarity); (c) azulene 14 (CCDC 868718; crystals were grown from dichloromethane/heptane); (d) azulene 15 (CCDC 868719; crystals
were grown from dichloromethane/heptane).

8a

d)

/JUJ WUMLJW“MMWMM, A jA_h

benzoyl
peroxide
X ~ N
“‘ 3 NC._ _CN
M ”w O
‘ “\ ‘\\ \‘p J CH,CL, Y "Ph
»«MAJ\/ M [N— |

a NC
) 8a 7, 8 8a CN
1 6 Ph
L 5
4

T T T T T T T T T T T T T T T T T T T T T T T T T T T T
86 84 82 80 78 76 74 72 70 6.8 6.6 64 6.2 6.f0 ( 5.8) 56 54 52 50 48 46 44 42 4.0 3.8 3.6 34 32
1 (ppm

Figure 4: "H NMR spectra (CgDg, 300 MHz) of (a) DHA 1; (b) VHF 2; (c—e) VHF 2 after treatment with 2 molar equiv of NBS in the presence of
benzoyl peroxide and irradiation for 5, 15, and 35 min, respectively.
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e IO
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9 10

Figure 5: Compound 9 was selectively brominated to furnish the pro-
duct 10.

grow crystals suitable for X-ray diffraction studies of the VHF 2
(generated by the AlCI3-induced ring opening of DHA 1 fol-
lowed by a liquid-liquid extraction) by layering cyclohexane
upon a solution of the VHF in benzene and allowing this mix-
ture to crystallize at 5 °C (lower temperatures and nonpolar
solvents reduce the rate of the undesired thermal back reaction
[9]). The crystal structure of VHF 2 is shown in Figure 3b.

With the objective to generate DHA building blocks with more
than one bromo functionality for further reactions, we subjected
the 3-bromo-DHA 8 to the ionic bromination—elimination
protocol, which, via the intermediate 11, provided the 3,7-
dibromo-substituted DHA 12 (Scheme 5). In an alternative
strategy (Scheme 6), we started out with the 7-bromo-DHA 4.
Treatment with bromine at —78 °C generated in this case,
however, a very labile intermediate, tentatively assigned to the
structure 13, which underwent ready conversion, without the
addition of base, to the azulene 14 together with a complex mix-
ture of other nonisolated products. This product is not
surprising, inasmuch as we have previously found that a solu-
tion of the related dibromide 3 over time underwent conversion
to a mixture of 1-bromo-3-cyano-2-phenylazulene and 1-cyano-
2-phenylazulene [5]. The conversion of 13 into azulenes was,
however, so fast that we could not perform the controlled elimi-
nation of HBr by LiHMDS to generate the corresponding 7-bro-
mo-DHA as we could from 3. The structure of the azulene 14
was confirmed by X-ray crystallographic analysis (Figure 3c).
Functionalized azulenes are themselves interesting in materials

chemistry for their optical and redox properties [13].

(iPr)3Si .
\\ oN =—Si(iPr)3
Pd(PPh3)20|2, Cul
- 14
OO Ph (iPr)o,NH, THF
7%
Br
15

Beilstein J. Org. Chem. 2012, 8, 958-966.

Br.  B'NC cN Br NC CN
Br, LiIHMDS
8§ —— > Phl ———> ’ Ph
CH,Cl, THF
-78°C . |-78ctort b
1 65% 12

Scheme 5: Synthesis of 3,7-dibromo-DHA.

Br Br. CN
Br, Br NG CN
4 "~ » |Br —_— 0 Ph
CHCl, Ph| 409
-78°C Br
13 14

Scheme 6: Synthesis of a 3,7-dibromoazulene.

The two bromo positions of 14 showed very different reactivity.
Thus, subjecting 14 to a Sonogashira coupling with triisopro-
pylsilylacetylene by using the Pd(PPh3),Cl,/Cul catalyst system
only gave the monocoupled product 15 (Scheme 7), confirmed
by X-ray crystal structure analysis (Figure 3d). Moreover, a
Suzuki cross-coupling reaction with boronic acid 16 gave the
product 17, albeit in rather low yield (Scheme 7). The substitu-
tion was confirmed by NOESY 1D experiments (see Supporting

Information File 1).

Finally, we observed that upon storage at room temperature, the
dibromide 3 as well as the known tetrabromide 18 [5] slowly
turned into a mixture of azulenes, which we isolated and identi-
fied as 19-22 shown in Scheme 8. While, 19 (X-ray crystal
structure is given in [6]), 20 [5], and 21 [5,14,15] are already

known, the dibromoazulene 22 is new.

UV-vis absorption and switching studies

The UV-vis absorption spectrum of the 3-bromo-DHA 8 in
cyclohexane is shown in Figure 6. The compound exhibits an
absorption maximum at 337 nm, which is blue-shifted by 17 nm
relative to that of DHA 1 [9]. By irradiation at 337 nm, the

OMe

X
o
MeO™ 7 “B(OH),

Pd(OAc),, RuPhos
K3POy4

MeO O CN
0 Ph
17 Br

\j

PhMe/H,0 9:1
26%

Scheme 7: Regioselective Sonogashira and Suzuki couplings. RuPhos = 2-dicyclohexylphosphino-2',6'-diisopropoxy-1,1'-biphenyl.
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Br. BrNC CN
Ph CN
3 — 0 Ph
or it,30d
Br CN
B NC
r CN 19
Br Ph
from 3: 57%
Br 48 from 18:  38%

Scheme 8: Slow conversions to azulenes in the solid state.

DHA was gradually converted to the VHF 7 (Figure 6) exhibit-
ing a characteristic absorption maximum at 453 nm (blue-
shifted by 7 nm relative to that of VHF 2 [9]). Upon heating of
the VHF at 50 °C, a gradual conversion to the DHA was
observed. Although both the light-induced DHA-to-VHF
conversion and the thermally induced VHF-to-DHA conver-
sion were found to occur with isosbestic points in the absorp-
tion spectra, we found that the conversion was not fully revers-
ible. First, the VHF could not be fully converted to DHA
(Figure 6, broken curve), and, second, when a second cycle was
performed, the final VHF absorption was at a lower intensity
than after the first conversion. Nevertheless, the decay of the
VHF absorption could be fitted to an exponential decay (see
Supporting Information File 1).

||||||||||||||1||||||||'I'ITI‘I‘I'ITI‘I‘I‘ITI‘I‘I'I‘|
200 300 400 500 600
Wavelength (nm)

Figure 6: Absorption spectra of DHA 8 and VHF 7 in cyclohexane. The
broken curve shows the absorption spectrum after one light-heat cycle
(DHA — VHF — DHA).

From this fit, we obtained rough estimates of the rate constant
and half-life of k= 5.1 x 107* s and #;/, = 27 min at 50 °C.
For comparison, the values for conversion of VHF 2 to DHA 1
in cyclohexane are 8.3 x 107 s7! and ¢, = 139 min at 50 °C
(found from Arrhenius plot, [9]). Thus, the influence of the bro-
mo substituent in 7 is to enhance significantly the rate of the

thermal ring closure, which is explained by its inductive elec-

OO Ph \//
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CN CN
ph Br OO Fh
Br Br

20 21 22

H_/

24% (ca. 4:1)

17% 20%

tron withdrawal, hence stabilizing a zwitterionic VHF tran-
sition state, as previously suggested [9]. In accordance hereto,
we have previously found that moving the bromo substituent to
the seven-membered ring has the opposite effect; thus, the VHF
derived from 7-bromo-DHA 4 underwent ring closure consider-
ably slower than VHF 2 [7]. We are, however, not able to
explain the remarkably fast formation of 8 from 7 under the
bromination conditions described above, but it may be the result
of the slight Lewis acidity under the reaction conditions.

Conclusion

In conclusion, we have developed a method for functionalizing
the DHA/VHF photo-/thermoswitch with a bromo substituent at
position 3 in the DHA core (product 8). The synthesis explores
the ready conversion of DHA 1 to VHF 2 on a preparative scale
by using aluminum chloride followed by NBS bromination.
This bromination was found to occur selectively in the pres-
ence of a tolyl group (product 10). The method contrasts the
earlier bromination (Brp)—elimination protocol on DHA for
incorporating selectively a bromo substituent at position 7 in the
DHA core without proceeding via the VHF as an intermediate.
Subjecting the 3-bromo-DHA 8 to this bromination—elimina-
tion protocol furnished the 3,7-dibromo-DHA 12. In contrast,
subjecting the 7-bromo-DHA 4 to an additional bromination
with Br, generated a very labile compound that was readily
converted to the fully unsaturated 3,7-dibromo-substituted azul-
ene 14 together with other unidentified products. The insta-
bility of intermediate bromide addition products was also
reflected by solid-state conversions of di- and tetrabromides to a
variety of azulenes. The influence on the thermal VHF-to-DHA
conversion exerted by a bromo substituent at position 3 (DHA
numbering) is opposite to that of one at position 7; the former
substitution enhances the ring closure while the latter retards it.
The new bromo-substituted compounds will be interesting for
future scaffolding in the quest for advanced photo- and ther-
moswitches. We note, however, that initial attempts at using the

3-bromo-substituted DHA for Sonogashira or Suzuki couplings
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(as previously accomplished for the 7-bromo-substituted DHA)
have so far been unsuccessful. It seems that the 3-bromo func-
tionality is not very reactive, which is reflected as well by the
regioselective Sonogashira and Suzuki reactions on the 3,7-
dibromoazulene 14 reported in this work.

Experimental

General Methods

NMR spectra were measured on 300 or 500 MHz instruments.
All chemical shift values in the 'H and 13C NMR spectra are
referenced to the solvent (6 = 7.26 ppm, 6¢c = 77.16 ppm).
Thin-layer chromatography (TLC) was carried out on commer-
cially available precoated plates (silica 60) with fluorescence
indicator; color change of the spot from yellow (DHA) to red
(VHF) upon irradiation by UV light indicated the presence of a
DHA. For column chromatographic purification of DHAs, the
column was covered by aluminium foil to exclude light; the
isolated fractions were also kept in the dark. All melting points
are uncorrected. All spectroscopic measurements (including
photolysis of DHA to VHF and kinetics studies on the thermal
conversion of VHF to DHA) were performed in a cuvette of
1 cm path length. Photoswitching experiments were performed
by using a 150 W xenon arc lamp equipped with a monochro-
mator. Elemental analyses were performed at the Department of
Chemistry, University of Copenhagen.

3-Bromo-2-phenyl-1,8a-dihydroazulene-1,1-dicarbonitrile
(8): To a stirred solution of DHA 1 (300 mg, 1.17 mmol) in
CH,Cl, (40 mL) at rt was added AICl3 (800 mg, 6.01 mmol).
Stirring was continued for further 20 min and then the mixture
was quenched with water (60 mL). The organic layer was sep-
arated, dried over anhydrous Na,SQy, filtered, and concen-
trated under reduced pressure. The resulting red compound was
then dissolved in benzene (40 mL) and NBS (700 mg,
3.93 mmol) was added. The solution was stirred under an Ar
atmosphere for 10 min and then benzoyl peroxide (13 mg,
0.05 mmol) was added. The solution was irradiated with a
500 W halogen lamp kept at a distance of ca. 1 m from the reac-
tion mixture. After 4 h, the mixture was filtered and washed
with water. The organic layer was washed with saturated
aqueous NaHCOj solution (3 x 100 mL), dried over anhydrous
Na,SQy, and filtered. The solvent was removed under reduced
pressure and the crude residue was purified by dry column
vacuum chromatography (SiO,, 60% Et,O/heptane) affording 8
(180 mg, 46%) as a yellow solid. R¢ 0.73 (30% heptane/
EtOAc); mp 126 °C; 'H NMR (500 MHz, CDCl3) & 7.63 (m,
2H), 7.44 (m, 3H), 6.61 (dd, J=11.3, 6.4 Hz, 1H), 6.50 (d, J =
6.1 Hz, 1H), 6.49-6.46 (m, 1H), 6.28 (ddd, J = 10.1, 6.1,
2.1 Hz, 1H), 5.70 (dd, J=10.1, 4.0 Hz, 1H), 3.70 (m, 1H) ppm;
13C NMR (125 MHz, CDCl3) & 136.5, 135.8, 131.8, 130.8,
130.4, 130.3, 129.0, 128.8, 128.10, 126.9, 122.1, 119.6, 114.3,
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111.9, 48.8, 47.4 ppm; FABMS m/z: [M]" 334; Analysis calcd
for C1gHBrNy: C, 64.50; H, 3.31; N, 8.36; found: C, 63.90;
H, 3.42; N, 7.86.

3-Bromo-2-(4-methylphenyl)-1,8a-dihydroazulene-1,1-dicar-
bonitrile (10): To a stirred solution of 2-(4-methylphenyl)-1,8a-
dihydroazulene-1,1-dicarbonitrile (9) (250 mg, 0.97 mmol) in
CH,Cl, (30 mL) at rt was added AICl; (760 mg, 5.74 mmol).
Stirring was continued for a further 10 min and then the mix-
ture was quenched with water (50 mL). The organic layer was
separated, dried over NapSQy, filtered, and concentrated under
reduced pressure. The residue was then dissolved in benzene
(50 mL), and NBS (1.60 g, 9.50 mmol) was added. The solu-
tion was stirred under an Ar atmosphere for 10 min and then
benzoyl peroxide (3 mg, 0.01 mmol) was added. The solution
was irradiated with a 500 W halogen lamp for 2 h. The mixture
was filtered and washed with water. The organic layer was
washed with saturated aqueous NaHCOj solution (3 x 150 mL),
dried over anhydrous Na;SQOy, and filtered. The solvent was
removed under reduced pressure affording 10 with minor impu-
rities (321 mg, estimated yield of 95%). An analytically pure
sample (yellow solid) could be obtained by dry column vacuum
chromatography (SiO,, Et;O/heptane 3:2). R¢ 0.79 (30% ethyl
acetate/heptane); mp 115 °C; 'H NMR (500 MHz, CDCl3) §
7.62 (d, J= 8.0 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 6.67 (dd, J =
11.3, 6.4 Hz, 1H), 6.58-6.49 (m, 2H), 6.34 (ddd, J=10.1, 6.1,
2.1 Hz, 1H), 5.76 (dd, J = 10.1, 4.0 Hz, 1H), 3.79-3.72 (m, 1H),
2.43 (s, 3H) ppm; 13C NMR (125 MHz, CDCl3) & 140.8, 136.6,
136.0, 131.6, 130.3, 129.7, 128.6, 128.1, 127.8, 126.2, 121.8,
119.6, 114.4, 112.0, 48.8, 47.3, 21.5 ppm; EIMS m/z: [M]" 348;
Analysis calcd for Ci9H3BrNj: C, 65.35; H, 3.75; N, 8.02;
found: C, 65.50; H, 3.54; N, 7.94.

3,7-Dibromo-2-phenyl-1,8a-dihydroazulene-1,1-dicarboni-
trile (12): 3-Br-DHA 8 (85 mg, 0.25 mmol) was dissolved in
CH,Cl, (5 mL) at =78 °C under a N, atmosphere and the mix-
ture was excluded from light. Then a solution of Br, in CH,Cl,
(0.78 M, 327 uL) was slowly added over 2 min. The mixture
was stirred for 30 min at —78 °C and then concentrated in vacuo
to yield the crude product 11 as a yellow-brown solid (126 mg,
0.25 mmol). This compound was used without purification for
the next step. It was dissolved in dry THF (5 mL) and cooled to
=78 °C. Then LiHMDS (0.3 mL, 0.3 mmol, 1 M in toluene) was
added dropwise, and the solution was stirred for 2 h, while the
temperature was slowly raised to rt. The reaction mixture was
diluted with Et;O (20 mL) and then washed with saturated
aqueous NH4C1 (2 x 50 mL). The organic phase was dried over
anhydrous Na;SOy and filtered. The solvent was removed under
reduced pressure and the crude residue was purified by dry
column vacuum chromatography (SiO;, 50% Et,O/heptane)
affording 12 (68 mg, 65%) as a pale green solid. Mp 118 °C;
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'H NMR (300 MHz, CDCl3) & 7.78-7.64 (m, 2H), 7.61-7.46
(m, 3H), 6.63 (d, J=3.6 Hz, 2H), 6.52 (dt, J= 3.6, 1.7 Hz, 1H),
6.08 (d, J=4.5 Hz, 1H), 3.80 (dd, J = 4.5, 1.7 Hz, 1H) ppm;
13C NMR (125 MHz, CDCl3) & 138.3, 137.9, 133.8, 131.3,
130.7, 130.3, 129.1, 128.7, 126.4, 121.2, 120.4, 120.2, 113.7,
111.5, 49.0, 46.9 ppm; Analysis caled for C;gHoBryNy: C,
52.21; H, 2.43; N, 6.76; found: C, 52.58; H, 2.41; N, 6.69.

3,7-Dibromo-2-phenylazulene-1-carbonitrile (14): To a solu-
tion of 4 excluded from light (154 mg, 0.46 mmol) (prepared as
previously described [12]) in CH,Cl, (4 mL) at =78 °C under a
N, atmosphere was slowly added a 0.78 M solution of Br;
(0.59 mL, 0.46 mmol) in CH,Cl,. After being stirred for 10 min
at —78 °C, the reaction mixture was concentrated in vacuo.
Purification by flash column chromatography (SiO;, 50%
CH,Cly/heptane) afforded 14 (71 mg, 40%) as a green solid.
Mp 220-223 °C; '"H NMR (500 MHz, CDCl3) & 8.89 (d, J =
2.1 Hz, 1H), 8.52 (d, J = 9.9 Hz, 1H), 8.17 (dd, J = 10.4,
1.8 Hz, 1H), 7.84 (m, 2H), 7.64-7.49 (m, 3H), 7.38 (t, J =
10.4 Hz, 1H) ppm; 13C NMR (125 MHz, CDCls) & 152.5,
143.3, 141.7, 139.5, 139.4, 137.2, 132.7, 130.3, 130.0, 128.9,
127.4, 124.4, 116.3, 105.4, 96.1 ppm; GC-MS (m/z): [M]*
386.9; HRMS—ESI (m/z): [M + H]" calcd for C;7H ¢Br;N,
385.9175; found, 385.9196.

3-Bromo-2-phenyl-7-(triisopropylsilylethynyl)azulene-1-
carbonitrile (15): To a mixture of the azulene 14 (18 mg,
0.047 mmol), Pd(PPh3),Cl; (4 mg) and Cul (2 mg) in argon-
degassed THF (4 mL) under an Ar atmosphere were added
iPryNH (40 pL, 0.283 mmol) and triisopropylsilylacetylene
(30 puL, 0.134 mmol). After being stirred for 24 h at rt, add-
itional triisopropylsilylacetylene (50 pL, 0.223 mmol) was
added, and the mixture was stirred again for 24 h at rt. Concen-
tration of the reaction mixture in vacuo and purification of the
residue by flash column chromatography (50% CH,Cl,/
heptane) afforded 15 (17.5 mg, 77%) as a green solid. Mp
181-183 °C; 'H NMR (500 MHz, CDCl3) & 8.72 (d, J = 1.5 Hz,
1H), 8.51 (dd, J=19.9, 0.7 Hz, 1H), 8.03 (ddd, J = 10.4, 1.5,
1.0 Hz, 1H), 7.86—7.80 (m, 2H), 7.60-7.56 (m, 2H), 7.54-7.51
(m, 1H), 7.51 (t, J = 10.2 Hz, 1H), 1.22-1.16 (m, 21H) ppm;
13C NMR (125 MHz, CDCl3) & 151.9, 143.7, 142.1, 139.4,
139.2, 138.0, 132.9, 130.3, 129.8, 128.8, 127.4, 124.1, 116.5,
108.9, 106.0, 97.6, 95.1, 18.9, 11.5 ppm; HRMS-ESI (m/z):
[M + H]" caled for CogH3BrNSi, 488.1404; found, 488.1398.

3-Bromo-7-(2’,5’-dimethoxyphenyl)-2-phenylazulene-1-
carbonitrile (17): To a solution of the azulene 14 (50 mg,
0.129 mmol) and 2,5-dimethoxyphenylboronic acid (16)
(47 mg, 0.259 mmol) under an Ar atmosphere in an argon-
degassed toluene/water 9:1 mixture were added K3POy
(110 mg, 0.517 mmol), Pd(OAc), (6 mg, 0.0026 mmol) and
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RuPhos (2-dicyclohexylphosphino-2',6'-diisopropoxy-1,1'-
biphenyl) (24 mg, 0.051 mmol). The mixture was vigorously
stirred and heated at 100 °C for 4 d. Purification by flash
column chromatography (SiO,, CH,Cl,) afforded 17 (15 mg,
26%) as a blue solid. Mp 169-171 °C; 'H NMR (500 MHz,
CDCl3) 6 8.81 (d, J= 1.7 Hz, 1H), 8.56 (dd, J=10.0, 0.9 Hz,
1H), 8.00 (ddd, /= 10.2, 1.7, 0.9 Hz, 1H), 7.86-7.83 (m, 2H),
7.64 (t, J = 10.1 Hz, 1H), 7.60-7.55 (m, 2H), 7.53-7.47 (m,
1H), 7.06-6.88 (m, 3H), 3.85 (s, 3H), 3.80 (s, 3H) ppm;
13C NMR (125 MHz, CDCl3) & 154.1, 151.0, 150.6, 142.5,
142.4, 139.5, 139.4, 139.3, 137.2, 133.3, 132.9, 130.3, 129.5,
128.8, 127.7, 117.2, 117.1, 114.6, 113.0, 104.2, 96.8, 56.5,
56.1 ppm; HRMS—-ESI (m/z): [M + H]" caled for
Cy5H 9BrNO;, 444.0594; found, 444.0617.

Solid-state conversion of dibromide 3 into azulenes
(19-21)

The dibromide 3 (416 mg, 1.00 mmol) was stored in the dark at
rt in a closed vessel (50 mL) for 30 d. The resulting black solid
was dissolved in CH,Cl, and purification by dry column
vacuum chromatography (SiO,, 12.6 cm?, 0-100% toluene/
heptanes, 12.5% steps, then 0-35% CH,Cl; in toluene, 7%
steps, 40 mL fractions) gave 19 (119.4 mg, 57%) and an insepa-
rable mixture (ca. 4:1) of 20 and 21 (55.8 mg, 24%) (known
compounds: [5,14,15]).

2-Phenylazulene-1,3-dicarbonitrile (19): 'H NMR (500 MHz,
CDCl3) 6 8.80 (d, J=9.7 Hz, 2H), 8.08 (t,J=9.7 Hz, 1H), 8.05
(d, J=7.4 Hz, 2H), 7.87 (t,J = 9.7 Hz, 2H), 7.62 (t, J= 7.4 Hz,
2H), 7.58-7.55 (m, 1 H) ppm; '3C NMR (125 MHz, CDCl3) &
155.6, 145.4, 141.7, 138.1, 131.8, 131.7, 130.9, 129.7, 129.6,
116.1, 97.0 ppm; for X-ray data, see [6].

Solid-state conversion of tetrabromide 18 into
azulenes 19, 20, and 22

The tetrabromide 18 (576 mg, 1.00 mmol) was stored in the
dark at rt in a closed vessel (50 mL) for 30 d. The resulting
black solid was dissolved in CHClj3 and purification by flash
column chromatography (SiO,, toluene) gave 19 (78.9 mg,
38%) as a pink solid, 20 (50.8 mg, 17%) as a violet solid, and
22 (97.7 mg, 20%) as a green solid. TLC (toluene); Ry
0.06-0.09 (19), 0.25-0.30 (20), 0.43-0.47 (22).

3,6-Dibromo-2-phenylazulene-1-carbonitrile (22): 'H NMR
(300 MHz, CDCl3) & 8.32 (d, J = 8.2 Hz, 1H), 8.28 (d, J =
8.6 Hz, 1H), 7.94 (dd, J=5.2 Hz, J=1.9 Hz, 1H), 7.90 (dd, J =
4.6 Hz, J = 1.9 Hz, 1H), 7.81-7.85 (m, 2H), 7.49-7.61
(m, 3H) ppm; 13C NMR (75 MHz, CDCl3) & 151.3, 142.1,
138.6, 137.9, 136.2, 134.4, 132.8, 132.2, 131.7, 130.2, 129.8,
128.9, 116.2, 106.6, 98.5 ppm; Analysis calcd for C{7HgBr,N:
C, 52.75; H, 2.34; N, 3.62; found: C, 52.97; H, 2.03; N, 3.55.
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Supporting Information

Supporting Information File 1

1D and 2D NMR spectra of all new compounds. Table of
bond lengths for VHF 2 (X-ray crystallographic data).
Exponential fit of the decay over time of the VHF 7
absorbance at the longest-wavelength absorption
maximum.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-108-S1.pdf]
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We report on the synthesis and characterization of novel shape-persistent, optically active arylamide macrocycles, which can be

obtained using a one-pot methodology. Resolved, axially chiral binol scaffolds, which incorporate either methoxy or acetoxy

functionalities in the 2,2' positions and carboxylic functionalities in the external 3,3' positions, were used as the source of chirality.

Two of these binaphthyls are joined through amidation reactions using rigid diaryl amines of differing shapes, to give homochiral

tetraamidic macrocycles. The recognition properties of these supramolecular receptors have been analyzed, and the results indicate

a modulation of binding affinities towards dicarboxylate anions, with a drastic change of binding mode depending on the steric and

electronic features of the functional groups in the 2,2' positions.

Introduction

Macrocyclic molecules possessing a high degree of shape
persistency act as molecular cages, and the scientific interest for
such compounds is certainly increasing [1-4]. Support for this
statement arises from consideration in two main areas of
interest: (a) the recognition properties towards suitable guests

are usually enhanced by limiting the number of conformations
accessible to the covalent cyclic structure (resulting in preorga-
nization [5]); (b) shape persistency is a requirement for the
formation of organic nanotubes by means of supramolecular

organization of macrocycles in the third dimension [6-12].
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Amide functionalities are hydrogen-bonding tools of wide-
spread use for the conformational stabilization of nanostruc-
tures. Noticeable examples can be found in the field of
foldamers [13,14] or in the design of assembled architectures
functioning as artificial ion-channel mimics [15]. Amide func-
tionalities are also widely used for their hydrogen bonding
capability in the context of anion complexation. Several macro-
cyclic systems capable of effective anion recognition and
discrimination have been previously reported [16-18]. Binol
(1,1'-binaphthyl-2,2'-diol) based synthons are popular in the
recent literature; given their robustness, they are frequently used
to impart or transfer chiral information, not only in the field of
asymmetric synthesis and catalysis, but also in materials science
[19-24].

During the course of our ongoing efforts dealing with the use of
binol-based synthons for the production of functional, oriented
nanomaterials and chiroptical sensors [25-30], we have reported
on the design, synthesis and characterization of a rigid, opti-
cally active tetraamidic macrocycle with recognition capabili-

ties towards anions (Figure 1) [31].

acetate: K, <5 M™!

O eO
OMe MeO

glutarate: K, =30 M~
(R,R)-1

O
CO OH _ 1) direct amidation
OH

2) mild protecting group

999
OH _ 1) direct amidation

(R)-2

Figure 1: Structure of the macrocycle (R,R)-1 (top), and synthetic
strategies for the production of novel amide-containing, axially chiral
macrocycles (bottom).

In fact, macrocycle (R,R)-1 could be obtained efficiently (62%
in the macrocyclization step) through a sequential, convergent
methodology. It is a 32-membered macrocycle whose cyclic
backbone is composed exclusively of sp2-hybridized carbon and

nitrogen atoms. An additional internal rigidification of the

Beilstein J. Org. Chem. 2012, 8, 967-976.

macrocyclic cavity is given by the presence of stable, six-
membered intramolecular hydrogen bonds between the
protected (in the form of methyl ether) phenol moieties in the
2,2' positions and the NH protons of the amide functionalities in
the neighboring 3,3' positions of the binaphthyl units. Macro-
cycle (R,R)-1 showed modest binding affinities towards
carboxylate anions, yet detectable binding of proper difunc-

tional carboxylates.

We deemed it to be very interesting to increase the availability
of hydrogen-bond donors within the macrocycle cavity, and to
unlock the hydrogen-bonding capability of the amide NHs to
their full potential for anion recognition. The former could in
principle be achieved by unmasking the phenolic oxygen atoms
in the 2,2' positions of the binaphthyl skeletons. As for the
latter, the introduction of another protecting group, sterically
and electronically modulating the hydrogen-bond accepting
capability of the phenolic oxygen, was needed.

In this paper, we present the exploitation of these strategies,
resulting in the synthesis and characterization of three novel
binaphthyl-based macrocycles, and the evaluation of their
potential as supramolecular receptors for aliphatic bidentate
carboxylate anions.

Results and Discussion
Design, synthesis and spectroscopic charac-

terization

Reactions to deprotect the phenolic oxygens, performed directly
on (R,R)-1 as a substrate and attempted under various reaction
conditions, proved completely unsuccessful with degradation of
the macrocyclic structure occurring in all cases. On the basis of
the introductory considerations mentioned earlier, we set out to
exploit two orthogonal synthetic strategies (Figure 1, bottom):
(1) A direct amidation of the carboxylic acids in the 3,3' posi-
tions, in the presence of the free phenolic oxygens in the 2,2
positions. Literature precedents for such amidation using
aromatic amines in the presence of vicinal phenol moieties
(which compete since they are comparable in nucleophilicity
with aromatic amines) are rare [32,33]. As already reported
[31], test reactions on model compounds gave disappointing
results. The use of benzylic amines, more nucleophilic than
arylamines, and therefore competing less with the phenolic
moieties in the 2,2' positions, was envisaged as a potential solu-
tion and was therefore actively pursued. (2) The use of milder
(with respect to methyl ether) protecting groups for the phenolic
functionalities in the 2,2' positions; we focused on the use of
compound 3, bearing acetyl protecting groups, since its syn-
thesis has been reported, and the deprotection of these groups
usually occurs under mild basic conditions [34]. Aromatic

amines, as in (R,R)-1, could in principle be used.
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Preliminary synthetic work was performed on model com-
pounds to test the reaction conditions. Both enantiomerically
pure (R)-2 and (R)-3 and racemic (RS)-2 and (RS)-3 were used
routinely in the experiments described in the following.
Regarding approach (1), direct generation of the carboxylic acid
chloride (with SOCl,, or oxalyl chloride and DMF; method i),
followed by reaction with benzylamine (4a) in the presence of
Et3;N as the acid scavenger gave compound 5a in excellent
yields (93%) after purification by column chromatography
(Scheme 1). The yield was higher in our hands than the one

5

previously reported [35].

o)

OO OH
OR
OR

X o
o)

HoN-R!
4a—d

methods (i) or (ii)

2R=H 5a R =H (i 93%; ||12%
3 R=COCH; K,COs 50R=H
5¢c R=H (i and ii 0%)
MeOH/H,0 6a R = COCHj (i 0%)
(68%) 6b R = COCHj3 (i 37%)

6d R = COCHjs (i 15%)

Scheme 1: Reagents and conditions: (i) SOCl,, CHCI3 or (COCl),,
DMF, CHClI, then amine, EtzN, CH,Cl; or (ii) CDI, THF.

o]
(COCI),/DMF
OO OH CH,Cly
OR
OR Y.
OO OH O/ \Q
H,N NH,
0 8Y=0
9Y = C(CF3)2
(R)-3R =COCH;
(R)-7 R =CHjg EtsN/CH,Cly
high dilution
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Alternative one-pot amidation procedures, performed directly
with the aromatic carboxylic acid and the benzylic amine
(method ii) using carbonyldiimidazole (CDI) [36], successfully
used by us in the past [29], were instead less than satisfactory.
Both protocols were applied with commercially available
monoprotected benzylic diamine 4c; in both cases, however, the
desired product S¢ could not be isolated. It is likely that the
BOC protecting group is not compatible with the presence of

the free phenolic groups in our substrates.

Switching to approach (2), when compound 3 was allowed to
react with benzylamine (4a) or aniline (4b), only the aryl
derivate 6b was obtained in good yield. Compound 6b could be
efficiently deprotected under the reported conditions (K,CO3/
MeOH) to give Sb. When the monoprotected aryl amine 4d was
allowed to react with compound 3 using the same reaction
conditions, however, compound 6d could not be efficiently
synthesized. The low yield obtained in this step discouraged us
from pursuing a stepwise methodology for the macrocycliza-
tion, which had been used in the case of (R,R)-1 [31].

In order to quickly evaluate the potential of acetyl-protected
tetraamidic macrocyles as analogues of (R,R)-1, we proceeded
to directly cyclize equimolar amounts of optically pure,
resolved (R)-3 (via formation of the corresponding diacyl chlo-
ride) and commercially available diaryl amines 8 and 9, under
classical high-dilution conditions [13] which were successful
for the synthesis of compound 6b. Indeed, homochiral macrocy-
cles (R,R)-10, (R,R)-11 and (R,R)-12 could be isolated after
extensive purification by column chromatography, although in
disappointingly low yields (0-5% isolated yield, Scheme 2).

Furthermore, macrocycle (R,R)-13 could not be isolated at all.
The low quantities of macrocycles (R,R)-10 and (R,R)-11
obtained prevented us from exploring the cleavage of the acetyl
functionalities.

0 ORQQ

OR
99y q
X
T
Y
(R,R)-10 R =COCH3Y =0 (4%)
(R,R)-11 R =COCH3Y = C(CF3), (4%)

(R,R)-12 R=CH; Y=0 (5%)
(R,R)-13 R=CH; Y =C(CF3); (0%)

Scheme 2: Structure and synthesis of the macrocycles discussed in this paper.
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"H NMR spectra for all compounds were relatively simple (see
Experimental and Supporting Information File 1), reflecting the
structural symmetry found in precursors (C, molecular
symmetry) and in homochiral macrocycles 10-12 (D, molec-
ular symmetry). The peaks for the NH proton resonances of the
amide functionalities are sharp in S(6)-type [37] hydrogen-
bonded systems, such as those between the NH and the neigh-
boring methoxy groups in (R,R)-1 and (R,R)-12. The NH proton
resonances, however, could not be assigned either in the series
of compounds 5, or in the acetoxy protected compounds 6 and
macrocycles 10,11, as they are broad or below the baseline, so
as to indicate unlocked (thus potentially more available to
incoming guests), conformationally mobile NH groups
(Table 1).

There are also substantial differences in the resonances of the H
4,4' protons of the binaphthyl skeleton, which are usually most
sensitive to variations in the substitution pattern (and thus, in
the electronic structure) within the naphthyl systems of the
binaphthyl units.

The UV-vis spectra of macrocycles (R,R)-10 and (R,R)-11,
recorded in solvents possessing different solvating and
hydrogen-bonding abilities (CH,Cl,, EtOH), showed little
solvent dependence, with A, around 230 nm in all cases, and
with well-defined shoulders just below 300 nm. Comparison
with data available on parent systems [31] reveals that the
spectra cannot be explained as the sum of those generated by
the two major aromatic chromophoric components (the naph-
thyl rings of the binaphthyl units and the aryl moieties of the
spacing units); electronic communication between them is
present (Figure 2).

It is interesting to note how the spectra of macrocycle (R,R)-12,

Beilstein J. Org. Chem. 2012, 8, 967-976.

150000
= (R,R)-10 (EtOH)
=—— (R,R)-11 (EtOH)
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Figure 2: UV and CD (EtOH) spectra of macrocycles (R,R)-10,
(R,R)-11 and (R,R)-12 in the range 220—400 nm.

bathochromically shifted shoulder, centered at 320 nm (quite
different from (R,R)-10). The CD spectra (in EtOH) show
activity associated with all active UV chromophores and more
marked activity for the macrocycle (R,R)-10, with exciton
couplet signals greater in intensity than the ones of the other

bearing methoxy protected phenols, showed the most macrocycles.
Table 1: Selected chemical shifts for compounds in CDCl3 (25 °C).2

Entry Compound NH Binol-H 4,4 OCH3 COCH3 OH
1 5a 9.88 8.74 — — 12.44
2 5b n.d.c 8.85 — — 10.31
4 6b n.d. 8.47 — 1.83 —
5 6d n.d. 8.46 — 1.84 —
6 (RR)-10 n.d. 8.58 — 1.82 —
7 (RR)-11 n. d. 8.58 — 1.83 —
8 (R,R)-12 10.45 9.06 3.32 — —
9 (R,R)1 10.00 9.00 3.53 — —

aAll spectra recorded at 5-10 mM sample concentration. PResonances related to the singlet corresponding to the proton in the 4,4' positions of the

binol skeleton. ©n. d. = broad or not identified.
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Molecular modeling

Molecular modeling was performed on the structures of macro-
cycles (R,R)-10, (R,R)-11 and (R,R)-12, and on the hypothetical
macrocycle (R,R)-13, in order to have an estimate of macro-
cyclic cavities, and to gather information on the relative orienta-
tion of the functional groups involved in the binding
phenomena. Preliminary conformational structures were opti-
mized by using the semiempirical PM3 method [38]. The
geometries were then subjected to further refinement by using
DFT B3LYP/6-31G(d) methods. In order to locate conformers
having the minimum energy, the structures obtained by prelimi-
nary optimization were then subjected to molecular dynamics
cycles and subsequent reoptimization [28]. The most stable
minimized structures of the macrocycles are shown in Figure 3,
in which the distances between the four hydrogen atoms of the
NH amide groups within each macrocycle are reported (in
angstroms).

The two macrocycles bearing aryloxy ether spacers ((R,R)-10
and (R,R)-12) have a rectangular overall geometry, probably as
a consequence of the imposed dihedral angle of the oxygen

6.571 10.128
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atom bridges. In fact, the two trifluoromethyl-containing macro-
cycles ((R,R)-11 and (R,R)-13) have a more square-like geom-
etry, which seems to be associated with the smaller imposed
angle of the sp3-hybridized carbon atom in the spacing units.
The dimensions of the macrocycles are essentially identical for
the homologous sets of (R,R)-11 and (R,R)-13 (14 A x 15.7 A),
and of (R,R)-10 and (R,R)-12 (12.5 A x 16.2 A). In the case of
(R,R)-1, the macrocycle cavity is more square-like, with the
four amides all at a quite similar distance (ca. 6-7 A). In the
case of 10—13, however, there is a substantial differentiation in
distances between the two sets of amide functionalities, those
linked to each different binaphthyl unit within the macrocycle.
(R,R)-11 and (R,R)-13 possess slightly less distorted molecular
conformations in which a C, overall molecular symmetry seems
to be retained. In fact, the dihedral angles of the binaphthyl
units within the macrocycle are identical in the case of (R,R)-11
(76.1°) and of (R,R)-13 (79.5°), whereas they differ slightly in
the case of the more distorted (R,R)-10 (70.8 and 72.6°) and
(R,R)-12 (85.9 and 85.6°). Molecular modeling does not give
clear hints as to why macrocycle (R,R)-13 could not be
obtained.

6.334 9.513

Figure 3: Minimized molecular structures of (from top left to bottom left, clockwise): (R,R)-10, (R,R)-11, (R,R)-13 and (R,R)-12 (distances between the

H atoms of the NH amide groups are given in angstroms).
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The shortest distances between the symmetry-related NH
groups, shown in Figure 3, are compatible with the insertion of
either glutarate or succinate. In fact, the calculated dimensions
of the two carboxylates are 5.3 A for succinate and 6.5 A for
glutarate, considering their fully extended conformation. These
data rationalize the preference shown in the case of macrocycle
12 for succinate; in detail, they suggest that the binding mode
involves two NH groups linked to the same binaphthyl unit,
rather than a complexation mode in which the bidentate guests
are extended across the cavities of the macrocycles. These find-
ings also explain why, in the presence of bulkier acetoxy groups
on the binaphthyl units, this recognition mechanism in 10 and
11 is suppressed and alternative mechanisms take place (see
below).

Complexation studies

"H NMR titration experiments showed that the addition of
anionic guests, in the form of their tetrabutylammonium salts,
produced progressive chemical-shift variations, along with a
broadening of the peaks belonging to the amide NH protons,
indicating that these groups were engaged in hydrogen bonding
with the carboxylate guests with a fast-exchanging equilibrium
on the NMR time scale. Complexation-induced shifts on other
resonances of the binaphthyl residues (Figure 4) indicated, as

H-4

H-8

Beilstein J. Org. Chem. 2012, 8, 967-976.

expected, a change of the electronic structure of these units
upon complexation; these peaks were used for the calculation of
the association constants, by using a 1:1 model equation (see
Experimental).

Alternative binding models (i.e., stoichiometries) produced
much poorer and hence unacceptable fitting of the titration data.
In the case of (R,R)-12, we examined dicarboxylate anions such
as glutarate and succinate, in order to have a direct point of
comparison with (R,R)-1 (Table 2).

Table 2: Binding constants (M~) for the 1:1 complexes between
(R,R)-12 or (R,R)-1 and dicarboxylate anions in CDCl3.2

Entry Macrocycle Succinate Glutarate
1 (R,R)12 34+3 21+13
2b (R,R)1 n. d. 30 +12

aMeasured by TH NMR (500 MHz, 298 K, CDCl3) using tetrabutyl-
ammonium salts. PData taken from Ref. [31]; n. d. = not determined.

Succinate was found to bind better than glutarate to macrocycle
(R,R)-12, probably as its length is more suited than glutarate to

H-5

_ L

T 1 I I I

9.0

8.0

7.0 ppm

Figure 4: Aromatic region of the '"H NMR (CDCl3, 500 MHz, 25 °C) spectra of macrocycle (R,R)-12 (2.8 mM, bottom) and at the end of the titration
with tetrabutylammonium succinate ([(R)-7] = 2.8 mM, [(CH2CO5),(BugN),] = 28 mM, top). Asterisks indicate the residual solvent peaks.
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fit into the cavity of 12 by interacting simultaneously with two
different NH groups placed on the same binaphthyl residue (see
above, molecular modeling), possibly in a cooperative fashion
[39].

Similar titrations were carried out on (R,R)-10 and (R,R)-11,
bearing acetoxy substituents in the 2,2' positions of the binaph-
thyl skeletons, which are certainly bulkier than the methoxy
substituents present in (R,R)-12. A very different behavior was
observed for both macrocycles: The "H NMR spectra in CDClj,
upon addition of both anionic guests, became very complex,
with a complete loss of the initial symmetry. From the prelimi-
nary data in our hands, it is clear that there is a slow-exchanging
equilibrium on the NMR time scale: the bulkier acetoxy group
presumably inhibits a binding mechanism based on a fast
host—guest exchange. A slow encapsulation mechanism, with
multiple modes of binding of the difunctional anionic guests
within the macrocycle, or the formation of aggregates of several
macrocyclic units, held by the bifunctional anionic guests
binding to a single amide of each macrocycle, cannot be ruled
out at the present stage. Further studies are in progress to
unravel the behavior of these acetoxy-bearing macrocycles.

Conclusion

We have reported the synthesis and characterization of three
novel homochiral macrocycles, built upon resolved 1,1'-binaph-
thyl scaffolds, which incorporate either methoxy or acetoxy
functionalities in the 2,2' positions, and carboxylic functionali-
ties in the external 3,3' positions. After evaluation of the
synthetic strategy through test reactions on model compounds,
the macrocycles were obtained through one-pot amidation
reactions by using two different rigid diarylamines and high-
dilution conditions, although in low isolated yields (0-5%).
The macrocycle bearing less sterically demanding methoxy
substituents is an effective supramolecular receptor for dicar-
boxylate anions, with a preference for glutarate (K, = 34 M™!
for the 1:1 complex in CDCI3), as measured by 'H NMR spec-
troscopy. With the acetoxy groups installed within the macro-
cyclic framework, a drastic change of binding mode occurs,
with slow aggregation equilibria on the NMR time scale.

Experimental

General. All commercially available compounds were
purchased from commercial sources and used as received.
Racemic or (R)-2 [40,41], racemic or (R)-3 [42], 4¢ [43], 4d
[44] and (R)-7 [45] were prepared according to literature pro-
cedures. THF (Na), CH,Cl, (CaH,) and CHCl3 (4 A molecular
sieves) were dried before use. Analytical thin-layer chromatog-
raphy was performed on silica gel, chromophore-loaded,
commercially available plates. Flash chromatography was

carried out by using silica gel (pore size 60 A, 230-400 mesh).
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'H and 13C NMR spectra were recorded from solutions in
CDCIlj3 on a 200, 300 or 500 MHz spectrometer with the solvent
residual proton signal or tetramethylsilane as the standard. The
UV-vis spectroscopic studies were recorded by using commer-
cially available spectrophotometers. Mass spectra were
recorded by using an electrospray ionization instrument. Optical
rotations were measured on a polarimeter with a sodium lamp
(A =589 nm) and are reported as follows: [a]p' (¢ = g (100 mL
solution)™!). CD spectroscopy was performed by using a spec-
tropolarimeter; spectra were recorded at 25 °C at a scanning
speed of 50 nm min~! and were background corrected.

Compound 5a [35]. SOCI, (1.1 mL) was added to a solution of
compound (RS)-2 (250 mg, 0.67 mmol, 1 equiv) in dry CHClj
(10 mL) and the solution was heated under reflux overnight.
Then, the solution was concentrated in vacuo and the crude
product was added to a solution of benzylamine cooled to 0 °C
(430 mg, 4.00 mmol, 6 equiv) in dry CH,Cl, (10 mL). After
being stirred overnight at rt, the reaction mixture was quenched
with 1 M HCI (30 mL), extracted with CH,Cl, (3 x 25 mL), and
dried (NaySOy). The solution was filtered and concentrated in
vacuo to yield pure 5a (340 mg, 93%). 'H NMR (CDCls,
300 MHz, 25 °C) $ 12.44 (s, 2H, OH), 9.88 (s, 2H, NH), 8.74
(s, 2H, binaphthyl), 7.91 (d, 2H, binaphthyl), 7.37 (m, 14H,
phenyl + binaphthyl), 6.98 (d, 2H, binaphthyl), 4.60 (d, CHj).
Alternative method: A solution of CDI (162 mg, 2.01 mmol,
3 equiv) in THF (12 mL) was added to a solution of (R)-2
(250 mg, 0.668 mmol, 1 equiv) in THF (20 mL). The solution
was stirred for 1.5 h at rt, and then a solution of benzylamine
(0.146 mL, 1.34 mmol, 2 equiv) in THF (12 mL) was added and
the mixture was stirred for 15 h. The reaction mixture was
concentrated in vacuo, and the crude product was purified by
column chromatography (hexane/AcOEt 9:1) to yield Sa
(44 mg, 12%).

Compound 6b. (COCl); (0.137 mL, 1.57 mmol, 8 equiv) and
one drop of DMF were added to a solution of compound (R)-3
(90 mg, 0.196 mmol, 1 equiv) and dry CH,Cl, (10 mL). The
solution was heated under reflux for 2 h. After 1 h at rt the solu-
tion was concentrated in vacuo, the crude product was dissolved
in dry CH,Cl, (5 mL), and a solution of 4b (0.045 mL,
0.49 mmol, 2.5 equiv) and Et3N (0.082 mL, 0.59 mmol,
3 equiv) in dry CH,Cl, (5 mL) was added. The resulting solu-
tion was heated under reflux for 2 h. After cooling, the reaction
mixture was quenched with brine (20 mL), extracted with
CH,Cl, (3 x 25 mL), and dried (NaySOy4). The crude product
was purified by column chromatography (hexane/AcOEt 8:2 to
7:3) to yield 6b (44 mg, 37%). 'H NMR (CDCl3, 300 MHz,
25 °C) & 8.47 (s, 2H, binaphthyl), 8.10 (s, 2H, binaphthyl), 8.03
(m, 2H, phenyl), 7.60 (m, 6H, binaphthyl + phenyl), 7.37 (m,
4H, binaphthyl), 7.22 (m, 4H, phenyl), 1.83 (s, 6H, -COCH3).
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Compound 5b. K»,CO3 (91 mg, 0.66 mmol, 8 equiv) and H,O
(10 mL) were added to a solution of compound 6b (44 mg,
0.082 mmol, 1 equiv) and CH30H (10 mL). Then, the solution
was stirred for 4 h at rt. The reaction mixture was quenched
with 1 M HCI, extracted with CH,Cl, and dried (Na;SOy). The
solution was filtered and concentrated in vacuo and the crude
product was purified by column chromatography (hexane/
AcOEt 7:3) to yield 5b (25 mg, 68%). 'H NMR (CDCls,
300 MHz, 25 °C) 6 10.31 (brs, 2H, OH), 8.85 (s, 2H, binaph-
thyl), 7.97 (m, 2H, binaphthyl), 7.82 (m, 4H, phenyl), 7.40 (m,
8H, binaphthyl + phenyl), 7.17 (m, 4H, binaphthyl). The data
are consistent with those reported in the literature [46].

Compound 6d. (COCl); (0.28 mL, 3.21 mmol, 8 equiv) and
one drop of DMF were added to a solution of compound 3
(184 mg, 0.402 mmol, 1 equiv) and dry CH,Cl, (15 mL). Then,
the solution was heated at reflux for 2 h. After 1 h at rt the solu-
tion was concentrated in vacuo and the crude product was
dissolved in dry CH,Cl, (10 mL). This solution and a solution
of 4d (300 mg, 1 mmol, 2.5 equiv) in dry CH,Cl, (10 mL) were
added dropwise at the same rate over a period of 1 h to a solu-
tion of EtzN (0.279 mL, 2 mmol, 5 equiv) in dry CH,Cl,
(10 mL). The resulting solution was heated under reflux for 2 h.
After cooling, the reaction mixture was quenched with brine
(20 mL), extracted with CH,Cl, (3 x 25 mL) and dried
(NapSOy). The crude product was purified by column chroma-
tography (CH,Cl»/AcOEt 10:0 to 9:1) to yield 6d (61 mg,
15%). 'H NMR (CDCls, 300 MHz, 25 °C) & 8.46 (s, 2H,
binaphthyl), 8.04 (s, 4H, binaphthyl), 7.56 (d, 6H, binaphthyl +
phenyl), 7.35 (m, 6H, binaphthyl + phenyl), 6.97 (d, 8H, phe-
nyl), 1.84 (s, 6H, -COCH3), 1.53 (s, 18H, t-Bu).

Macrocycle (R,R)-10. (COCI), (0.381 mL, 4.38 mmol, § equiv)
and one drop of DMF were added to a solution of compound
(R)-3 (250 mg, 0.546 mmol, 1 equiv) in dry CH,Cl, (20 mL).
The solution was heated under reflux for 2 h. After 1 h at rt the
solvent was removed in vacuo and the crude product was
dissolved in dry CH,Cl, (35 mL). This solution and a solution
of 8 (109 mg, 0.546 mmol, 1 equiv) in dry CH,Cl, (35 mL)
were added dropwise at the same rate over a period of 1 hto a
solution of Et3N (0.228 mL, 1.64 mmol, 3 equiv) in dry CH,Cl,
(35 mL). The resulting solution was heated under reflux
overnight. After cooling, the reaction mixture was quenched
with brine (50 mL), extracted with CH,Cl, (3 x 50 mL) and
dried (NaySOy). The solution was filtered and concentrated in
vacuo, and the crude product was purified by column chroma-
tography (CH,Cly/AcOEt 9:1) to yield (R,R)-10 (7 mg, 4%).
[a]p® +101° (¢ 0.001, CH,Cl,); "H NMR (CDCl3, 75 MHz,
25 °C) & 8.58 (s, 4H, binaphthyl), 8.05 (m, 8H, phenyl), 7.50
(m, 16H, binaphthyl + phenyl), 6.97 (d, 8H, binaphthyl), 1.82
(s, 12H, -COCH3); 13C NMR (CDCl3, 75 MHz, 25 °C) & 168.7
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(0-CqOCH3), 163.5 (O-CqON), 154.6 (Cq), 143.1 (Cq), 133.8
(Cq), 133.3 (CH), 131.2 (Cq) 131.0 (Cq), 129.0 (CH), 128.7
(2CH), 128.0 (Cq), 127.0 (CH), 126.4 (CH), 125.1 (Cq), 121.1
(CH), 119.7 (2CH), 20.4 (COCH3); ESIMS m/z: 1267.5
(M + Nal*, 100%).

Macrocycle (R,R)-11. The title compound was prepared by
following the same procedure used for 10 but with diamine 9
used instead of 8. The crude product was purified by column
chromatography (CH,Cl,/AcOEt 98:2) to yield (R,R)-11
(18 mg, 4%). [a]p2® +56° (¢ 0.0015, CH,Cly); 'H NMR
(CDCl3, 75 MHz, 25 °C) $ 8.58 (s, 4H, binaphthyl), 8.25 (s, 4H,
phenyl), 8.07 (d, 4H, phenyl), 7.40 (m, 24H, binaphthyl + phe-
nyl), 1.83 (s, 12H, COCHj3); 13C NMR (CDCl3, 75 MHz,
25 °C) & 168.9 (O-CqOCH3), 163.8 (O-CqON), 143.0 (Cq),
138.1 (Cq), 133.9 (Cq), 131.3 (CH), 131.1 (2CH), 130.9 (Cq),
129.6 (Cq), 129.0 (CH), 128.9 (CH), 127.9 (Cq), 127.1 (CH),
126.3 (CH), 125.1 (Cq), 119.2 (2CH), 20.4 (CH3); ESIMS m/z:
1535.1 (M + NaJ*, 100%).

Macrocycle (R,R)-12. The title compound was prepared by
following the same procedure used for 10 but with (R)-7 used
instead of (R)-3. The crude product was purified by column
chromatography (CH,Cl,/AcOEt 99:1) to yield (R,R)-12 (6 mg,
5%). [a]*p +170° (¢ 0.0015, CH,Cl,); 'H NMR (CDCls,
300 MHz, 25 °C) 3 10.44 (s, 4H, NH), 9.07 (s, 4H, binaphthyl),
8.15 (d, 4H, binaphthyl), 7.78 (d, 8H, phenyl), 7.56 (t, 4H,
binaphthyl), 7.45 (t, 4H, binaphthyl), 7.27 (d, 4H, binaphthyl),
7.02 (d, 4H, phenyl), 3.33 (s, 12H, O-CH3); 13C NMR (CDCl;,
75 MHz, 25 °C) 8 162.3 (O-CqON), 154.0 (Cq), 153.5 (Cq),
135.2 (Cq), 134.5 (CH), 133.9 (Cq), 130.4 (Cq), 129.9 (CH),
129.0 (CH), 126.0 (CH), 125.3 (CH+Cq), 124.9 (Cq), 121.0
(2CH), 119.3 (2CH), 62.0 (OCH3); ESIMS m/z: 1155.4
(M + Nal]*, 10%).

TH NMR complexation experiments. All spectra were
recorded at 500 MHz and at 298 K. K, values for the complexa-
tion of (R,R)-12 with (n-BuyN"),X2™ (X2~ = ~0,C(CH;),CO,™,
~0,C(CH,)3CO, ") were assessed by nonlinear treatment of the
data obtained from 'H NMR titration experiments. Samples
were prepared by adding to a 0.5 mL solution of the host (5 mM
in CDCl3) successive aliquots of a stock solution of the guest
(62.5 mM in CDCl3), up to a final volume of 0.9 mL. Eight
values of d,,¢ for the H-4 resonances were collected by keeping
the [host] to [guest] ratio in the (1:0.25)—(1:10) interval.
Nonlinear regression analysis of d,,s versus [guest], using the
WinEQNMR for Windows software package [47], provided the
K, value.

Molecular modeling. Geometry optimizations for the struc-

tures presented were carried out, first by using the semiempir-
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ical PM3 method, and then refined at the B3LYP/6-31G(d)
level [48]. All calculations were performed at the Cineca super-
computer facility by using the Gaussian 09, Revision C.01
package [49].
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The pH-induced switching process of 2-(2-hydroxyphenyl)pyridine and 2-(2-methoxyphenyl)pyridine derivatives was investigated
with the help of UV spectroscopy. Quantum chemical calculations at the B3LYP/6-31G* level of theory were performed to show
that in the case of 2-(2-methoxyphenyl)-3-methylpyridine and 2-(2-hydroxyphenyl)-3-methylpyridine the rotation during the
switching process proceeds unidirectionally at the molecular level. If a 2-(2-methoxyphenyl)pyridine derivative is fixed to a chiral

cyclopeptidic scaffold, a unidirectional progress of the rotation is achieved macroscopically.

Introduction

A current topic that is rapidly expanding and the subject of
extensive research is the design of molecular analogues of
mechanical devices that are able to carry out movements
powered by external stimuli [1-14]. Numerous examples of
switches [15-18], rotors [19-22] and shuttles [23-28] that can be
controlled chemically, electrochemically, thermally or by illu-
mination have been described. One of the most challenging
aspects in the design of molecular devices is the creation of syn-

thetic molecular motors, which utilize the unidirectional move-

ments of smaller parts thereof and which, thus, should be able
to perform a physical task [2]. One important requirement for
the construction of a molecular motor is that at least one move-
ment of the motor proceeds unidirectionally. Such a unidirec-
tional movement was already realized for rotations around N-N
[29] and C-C [19,20,22,30,31] double bonds, around C-C
single bonds [21,32-36], mechanical bonds [37,38] and in metal
complexes [39-48]. A system for which unidirectional move-

ment was realized, by making use of two different concepts, is
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the 2,2'-bipyridine unit [32,34,35]. Rotation around the C-C
bond that connects the two pyridine units is induced by the add-
ition of a metal salt, which leads to the corresponding metal
complexes. The back rotation is caused by the removal of the
metal ion by the addition of cyclam, which complexes the metal
ions better than the 2,2'-biypridine unit does. 2-(2-Hydroxy-
phenyl)pyridine and 2-(2-methoxyphenyl)pyridine should show
a similar behavior (see Scheme 1) and therefore should also be
applicable as pivots in molecular switches. While 2,2'-biypri-
dine derivatives have been intensively used for molecular
devices [49-56], 2-(2-hydroxyphenyl)pyridine and 2-(2-
methoxyphenyl)pyridine derivatives, to our best knowledge,
have only been used as ligands for metal complexes, but not for
the construction of molecular switches [57-63]. Similar com-
pounds, such the bipyridindiols, were studied as molecular half-
subtractors, but they did not work unidirectionally [59]. Here
we investigate their usability as pivots, especially for unidirec-
tional rotations.

Results and Discussions

Concept

The switching process for 2-(2-hydroxyphenyl)pyridine (2) and
2-(2-methoxyphenyl)pyridine (3) should be achieved by the
addition of acid and base, respectively. In the case of 2 the dihe-
dral angle On_c_c_c(0), which describes the relative orientation
of the two aromatic units to one another, amounts to 0° [62,63].
This conformation is stabilized by the internal hydrogen bridge
between the hydroxy group of the phenol and the nitrogen of
the pyridine. A deprotonation of 2 to the penolate 1 leads to a
rotation around the C—C bond to the most stable conformation
of 1, which has a dihedral angle On_c_c—_c(0) of 180°. This con-
formation allows a maximum conjugation over both aromatic
rings and avoids the repulsion between the nitrogen lone pairs
and the negatively charged oxygen atom. A similar behavior
should be valid for 2-(2-methoxyphenyl)pyridine (3): in a
neutral or basic environment the conformation showing a dihe-
dral angle On_c_c_c(0) of 180° and thus avoiding the repulsive
interaction between the free electron pairs of the nitrogen and
the oxygen atoms, should be the more stable one (Scheme 1). A
protonation of the nitrogen inverts the relative energies of the
two conformers. Due to the internal hydrogen bridge the
conformer of 4 having a dihedral angle of 0° is the more stable
one.

In order to verify these assumptions, the rotational barriers for
1-4 were calculated by using B3LYP and the 6-31G* basis set
(Figure 1) [64]. Indeed, for 2 and 4 (red curves), which are able
to form internal hydrogen bonds, the conformations with a dihe-
dral angle of 0° are the more stable ones. In the case of 1 and 3
(blue curves), in which the repulsive interaction between the

lone pairs is the dominant one, the conformations exhibiting a
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Scheme 1: Principle of the switching mechanism of 2-(2-hydroxy-
phenyl)pyridine (2) and 2-(2-methoxyphenyl)pyridine (3).

dihedral angle of about 180° are energetically preferred. A
closer look at Figure 1 shows, however, that both systems as
such are not suitable for use as a unidirectional pivot. If the

phenolate 1 is protonated (grey arrow in Figure 1a), the most-

clockwise counterclockwise

0 50 100 150 200 250 300 350
dihedral angle GN,C,C,C(Q) [0]

clockwise counterclockwise

4 3 3 4

0 50 100 150 200 250 300 350
dihedral angle On_c_c—c(0) [°]

Figure 1: (a) Calculated energy profiles of the pyridine derivatives 1
(blue) and 2 (red) in relation to the dihedral angles Bn_cc-c(o) by use
of B3LYP/6-31G*. (b) Calculated energy profiles of the pyridine deriva-
tives 3 (blue) and 4 (red) in relation to the dihedral angles 8y_c_c—c(0)
by use of B3LYP/6-31G*.
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stable conformation of the phenol 2 can be reached either by a
clockwise or a counterclockwise rotation around the C—C single
bond (black arrows in Figure 1a). As the transition states for
both rotations show equal energies, both processes are
equiprobable. The same is true for the protonation of the meth-
oxyphenylpyridine 3 (black arrows in Figure 1b). Thus, proto-
nation of 1 and 3 does not lead to unidirectional rotation at the

molecular level.

In order to obtain a switching unit that shows a unidirectional
rotation process caused by protonation, the methyl derivatives
of 1-4, i.e., 5-8 (Scheme 2) were investigated by using
quantum chemical calculations at the B3LYP/6-31G* level of
theory. Due to the methyl group, all conformations with a dihe-
dral angle ON_c_c_c(0) of 180° represent energy maxima, and
the minima at dihedral angles of about 130° are pairwise enan-
tiomeric and separated by high energy barriers (Figure 2). Now
the rotations around the C—C bonds caused by the protonation
of the species 5 and 7 (gray arrows in Figure 2) take place in a
unidirectional manner at the molecular level: If for example (P)-
5 is protonated, a clockwise rotation to the most stable con-
formation of 6 is the energetically preferred process (thick black
arrow in Figure 2a). The energy barrier for this movement
amounts to only a few kJ'mol~!. In contrast, for a counterclock-
wise rotation, a transition state must be overcome that is more
than 45 kJ-mol~! higher in energy (thin black arrow in
Figure 2a). Thus, the rotation triggered by the protonation of
(P)-5 proceeds unambiguously clockwise. On the other side, a
protonation of (M)-5 leads to a unidirectional counterclockwise
movement. Even more pronounced is the unidirectionality for
the rotation triggered by the protonation of the 3-methylpyri-
dine 7: If (P)-7 is protonated, the difference between the energy
of the rotation barriers for the clockwise and the counterclock-
wise rotation around the C—C bond between the aromatic units,

°0 +H® o

L:N -H® {iN”H
T T
(M)-5 (M)-6

~0 + H@ :

SN -H S\
T T
(M)-7 (M)-8
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amounts to more than 55 kJ-mol~'. According to the Boltz-
mann distribution between the two transition states, the rotation
is almost completely (>99.9999%) unidirectional at 298 K.

(a)80] )
counterclockwise

counterclockwise

clockwise

E [kJ-mol]

10 (P8 (P)-5 (M)-5 (M)-6
0 50 100 150 200 250 300 350
dihedral angle eN*C*C*C(O) [
(b)go ;

E [kJ-mol]

counterclockwise

clockwise

(P)-8 (P)-7 (M)-7 (M)-8
0 56 1 (I)O 1 5’)0 2(I)0 2‘50 360 3‘50
dihedral angle eN,C,C,C(o) [o]

Figure 2: (a) Calculated energy profiles of the 3-methylpyridine deriva-
tives 5 (blue) and 6 (red) in relation to the dihedral angles 8y_c_c—c(0)
by use of B3LYP/6-31G*. (b) Calculated energy profiles of the
3-methylpyridine derivatives 7 (blue) and 8 (red) in relation to the dihe-
dral angles 6n_c-c-c(o) by use of B3LYP/6-31G™.

[:L ®
(0] +H
(@3

H s

N -H N
= =
(P)-6 (P)-5

Scheme 2: Principle of the switching mechanism of 2-(2-hydroxyphenyl)-3-methylpyridine (6) and 2-(2-methoxyphenyl)-3-methylpyridine (7).
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Figure 3: UV spectral change of phenolate 5 (blue) in dichloro-
methane (c = 5.6 x 107° M) at 20 °C upon addition of 10 (green), 20
(yellow) and 60 equiv TFA (6, red).

It must be emphasized that the rotation caused by the protona-
tion of 5 and 7 is unidirectional only with respect to a single
molecule. In equilibrium, the ratio between the P and M enan-
tiomers amounts to 1:1. As all P enantiomers perform a clock-
wise rotation and all M enantiomers a counterclockwise rota-
tion, the whole process (sum of all single processes) is not
unidirectional. One possibility to make the whole process at
least partly unidirectional is to transform the enantiomeric
conformers with a dihedral angle of about 150° into diastereo-
mers that are different in energy. Due to the energetic gap
between the diastereomers there will be an excess of one in
solution. As the majority of the switches will now rotate in one
direction (e.g., clockwise) and the minority will rotate in the
other direction (e.g., counterclockwise), the whole process will
now exhibit net unidirectionally (e.g., clockwise).

Proof of the switching process

The switching process can easily be observed by UV spec-
troscopy. The protonation was accomplished by the addition of
several equivalents of trifluoroacetic acid (TFA). If TFA is
added to the phenolate 5 (which was previously prepared by the
addition of 50 equiv tetrabutylammonium fluoride to 6) the
absorption band at 388 nm disappears and simultaneously the
band at 322 nm increases, while the band at 276 nm decreases
(Figure 3). The thus obtained spectrum resembles the spectrum
of the phenol 6. Thus the deprotonation—protonation process is
reversible. If TFA is added to a solution of 7 in dichloro-
methane (DCM), a new absorption band at 331 nm appears and
the peak at 290 nm decreases (Figure 4). This is nothing else
but a bathochromic shift of the band at 290 nm of 7 to higher
wavelengths. The addition of tetrabutylammonium fluoride

leads to the original spectrum.

Beilstein J. Org. Chem. 2012, 8, 977-985.

absorption

0.0 T T T
230 280 330 380 430
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Figure 4: UV spectral change of 3-methylpyridine 7 (blue) in dichloro-
methane (c = 5.6 x 1075 M) at 20 °C upon addition of 1 (yellow), 2.5
(green) and 20 equiv TFA (8, red).

The bathochromic shift during the transition from 3-methylpyri-
dine 7 to the protonated species 8 can be explained on the basis
of time-dependent density functional theory (TD-DFT) with the
B3LYP functional and by employing the 6-31G* basis set. The
absorption band at 290 nm for the 3-methylpyridine 7 as well as
the absorption band at 331 nm for the protonated 3-methylpyri-
dine 8 are dominated by the transition of an electron from the
HOMO to the LUMO (n—n* transition; Figure 5). In both
cases the HOMO is represented mainly by the p, orbitals of the
methoxyphenyl unit, whereas in the LUMO the p, orbitals of
the pyridine system prevail. A protonation of the nitrogen atom
leads to an energetic decrease of all orbitals. As the HOMO
exhibits only a small coefficient at the protonated nitrogen
atom, the energetic lowering of the HOMO (Ag = —3.89 eV)
caused by the protonation is less pronounced than the one
observed for the LUMO (Ag = —5.32 eV). The resulting
decrease of the HOMO-LUMO gap is responsible for the

4 J
o 9 ’
S
2
J

»
i\

Figure 5: HOMO (left) and LUMO (right) of the 3-methylpyridine 7
calculated by using B3LYP/6-31G*.
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bathochromic shift of the energetically lowest t—n* band. A
similar explanation can be found for the hypsochromic shift
caused by the protonation of the phenolate anion 5. In summary,
both the phenolate 5 and the pyridine 7 can be used as pH-trig-
gered pivots, and according to calculated energy profiles the
rotational movements during the switching process proceed in
both cases unidirectionally at the molecular level.

Unidirectionality of the switching process

As already mention above, the whole switching process (sum of
all molecular processes) becomes unidirectional if the enan-
tiomeric conformers with a dihedral angle of about 150° are
transformed into diastereomers that are different in energy. In
order to receive diastereomeric derivatives of 2-(2-hydroxy-
phenyl)-3-methylpyridine (6) and 2-(2-methoxyphenyl)-3-
methylpyridine (7) we intended to insert these units into a chiral
macrocycle. Therefore, we used the macrobicyclus 9 in which a
bridge consisting of two pyridine units spans over the peptidic
clamp 14 (Scheme 3). Due to the chirality of the clamp, the
bridge adopts a specific conformation (in this case the P con-
formation). The desired pyridine switches 10 and 12 can easily
be synthesized by a Suzuki reaction of the bipyridine 9 with
2-methoxyphenylboronic acid or 2-hydroxyphenylboronic acid,
respectively, using tetrakis(triphenylphosphine)palladium(0)
and potassium carbonate as a base in dioxane. In the resulting
switches 10 and 13 the more stable diastereomeric conforma-
tions should be those in which the methoxy group or the nega-
tively charged oxygen atom, respectively, is turned away from
the ethylene unit bridging the two pyridine units. In our case
that would be the isomers (M)-10 and (M)-13.

Beilstein J. Org. Chem. 2012, 8, 977-985.

According to full geometry optimization studies in which calcu-
lations at the B3LYP/6-31G* level of theory were performed,
the M isomer of 13 is more stable than the P isomer by
4.4 kJ-mol™!. This means that in equilibrium the ratio between
the diastereomers amounts to 85:15 in favor of the M isomer. In
the case of a protonation of the pyridine switch 13 the rotation
during the switching process will be in sum unidirectional (in
our case counterclockwise). In the case of the methoxyphenyl-
pyridine switch 10 the difference between the M and the P
isomer was calculated with B3LYP/6-31G* to be 2.1 kJ-mol ™!
in favor of the M isomer. According to this calculation the ratio
between the diastereomers amounts to 70:30. Unfortunately,
there is no hint toward a preference for the M conformer of 13
in solution: For example, in the 'H NMR spectrum of 13 signals
for only one conformer were found, even at lower temperatures,
which means that the diastereomers are rapidly interconverting
and the ratio between them cannot be determined by 'H NMR
spectroscopy. In the "H NMR of 10, the signals of two different
conformers are present and the ratio between the conformers is
about 60:40. However, it is not possible to determine which

isomer is the predominant one from 2D NOESY experiments.

Another possibility to test whether the switches adopt a
preferred conformation in solution is through the use of CD
spectroscopy. For this purpose, the CD spectrum of 13 in di-
chloromethane as the solvent was recorded (Figure 6a). Addi-
tionally, the CD spectra of (M)-13 and (P)-13 were simulated
with the time-dependent density functional theory (TD-DFT)
with B3LYP as a functional and by employing the 6-31G* basis
set (Figure 6b). TD-DFT calculations were performed at the

Scheme 3: Synthesis of the methoxyphenylpyridine switch 10 and the hydroxypyridine switch 12; reaction conditions: (i) 2-methoxyphenylboronic
acid, Pd(PPh3)4, K2CO3, HoO/dioxane, 80 °C, 16%; (ii) 2-hydroxyphenylboronic acid, Pd(PPh3)4, KoCO3, HoO/dioxane, 80 °C, 29%.
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Figure 6: (a) CD spectral change of pyridine switch 13 (blue) in di-
chloromethane (c = 5.6 x 10~5 M) at 20 °C upon addition of 10 (yellow)
and 30 equiv TFA (12, red). (b) Calculated spectra of (M)-13 (blue) and
(P)-13 (brown) by using TD-DFT-B3LYP/6-31G*.

optimized ground-state geometries of (M)-13 and (P)-13, calcu-
lating the energy, oscillator strength and rotatory strength for
each of the 200 lowest singlet excitations. The CD spectra were
simulated by overlapping Gaussian functions for each tran-
sition, for which the width of the band at 1/e height was fixed at
0.3 eV, and the resulting intensity of the combined spectrum
was scaled to the experimental values. A comparison between
the measured spectrum and the calculated spectra shows that
apparently neither the M nor the P isomer of 13 is predominant
in solution. Thus, the rotation, which is caused by the protona-
tion of 13 and which can be observed by a hypsochromic shift
of the energetic lowest n—n* band in the UV and CD spectrum,
does not proceed with net unidirectionally.

Another result is found for the switch 10: If we compare the
simulated spectra of (M)-10 and (P)-10, using time-dependent
density functional theory (TD-DFT-B3LYP/6-31G*; Figure 7b)
with the measured spectrum of 10 in DCM (Figure 7a), it
becomes evident that the M isomer is the prevailing one. The
protonation of the methoxyphenylpyridine switch 10 with TFA
leads to a bathochromic shift of the energetically lowest n—m*
band in the UV and the CD spectrum. As the M isomer is

present in solution in excess in relation to the P isomer, the

Beilstein J. Org. Chem. 2012, 8, 977-985.
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Figure 7: (a) CD spectral change of pyridine switch 10 (blue) in di-
chloromethane (c = 5.6 x 10~5 M) at 20 °C upon addition of 1 (yellow)
and 20 equiv TFA (11, red). (b) Calculated spectra of (M)-10 (blue) and
(P)-10 (brown) by using TD-DFT-B3LYP/6-31G*.

whole process is unidirectional even if the extent (percentage)
of unidirectionality is small.

Conclusion

In sum we were able to show that 2-(2-methoxyphenyl)pyri-
dine and 2-(2-hydroxyphenyl)pyridine derivatives can success-
fully be used as pivots. According to the calculated energy
profiles, the rotation movements during the switching of the
corresponding 3-methyl derivatives proceed unidirectionally at
the molecular level. In the case of 2-(2-methoxyphenyl)pyri-
dine we were able to construct a chiral switch that shows, in
relation to the entire ensemble of the molecules, a unidirec-
tional rotation, although the extent of unidirectionality is small.

Experimental

General remarks: All chemicals were reagent grade and were
used as purchased. Reactions were monitored by TLC analysis
with silica gel 60 F,s4 thin-layer plates. Flash chromatography
was carried out on silica gel 60 (230400 mesh). 'H and
13C NMR spectra were measured with Bruker Avance DMX
300 and Avance DRX 500 spectrometers. All chemical shifts
(3) are given in ppm. The spectra were referenced to deuterated

solvents indicated in brackets in the analytical data. HRMS
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spectra were recorded with a Bruker BioTOF III instrument.
UV absorption spectra were obtained with Jasco J-815 and
V-550 spectrophotometers. CD absorption spectra were
recorded with a Jasco J-815 spectrophotometer.

2-(2-Methoxyphenyl)-3-methylpyridine (7): To a solution of
1.07 mmol),
2-methoxyphenylboronic acid (151 mg, 0.99 mmol) and tetra-

2-bromo-3-methylpyridine (184 mg,

kis(triphenylphosphine)palladium(0) (45 mg, 3.9 mol %) in
dioxane (10 mL), a saturated potassium carbonate solution
(1 mL) was added. The mixture was purged with argon for
10 min and afterwards heated to 88 °C for 20 h. After cooling to
room temperature, water and ethyl acetate were added. The
aqueous phase was extracted with ethyl acetate. The organic
layers were combined and dried over magnesium sulfate, and
the solvent was removed in vacuo. The residue was purified by
column chromatography over silica gel (n-hexane/AcOEt 1:1).
The product was obtained as a colorless solid (77 mg, 39%).
"H NMR (500 MHz, CDCl3) § 7.74 (dd, /iy = 7.6 Hz, “Jy
= 1.9 Hz, 1H, Hy,), 7.59-7.58 (m, 2H, H,), 7.37-7.34 (m, 1H,
H,p), 7.09-7.06 (m, 2H, H,,), 6.99 (d, 3JH,H =8.2 Hz, 1H, Hy,),
3.84 (s, 3H, OCH3), 2.63 (s, 3H, PhCH3) ppm; '3C NMR (125
MHz, CDCl3) 8 157.9, 156.9, 155.4, 135.7, 131.1, 129.6, 129.5,
122.0, 121.2, 121.0, 111.3, 55.6, 24.7 ppm; IR (ATR) V: 3057,
2938, 2835, 1574, 1492, 1462, 1292, 1269, 1242, 1161, 1123,
1093, 1024, 870, 800, 750 cm™!; UV (CH,Cly) Apax, DM
(log €): 290 (2.97), 285 (2.97), 249 (3.01); HRMS-ESI (m/z):
[M + H]" caled for C13H3NO, 200.1070; found, 200.1116;
[M + Na]* caled for C;3H[,NONa, 222.0889; found, 222.0935.

2-(2-Hydroxyphenyl)-3-methylpyridine (6): 2-(2-
methoxyphenyl)-3-methylpyridine (7) (36 mg, 0.18 mmol) was
dissolved in dichloromethane (2 mL) and cooled to —70 °C.
Then a 1 M boron tribromide solution in dichloromethane
(0.6 mL, 0.60 mmol) was added. The mixture was warmed to
room temperature overnight. Subsequently the solution was
poured into a dichloromethane/water mixture. The organic layer
was separated and dried over magnesium sulfate, and the
solvent was removed in vacuo. The product was obtained as a
colorless solid (32 mg, 95%). 'H NMR (500 MHz, CDCls) &
14.72 (bs, 1H, OH), 7.86 (dd, 3Jy u = 8.0 Hz, %/yy jy = 1.6 Hz,
1H, Hyy), 7.74-7.73 (m, 2H, Hy), 7.32-7.28 (m, 1H, Hy,),
7.11-7.09 (m, 1H, Hyy), 7.34 (dd, 3Jypn = 8.2 Hz, 4y =
1.1 Hz, 1H, Hy,), 6.92-6.78 (m, 1H, Hy,), 2.63 (s, 3H, PhCH3)
ppm; 13C NMR (125 MHz, CDCl3) § 160.0, 157.1, 155.0,
138.2, 137.4, 126.2, 121.2, 118.7, 118.6, 116.2, 23.7 ppm; IR
(ATR) V: 3053, 2858, 2771, 2559, 2475, 2319, 1596, 1504,
1460, 1403, 1364, 1299, 1259, 1216, 1178, 1159, 1121, 1096,
1051, 989, 926, 883, 811, 746, 680 cm™'; UV (CH,Cly) Amaxs
nm (log €): 319 (2.84), 297 (2.80), 256 (2.92); HRMS-ESI
(m/z): [M + H]" calced for C1,H;1NO, 186.0913; found,
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186.0964; [M — H] ™ calcd for C;oH9NO, 184.0768; found,
184.0815.

Methoxyphenylpyridine switch (10): To a solution of dibro-
mide 9 (20 mg, 0.022 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (1 mg, 3.9 mol%) in dioxane (3 mL), a
saturated potassium carbonate solution (0.2 mL) was added.
The mixture was purged with argon for 10 min and afterwards
2-methoxyphenylboronic acid (14 mg, 0.092 mmol) was added
and the mixture was heated to 80 °C for 4 h. After cooling to
room temperature, water and ethyl acetate were added. The
aqueous phase was extracted with ethyl acetate. The organic
layers were combined and dried over magnesium sulfate, and
the solvent was removed in vacuo. The residue was purified by
column chromatography over silica gel (CH,Cl,/AcOEt/MeOH
75:25:2) and subsequently by HPLC. The product was obtained
as a colorless solid (3.3 mg, 16%). 'H NMR (500 MHz, CDCls)
3 8.54 (s, 1H, Hpyridine)> 8-14 (s, 1H, Hpyridine)> 7-38-6.93 (m,
8H, Hphenyl, NH), 5.78 (s, 1H, Hpyridine), 5-60 (s, 1H, Hyyridine),
5.48-5.31 (m, 2H, imidazole-CH,-pyridine), 5.08-5.00 (m, 2H,
imidazole-CH-NH), 4.92—-4.89 (m, 2H, imidazole-CH ,-pyri-
dine), 4.60-4.52 (m, 2H, CO-CH-NH), 3.76-3.72 (m, 3H,
OCHj3), 2.67-2.44 (m, 4H, CH(CH3),, CH,CH,), 2.38-2.28 (m,
2H, CH(CH3);), 1.70-1.61 (m, 2H, CH,CH}), 2.21-2.06 (m,
6H, imidazole-CH3), 1.16-1.13 (m, 12H, CH(CH3),),
1.00-0.92 (m, 12H, CH(CH3),) ppm; 13C NMR (125 MHz,
CDCl3) 6 171.11, 162.42, 162.25, 146.48, 146.34, 145.20,
144.90, 142.95, 134.57, 133.20, 131.62, 131.08, 130.53, 130.22,
111.00, 59.06, 55.54, 51.28, 51.10, 45.30, 44.64, 38.30, 34.05,
33.18, 30.92, 19.74, 19.70, 18.91, 18.81, 17.43, 13.34, 10.32,
10.11 ppm; IR (ATR) V: 3395, 2961, 2929, 2872, 2362, 2324,
1664, 1594, 1497, 1461, 1435, 1389, 1372, 1328, 1269, 1237,
1192, 1154, 1111, 1090, 1052, 1024, 957, 923, 892, 856, 797,
754,730 cm™!; UV (CH,Cl) Amax, nm (log €): 295 (2.95); CD
(CH;,Cly) A nm (Ae M~ lem™1): 280 (+8.5), 252 (—26.3);
HRMS-ESI (m/z): [M + H]" caled for C49Hg 3 BrN(Os,
951.4074; found, 951.4129; [M + Na]" caled for
C49H6081BrN]005Na, 973.3893; found, 973.3977.

Hydroxyphenylpyridine switch (12): To a solution of dibro-
mide 9 (20 mg, 0.022 mmol) and tetrakis(triphenyl-
phosphine)palladium(0) (1 mg, 3.9 mol %) in dioxane (3 mL), a
saturated potassium carbonate solution (0.2 mL) was added.
The mixture was purged with argon for 10 min and afterwards
2-hydroxyphenylboronic acid (14 mg, 0.102 mmol) was added
and the mixture was heated to 80 °C for 9 h. After cooling to
room temperature, water and ethyl acetate were added. The
aqueous phase was extracted with ethyl acetate. The organic
layers were combined and dried over magnesium sulfate, and
the solvent was removed in vacuo. The residue was purified by

column chromatography over silica gel (CH,Cl,/AcOEt/MeOH
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75:25:2) and subsequently by HPLC. The product was obtained
as a colorless solid (5.9 mg, 29%). '"H NMR (500 MHz, CDCls)
8 8.48 (s, 1H, Hpyrigine)> 822 (s, 1H, Hpyridine), 7-45 (d, 3y =
7.3 Hz, 1H, Hpheny1), 7.31~7.28 (m, 3H, Hphenyl), NH-CH-
imidazole), 7.13 (d, 3Jyy = 7.3 Hz, 1H, Hphenyl), 7.06 (d,
3Jun = 8.8 Hz, 2H, NH-CH-CO), 6.96-6.91 (m, 1H, Hphenyl),
5.92 (s, 1H, Hpyridine)> 5-57 (8, 1H, Hpyridine)> 5-47 (d, 1H,
2Jiy.n = 17.0 Hz, imidazole-CH,-pyridine), 5.36 (d, 1H, 2/ =
17.7 Hz, imidazole-CH,-pyridine), 5.07 (d, 1H, 2Jyy =
17.0 Hz, imidazole-CH,-pyridine), 4.98-4.88 (m, 3H, pyridine-
CH-NH, imidazol-CH,-pyridine), 4.56-4.51 (m, 2H, CO-CH-
NH), 3.19 (td, 2/ p = 14.2 Hz, *Jyyy = 5.9 Hz, 1H, CH,CHy),
2.93 (td, 2Jyu = 13.2 Hz, 3Jyu = 5.5 Hz, 1H, CH,CH>),
2.56-2.43 (m, 2H, CH(CHs),), 2.36-2.27 (m, 2H, CH(CH3),),
2.24 (s, 3H, imidazole-CH3), 2.12 (s, 3H, imidazole-CH3),
1.99-1.91 (m, 1H, CH,CH,), 1.85 (td, 2/ = 13.2 Hz, 3y =
4.7 Hz, 1H, CH,CHj,), 1.15-1.14 (m, 12H, CH(CH3),),
1.00-0.93 (m, 12H, CH(CH3);) ppm; 13C NMR (125 MHz,
CDCl3) 8 171.05, 171.01, 162.29, 161.72, 156.33, 146.58,
146.28, 145.43, 143.18, 138.30, 135.53, 135.51, 135.03, 135.02,
133.42, 133.39, 133.13, 131.71, 130.92, 129.99, 129.89, 121.22,
119.52, 117.95, 59.06, 59.05, 58.99, 58.93, 51.21, 51.08, 44.75,
44.26,37.57, 34.27, 33.23, 33.18, 30.81, 30.77, 19.72, 19.70,
18.91, 18.76, 18.69, 17.42, 17.41, 17.39, 10.19, 10.05 ppm; IR
(ATR) V: 3357, 3280, 2962, 2927, 2872, 2357, 2324, 1660,
1593, 1504, 1455, 1425, 1389, 1372, 1329, 1292, 1250, 1221,
1197, 1153, 1053, 1023, 991, 957, 891, 858, 835, 815, 800, 755,
732, 680 cm ™ 1; UV (CH,Cly) Amax, nm (log €): 305 nm (2.73);
CD (CH,Cly) A, nm (Ae M~ lem™): 285 (+3.4), 268 (+6.7), 252
(-16.2); HRMS-ESI (m/z): [M + H]' calcd for
C43Hs081BrN;Os, 937.3917; found, 937.3889; [M + Na]™
caled for C4gHsg3 BN ¢Os, 959.3737; found, 959.3730.
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Photochromic switches that are able to transmit information in a quick fashion have attracted a growing interest within materials

science during the last few decades. Although very fast photochromic switching materials working within hundreds of nanosec-

onds based on other chromophores, such as spiropyranes, have been successfully achieved, reaching such fast relaxation times for

azobenzene-based photochromic molecular switches is still a challenge. This review focuses on the most recent achievements on

azobenzene-based light-driven real-time information-transmitting systems. Besides, the main relationships between the structural

features of the azo-chromophore and the thermal cis-to-frans isomerisation, the kinetics and mechanism are also discussed as a key

point for reaching azoderivatives endowed with fast thermal back-isomerisation kinetics.

Introduction

Nowadays, there is an ever growing interest in molecular
switching materials because of the very rapid development of
modern technology. This tendency arises from the great applic-
ability of such systems as active data elaboration, storage and
communication elements in many devices, such as optical
systems for opto-electronics, holographic materials and multi-
colour displays. Hence, there is a high motivation for the molec-
ular design and study of innovative materials for this purpose.

“Molecular switches” denote molecular systems, either small

molecules or supramolecular species, that can be reversibly
shifted between at least two different states [1]. As a conse-
quence of the molecular change produced by the application of
an external input energy, a significant modification of some of
the properties of the molecule, e.g., mechanical, magnetic, elec-
trical, optical, etc., is induced. Many diverse organic molecules
have been investigated for molecular switching applications.
Based on these, monomolecular photochromic [2-4], fluores-
cence [5,6], chirality [7-9], redox [10] and acid—base [11-13]
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switches have been successfully reported during the past few
decades. The interconversion between the different states of the
molecular switch can be performed by a great variety of envi-
ronmental stimuli, which can be classified into three main
groups: light energy, electrical energy and chemical energy (pH,
solvent, the presence of a determined metal or ligand, etc.).
Moreover, in some cases, a combination of some of them is
required so as to endow the final material with multifunction-
ality. In comparison with chemical stimulation, both electro-
chemical and mainly photochemical excitation can be switched
back and forward easily and rapidly. On the other hand, the use
of light and electricity means that not only the switching of the
probe but also the monitoring of the operation can be performed
simultaneously. Furthermore, these two external input energies
are the easiest to use in macroscopic device engineering. Specif-
ically, light-responsive materials are themselves attractive
because light allows a clean, quick and remote operation
without the need for direct contact to the material.
Photochromism is defined by IUPAC as a “light-induced re-
versible change of color” [14]. Organic photochromic molec-
ular switches are based on molecules that can be reversibly
interconverted, with at least one of the reactions being induced
by light excitation, between two forms with different absorp-
tion spectra [15]. These two forms differ also in many other
physical properties, such as their redox potential, fluorescent
intensity, acid/base strength, dielectric constant, dipolar
moment, molecular shape, and so on. Traditionally, this type of
organic system has been widely used for analytical purposes,
but at the present moment, they are widely required for many
technical uses, for instance, binary systems for logic gates in

spiropyranes

fulgides

stilbenes
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computing or signal transmission devices. Many different
organic photochromic molecules are known in photochemistry,
such as azobenzenes, stilbenes, spiropyranes, fulgides,
diarylethenes and chromenes among many others (Figure 1)
[16]. The photochromic processes that take place when such
compounds are illuminated can be divided in three different
classes: trans—cis—trans isomerisations, photo-induced ring-

closing reactions and photo-tautomerism [17].

Depending on the thermal stability of the photogenerated
isomer, photochromic systems can be classified in two cate-
gories [18]:

e P-type (photochemically reversible type); these do not revert
to the initial isomer even at elevated temperatures (e.g., fulgides
and diarylethenes).

e T-type (thermally reversible type); the photogenerated isomer
thermally reverts to the initial form (e.g., azobenzenes, stil-

benes or spiropyranes).

One of the most used organic chromophores for optical
switching applications are certainly azobenzenes. Azobenzene,
a photochromic T-type system, exhibits a reversible isomerisa-
tion process between its trans and cis isomers of different
stability. In this process, the photoreaction simply causes the
rearrangement of the electronic and nuclear structure of the
molecule without any bond breaking. Moreover, the totally
clean reverse cis-to-trans conversion also takes place thermally

in the dark, spontaneously (Figure 2). It should be also noted

diarylethenes chromenes

OFF
state

ON
state

Figure 1: Some important families of photochromic compounds and their photochromic reactions.
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Figure 2: Photochromism of azobenzene derivatives and energetic
profile for the switching process.

that if the cis-to-trans back reaction is induced by visible-light
excitation instead of thermally, then the formation of phenyl
radicals may occur and dediazotation can be observed [19,20].

Azobenzene-based photochromic systems are under kinetic
control; that is, after a photochemical conversion, whose rate
depends mainly on the intensity of the excitation beam, the
spontaneous thermal back reaction occurs. While the photo-
induced trans-to-cis isomerisation reaction can be performed in
a few femtoseconds with a light source that is powerful enough,
the rate of the thermal cis-to-frans back reaction depends
greatly on the chemical architecture of the system. It is well
known that the appropriate modification of the substitution of
the azobenzene core is one of the main factors that allows
modulating the thermal relaxation rate of azo-dyes and, there-
fore, determines the response time of the photochromic molec-
ular switch. The response time of the photochromic switch is a
key feature in its overall performance. This parameter is directly
related with the thermal isomerisation rate of the photo-sensi-
tive azo-dye in the dark, that is, with the relaxation time of the
cis isomer of the azo-moiety. Slow thermally back-isomerising
azoderivatives are valuable photoactive basic materials for
information storage (memory) purposes. A molecular-level
memory should be stable and easy to write, and, moreover, its
switched form should be stable but readily erasable when neces-
sary. However, for azobenzene-based photochromic switches
that can be used in real-time information-transmitting systems
as well as optical oscillators, it is essential that the return to the
thermodynamically stable ¢rans form in the dark occurs as fast
as possible, that is, as soon as the optical stimulation is removed

the molecule should revert to its initial state. In fact, the infor-
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mation is expected to be transmitted at the molecular scale with
response times ultimately within the nanosecond or picosecond
range. Even though some chromophores, such as spiropyranes,
have been already proved to show very fast thermal back reac-
tions occurring within hundreds of nanoseconds [21-23],
reaching such fast relaxation times for azobenzene-based
photochromic molecular switches is still a challenge. This aim
has attracted a great deal of attention over the past few years
due to the potential application of fast photoactive azobenzene-
based materials in micropumps and autonomous valves that
simulate the beating of the heart; photoactive polymers that
mimic cilia movement; and artificial muscles for robotics or
molecular rotary motors, among others [24-33]. Moreover,
besides photochromic switching, azobenzenes with different
isomerisation rates have been successfully applied very recently
for both photoelectronic [34-37] and photomagnetic actuating
purposes [38].

In this review, we present the efforts made in our research
group over the past few years regarding the molecular design of
new photosensitive azoderivatives endowed with very fast cis-
to-trans thermal isomerisation processes, with the main aim of
transmitting optical information beyond the time scale of
microseconds, as well as to produce molecular materials with
high oscillation frequencies in their optical properties. In addi-
tion, the possible design of such materials in such a way that
they would be soluble in water (an environmentally friendly
solvent) could be a noteworthy benefit since it opens a new
door for further uses of these molecules in both biological and
medical applications, such as photochromic ion-channel
blockers [39], or allowing the photocontrol of neurotransmit-
ters in the central nervous system [40,41]. Additionally, some of
the azobenzene-based photochromic switches reported hereto-
fore require temperatures substantially above 298 K to achieve
a rapid thermal isomerisation of the azo-dye [42,43]. This fact
limits substantially the usefulness of the final device. In this
way, finding new azoderivatives exhibiting fast isomerisation
rates at room temperature is a challenging point of research and,
consequently, also one of the main topics of the present work.
With this purpose in mind, three different types of azoderiva-
tives were designed and studied (Figure 3). Firstly, we investi-
gated such azoderivatives that exhibit a 4-donor-4’-acceptor
substitution (#ype-I), that is, bearing a push—pull configuration.
Secondly, kinetic studies of different azophenolic systems
(type-II) will be presented, since these azoderivatives exhibit a
fast thermal back reaction due to their capability to establish an
azo-hydrazone tautomeric equilibrium. Both #ype-I and type-11
azoderivatives allowed the transmission of information within a
few of milliseconds. Finally, those azo-dyes that combine both
phenomena (type-I1I) were tested, registering action speeds

down to some tens of microseconds.
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type-I: azoderivatives with push—pull configuration
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Figure 3: General overview of the different types of azoderivatives presented in this review.
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Type-l azoderivatives: photochromic switches
acting within the millisecond time scale,
based on chromophores with a push—pull

configuration

The electronic spectra of the stable trans isomer of type-1
azoderivatives 1-4, display a high-intensity band peaking at ca.
355 nm, corresponding to the n—n" transition, and a weak
broad-band signal at ca. 450 nm, associated with the n—x" tran-
sition. Upon UV-irradiation, the trans-to-cis photoisomerisa-
tion occurs, producing a decrease in the intensity of the 355 nm
band and an increase in the 450 nm signal until the photosta-
tionary state is reached, that is, the inverse process of that

shown in Figure 4 [44].
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Figure 4: Changes in the electronic spectrum of a 3 cis-to-trans
isomerising ethanol solution at 45 °C (At = 360 s, [3] = 30 uM). From
[44] — Reprinted with permission from J. Phys. Chem. B. © 2010,
American Chemical Society.

The kinetics of the thermal cis-to-frans isomerisation process
for azo-dyes 1-6 were analysed by conventional UV—vis spec-
troscopy. Since these azoderivatives are not water-soluble,
ethanol was used as a solvent instead of water. The unimolecu-
lar thermal cis-to-trans isomerisation process in the dark obeys
Equation 1.

Ady = My, +Adye" 1)

where A4, A4y and A4, correspond to the absorbance change
at time ¢, ¢t = zero and ¢ = infinite, respectively, and t is the
relaxation time of the corresponding cis isomer. The relaxation

times were derived from plots of the absorbance, A4, versus

Beilstein J. Org. Chem. 2012, 8, 1003-1017.

time by fitting Equation 1 to the experimental data, which
perfectly described a first-order profile.

Azocompounds 1-4 presented very slow thermal cis-to-trans
isomerisation kinetics showing relaxation times for their
thermal back reactions from several hours to a few days
(Figure 5) [44].

Figure 5: Chemical structure and thermal relaxation time in ethanol at
298 K, 1, for the slow thermally-isomerising type-/ azoderivatives 1-4.

The rate of the thermal cis-to-frans back reaction is clearly
determined by the intimate mechanism through which the
process takes place. This mechanism has attracted much atten-
tion for many years and has given rise to controversy. For the
process, two different extreme mechanisms have been proposed
(Figure 6); one involving a simple rotation around the N-N
bond [45,46], and another implying an inversion, in-plane
lateral shift, through a linear transition state [47-49]. However,
recent advances in both gas phase and in solution point out that
some mixed mechanisms, such as the concerted inversion or the
inversion-assisted rotation, can also be possible pathways for

the trans-to-cis photoisomerisation of azobenzenes [50-52].

The measurement of the volumes of activation for these
processes provides unequivocal evidences regarding the opera-
tion of the inversion or rotation isomerisation mechanism
[53,54]. The volumes of activation for the thermal cis-to-trans
isomerisation process of azobenzenes 1-3 were all close to zero,
as expected [44]. These values perfectly correlate with those
found in the literature for the azobenzene-bridged crown-ether
3,3’-[1,10-diaza-4,7,13,16-tetraoxa-18-crown-6]-biscarbonyla-
zobenzene, which thermally isomerises by the inversion mecha-
nism, because of its impossibility to evolve through the rota-

tional pathway due to structural restrictions [55]. Therefore, not
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Figure 6: Rotation and inversion mechanisms proposed for the thermal cis-to-trans isomerisation processes of azobenzenes.

only acetylated (1) and alkoxylated (2 and 3) azo-dyes, but also
the parent nonsubstituted one (4), thermally back-isomerise
through the inversion mechanism [44]. Both 4-cyano-4’-(5-
hexenyloxy)azobenzene (5) and 4-(5-hexenyloxy)-4’-nitroa-
zobenzene (6) show a gradual increase in the strength of their
push—pull electronic distribution as a consequence of the place-
ment of the electron-withdrawing cyano or nitro groups in one
of the para-positions of the azobenzene core. This structural
variation produces a red shift of the n—n" transition to 375 nm
with respect to that of the parent nonsubstituted azo-dye 4 (355
nm). In azoderivatives 5 and especially 6, their =—7" transition
is very close or directly overlapped with the n—n" one, due to
an increase in the 7 orbital energy and a decrease in the energy
of the * orbital. Subsequently, a clear decrease of the relax-
ation time from 70 h (compound 4) to 6 h or 24 min for
azoderivatives 5 and 6, respectively, is detected (Figure 7).

According to the trend observed for azoderivatives 4, 5 and 6
(Figure 7), the design of a new series of azoderivatives, bearing

a pyridine ring (compound 7) or a pyridinic cation (compounds

or
N
4

5

t=70h 1=6.0

8 and 9) as an electron-withdrawing group, was carried out.
This feature allowed the creation of azo-dyes with a much
stronger push—pull configuration than the nitro-substituted com-
pound 6 and, thereafter, faster thermal isomerisation rates were
obtained. As a consequence, the trans-8 and trans-9 exhibit
intense peaks centred at 410 and 400 nm, respectively, corres-
ponding to the allowed m—n* transition, which is totally over-
lapped with the n—n* one and highly shifted to the visible zone
of the electromagnetic spectrum. It should be highlighted that
this band is red-shifted by 50-60 nm with respect to that of the
non-push—pull pyridine precursor 7, which exhibits its =—m*
transition at ca. 350 nm, and also 25-35 nm red-shifted from the
previously mentioned cyano- or nitro-azobenzene derivatives.
This notable red-shift of the absorption wavelength arises from
the strong charge transfer from the alkoxy group to the positive-
ly-charged nitrogen atom of the pyridinium salt. Figure 8 shows
the transient absorption generated upon pulsed laser irradiation
of ethanol solutions of azo-dyes 8 and 9 at 298 K. The relax-
ation times for cis-8 and cis-9 are 2.8 ms and 570 us, respect-

ively (Figure 9).

N N

h T =24 min

Figure 7: Effect of the presence of the electron-withdrawing cyano and nitro groups on the thermal relaxation time in ethanol at 298 K, T, for the type-/

azoderivatives 5 and 6.
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Figure 8: Transient absorption generated by UV irradiation (A = 355 nm) for azo-dyes 8 (right) and 9 (left) in ethanol at 298 K ([AZO] = 20 uM, Agps =
420 nm for 8 and 405 nm for 9). From [56] — Reprinted with permission from Org. Lett. © 2010, American Chemical Society.
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Figure 9: Effect of the presence of a positively charged nitrogen as an electron-withdrawing group on the thermal relaxation time at 298 K, 1, for the

type-l azoderivatives 8 and 9.

Figure 10 depicts the proposed mechanism for the thermally-
activated cis-to-trans isomerisation of the cis isomers of the
push—pull azopyridinium methyl iodide salts 8 and 9. The
strong electron transfer from the alkoxy group to the pyri-
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Figure 10: Mechanism proposed for the thermal cis-to-trans isomeri-
sation process for the push—pull azopyridinium methyl iodide salts 8
and 9. From [56] — Reprinted with permission from Org. Lett. © 2010,
American Chemical Society.
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dinium salt produces a partial breaking of the double N-N bond
of the azo moiety, thereby facilitating the rotation around this
bond to recover the more stable initial trans configuration in a
quick fashion [56].

Type-Il azoderivatives: photochromic
switches acting within the milliseconds time
scale, based on chromophores able to estab-

lish azo-hydrazone tautomeric equilibria
Hydroxy-substituted azobenzenes are a very interesting family
of rapidly thermally isomerising azoderivatives, which have
been applied successfully not only for light-driven optical
switching applications [43], but also as photoactive monomers
in elastomers for light-sensitive artificial muscle-like actuators
[57]. In 2005, Kojima et al. found that 4-hydroxyazobenzene
(11), the simplest azophenol, was endowed with a fast thermal
cis-to-trans isomerisation process [58]. In fact, further experi-
ments with this compound demonstrated a relaxation time
of 205 ms for its back reaction at room temperature in
ethanol [59].
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t=70h =311 ms

Figure 11: Comparison between the thermal relaxation time at 298 K,
1, for the azoderivative 4 (type-/) and the azophenol 10 (type-Il).

The comparison between the relaxation time for the thermal cis-
to-trans isomerisation of 4-(5-hexenyloxy)azobenzene (4) and
that of 4-hydroxy-4’-(5-hexenyloxy)azobenzene (10) revealed
very different behaviours. While the azoderivative 4 exhibits a
very slow thermal isomerisation, which can be nicely followed
by conventional time-resolved absorption spectroscopy, the
thermal back reaction of azophenol 10 must be determined by
the laser flash-photolysis technique. Indeed, the thermal cis-to-
trans isomerisation kinetics of cis-10 is up to 8 x 10° times
faster than that for the nonsubstituted counterpart 4 (311 ms

AT

OCH,
N, /@
SN
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versus 70 h, respectively, Figure 11). This feature provides evi-
dence for a clear influence of the phenol group on the thermal
isomerisation process. The same conclusion can be extracted
when comparing the isomerisation kinetics of azophenol 11
with that of azobenzene.

Some insights into the relation between both the chemical struc-
ture and the observed kinetic behaviour can be obtained from
the study of different para-, ortho- and poly-hydroxy-substi-
tuted azobenzenes. There is not only a clear influence of the
number and the placement of the hydroxy groups within the
azobenzene core, but also of the nature of the solvent used.
Both para-mono-substituted azophenols 11 and 12 exhibit fast
thermal isomerisation kinetics in ethanol at 298 K with relax-
ation times of 205 and 306 ms, respectively (Figure 12).
Remarkably, the relaxation times for these two azocompounds
increase in toluene by four orders of magnitude up to 31 and 28
minutes, respectively (Figure 12 and Figure 13). In addition, the
analogous para-di-substituted azophenol 13 shows a similar
behaviour: relaxation times of 33 min and 306 ms in toluene

and ethanol, respectively [59].

OH
T
o
HO

11 12 13
ethanol 1=205ms 1 =306 ms T =265 ms
toluene 7 =31 min T =28 min T =33 min

Figure 12: Solvent effect on the thermal relaxation time at 298 K, 7, for the type-Il azophenols 11-13.
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Figure 13: Transient generated by irradiation with UV-light (A = 355 nm) for the type-Il azophenol 12 in ethanol (left) and changes in the electronic
spectrum of a 12 cis-to-trans isomerising toluene solution at 298 K (At = 120 s, [12] = 20 yM). From [59] — Reproduced by permission of the PCCP

Owner Societies.
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The differential kinetic behaviour detected for azophenols
11-13 in toluene and ethanol clearly evidences that the inter-
molecular interactions established between both the chro-
mophore and the solvent molecules control the rate of the
isomerisation process for type-II azoderivatives. The formation
of intermolecular hydrogen bonds between the nitrogen atom of
the azo group and the solvent proton, as well as between the OH
group of the azo-dye and the solvent, favours a hydrazone-like
electronic distribution with a simple N-N bond, which seems to
be the key to the fast thermal isomerisation kinetics observed.
In this way, the rotation around the N-N bond facilitates the
recovery of the more stable trans isomer (Figure 14) [46,59-61].

The completely different kinetic behaviours observed between
the alkoxy- and hydroxy-substituted azo-dyes reflect that some
alteration in their intimate isomerisation mechanism occurs. The
rapid thermal cis-to-trans isomerisation of the hydroxy-substi-
tuted azo-dyes suggests that their back reaction takes place via
the rotational pathway, through a polar transition state with a
partial breaking of the N-N double bond; however, in the case
of the alkoxy-substituted azoderivatives the isomerisation
process proceeds by the inversional mechanism (Figure 14).

Ortho-substituted azophenols show much shorter cis-relaxation
times than their para-substituted counterparts in toluene solu-
tion, e.g., 31 min for cis-11 versus 650 ms for cis-14
(Figure 15). This can be understood bearing in mind that
azocompound 11 should undergo dimerization prior to its
isomerisation in toluene. Nevertheless, the formation of an
intramolecular hydrogen bond [62] in the ortho-substituted
compound 14 can take place independently of the solvent; this
promotes the hydrazone-like tautomeric form and, therefore, the
fast isomerisation process can occur in both protic (ethanol) and
nonprotic (toluene) solvents. All three ortho-substituted azophe-
nols (14-16) show slightly slower kinetics in toluene than in
ethanol, which can be assumed to be because of the impossi-
bility of the former solvent to establish hydrogen bonding with

the azo-dye molecules.

Beilstein J. Org. Chem. 2012, 8, 1003-1017.

cis-4 H

H

trans-azo-10 cis-azo-10 1)

u u
Po g ROQE;

N
|
(rotation)
o
trans-hydrazone-10 cis-hydrazone-10

Figure 14: Proposed isomerisation mechanisms for the thermal cis-to-
trans isomerisation of the alkoxy-substituted azoderivative 4 (type-/)
and the azophenol 10 (type-Il).

In the wake of these promising results, especially of that of the
di-substituted azophenol 16 in ethanol, we devised a possible
strategy for decreasing the relaxation time of the photochromic
switch by placing two hydroxy groups in the same ring of the
azobenzene moiety, to obtain an added effect of the two
hydroxy groups. The relaxation time of the ortho-para-di-
substituted azophenol cis-17 was 12 ms in ethanol and 53 ms in
toluene, respectively. Indeed, the presence of two hydroxy
groups in both ortho- and para-positions of the same ring of the

azobenzene core produces a significant acceleration of the

14 15 16
ethanol 1 =399 ms 1 =302 ms =175 ms
toluene 1 =650 ms 1=418 ms 1=416 ms

Figure 15: Solvent effect on the thermal relaxation time at 298 K, r, for the type-II ortho-substituted azophenols 14-16.
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process by a cooperative effect. This is not observed when the
two hydroxy groups are placed in different rings of the azoben-

zene molecule (see Figure 16, azophenol 16 versus 17).

Moreover, the poly-hydroxy-substitution of the azobenzene
core, such as in 2,4,4’-trihydroxyazobenzene (18), considerably
decreases the relaxation time down to 6 and 33 milliseconds in
ethanol and toluene, respectively, in comparison with its dihy-
droxy-substituted counterparts 13, 16 and 17 (Figure 17).
Figure 18 shows the transients for the poly-substituted azo-
phenol 18 in both ethanol and toluene at 298 K [59]. In fact, the
cis isomers of both azoderivatives 17 and 18 show the lowest
relaxation times of all the azophenol derivatives presented in
this section.

Type-lll azoderivatives: optical switches
acting within the microsecond time scale,
based on azo-dyes exhibiting both azo-
hydrazone tautomerism and a push—pull

electronic distribution

Among all the azoderivatives presented up to now in this
review, azopyridinium methyl iodide salts are the fastest ones
(azo-dyes 8 and 9, see Type-I azoderivatives) [56]. These
azoderivatives exhibit a strong push—pull configuration, which
favours the rotational isomerisation mechanism. The relaxation
time of type-I azoderivatives ranged from several days to
hundreds of microseconds. Specifically, azoderivatives 8 and 9
showed relaxation times of 2.8 ms and 570 ps in alcoholic solu-

OH H
N. /( ]
~N /@iN\\N
OH HO OH

16 17
T=175ms ‘r=12my

T=6ms

Figure 17: Effect of the poly-hydroxylation of the azobenzene core on the thermal relaxation time at 298 K, T, for the type-Il azobenzenes:

azophenol 18.
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Figure 18: Transients generated by irradiation with UV-light (A = 355 nm) for the poly-substituted azophenol 18 in ethanol (left) and toluene (right) at
298 K. ([18] = 20 pM). From [59] — Reproduced by permission of the PCCP Owner Societies.

tions at 298 K, respectively (see Figure 8). As mentioned above,
the relaxation time of type-II azophenols ranged from 400 ms to
6 ms in ethanol, depending on the position of the phenol groups
within the azobenzene core. However, both types of azoderiva-
tives are still too slow for use as light-driven real-time informa-
tion-transmitting systems or photo-driven optical oscillators.

The combination in the same molecule of both types of rota-
tional-isomerising azo-dyes was suggested to afford very
rapidly thermally isomerising azoderivatives [63]. This section
collects different families of azoderivatives that combine the
two strategies aforementioned: the presence of powerful elec-
tron-withdrawing groups, like nitro or pyridinium salts, and the
existence of a phenol function in the convenient positions (2’
and 4’) of the azobenzene core. This feature allows one to
obtain highly conjugated systems that extremely favour the
thermal isomerisation through the rotational pathway and
recovery of the thermodynamically stable frans form in a very

quick fashion. In this manner, the thermal cis-to-trans relax-

ation time for these azoderivatives decreases considerably and,
therefore, a further increase in the information transmission

capability of the final photochromic switch is observed.

In order to get an idea of the benefits of this strategy it is worth
comparing the first the relaxation times of parent azocom-
pounds. Azophenol 11 shows a relaxation time of 205 ms for its
thermal isomerisation in ethanol at 298 K (see Figure 12). The
introduction of the electron-withdrawing cyano group in the
position 4’ of the azophenol (compound 19) caused the relax-
ation time of the 4’-cyanoazophenol 19 to decrease 10-fold
compared to that of the parent azophenol 11 (27 ms versus 205
ms). The relaxation time decreased even further for the
4’-nitroazophenol 20 showing a t value of 4.6 ms (Figure 19
and Figure 20). Hence, upon going from the azophenol 11 to its
push—pull nitro counterpart 20, the thermal cis-to-trans isomeri-
sation process becomes faster and, consequently, an increase of
the information transmission capability of the photochromic
switch is observed.

11 19 20

t=205ms T=27 ms 1=46ms

Figure 19: Effect of the introduction of electron-withdrawing groups in the position 4’ of the azophenol structure on the thermal relaxation time at
298 K in ethanol, T, for the azoderivatives 11 (type-Il) and 19 and 20 (type-Ill).
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Figure 20: Transient absorptions generated by UV irradiation (A = 355
nm) of azo-dyes 11 (type-Il), 19 (type-Iil) and 20 (type-Ill) in ethanol at
298 K ([AZO] = 20 pM, Agps = 370 nm). From [63] — Reproduced by
permission of the Royal Society of Chemistry.

The placement of the hydroxy group in the position 2 has been
also studied for the #ype-III azophenols. In contrast to that found
for the #ype-1I azophenols, a notably increase of the relaxation
time was detected for the ortho-substituted azophenol
containing the electron-withdrawing nitro group 21 (t = 50 ms,
Figure 21) with respect to the corresponding non-push—pull
counterpart (t = 399 ms) in ethanol at 298 K. These values are
substantially larger than those of the corresponding para-
hydroxy-substituted azo-dyes 11 (205 ms) and 20 (4.6 ms), res-
pectively (Figure 19).

14 21

=399 ms t=50ms

Figure 21: Effect of the introduction of the hydroxyl group in the pos-
ition 2’ of the push—pull azo-dye on the thermal relaxation time at
298 K in ethanol, T, for azoderivatives 14 (type-Il) and 21 (type-/Il).

The substitution of one of the benzene rings of the azo-dye by a
pyridine one, a n-electron-deficient heterocycle, has been also
considered. In this case, the hydrogen bonding established
between ethanol and the pyridine moiety places a positive-
charge density over the pyridine nitrogen, which increases susb-
sequently the push—pull electronic distribution of the azo-dye
(compounds 22 and 23). As observed in Figure 22, the relax-
ation time of these two azocompounds in ethanol is 49 ms and

14 ms, respectively, substantially shorter than that of the parent

Beilstein J. Org. Chem. 2012, 8, 1003-1017.

22 23
ethanol =14 ms =49 ms
ethanol + PhOH t=14ms T=11ms

Figure 22: Effect of the substitution of a benzene ring by a pyridine
one on the thermal relaxation time in ethanol and effect of 1 equiv
phenol added at 298 K, T, for type-/Il azoderivatives 22 and 23.

4-hydroxyazobenzene 11 (205 ms), but too large compared to
that of the para-nitro-substituted azo-dye 20 (4.6 ms).

Additionally, when phenol is added to the ethanol solution, the
thermal cis-to-trans isomerisation kinetics is accelerated.
Phenol forms a stable hydrogen bond with the nitrogen atom of
pyridine. Indeed, addition of 1 equiv phenol increases the
isomerisation rate of azo-dyes 22 and 23 by a factor of 10 and
4.5, respectively (Figure 22). The differential effect can be asso-
ciated with the major difficulty of the pyridinic nitrogen to
establish a hydrogen bond with phenol in the position 2 of the
azobenzene core due to steric hindrance.

The introduction of additional nitro groups in the ortho- and
para-positions with respect to the azo function has been also
considered (compounds 24 and 25). These two azoderivatives
show relaxation times of 2.9 ms and 1.3 ms in ethanol, respect-
ively, which decrease further down to 1.1 ms and 644 pus in the
presence of phenol (Figure 23). This demonstrates that the
generation of push—pull systems by the establishment of
hydrogen bonds between phenol groups and the pyridinic
nitrogen, with the subsequent generation of a deficient electron
density in the latter, is a versatile option towards the generation
of fast information-transmitting photochromic switches.

Z N =z NO;
O O
HO NOz Ho
24 25
ethanol t=14ms t=29ms
ethanol + PhOH 1t =644 pus t=1.1ms

Figure 23: Influence of the introduction of additional electron-with-
drawing nitro groups in the pyridine ring on the thermal relaxation time
in ethanol and effect of 1 equiv phenol added at 298 K, T, for type-/iI
azoderivatives 24 and 25.
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Extending the concept even further, azopyridines with a perma-
nent positively charged nitrogen should increase the kinetics
and the stability of the final photodriven oscillator. Methylation
of the pyridine nitrogen of azo-dyes 22 and 23 was carried out
to afford the corresponding pyridinium methyl iodide salts 26
and 27. Thus, the methyl hydroxy-substituted azopyridinium
salts 26 and 27 present relaxation times of only 150 ps and 33
us, respectively, at room temperature in ethanol (Figure 24). To
the best of our knowledge, these are the fastest thermally
isomerising azophenol derivatives heretofore reported in the
literature [63].

= O-CHa =
N\\N A l 1© N\\N \,E? |
AT AT ol
26 27
7=150 ps t=33pus

Figure 24: Chemical structure and thermal relaxation time in ethanol
at 298 K, 1, for the type-I/Il azoderivatives 26 and 27.

Because of their very fast thermal isomerisation rate, 26 and 27
are the best candidates to be applied as fast information-trans-
mitting photochromic switches. Figure 25 shows the informa-
tion-transmission capability of azo-dye 26 with time. The
repeatability of the different optical oscillators was tested by
submitting them to consecutive UV-irradiation—dark cycles.
The optical photochromic switches reported show no fatigue
(Figure 25).
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Figure 25: Oscillation of the optical density of an ethanol solution of
azo-dye 26 generated by UV-light irradiation (A = 355 nm, 5 ns pulse
width) at 298 K ([26] = 20 pM, Agps = 420 nm). From [63] — Repro-
duced by permission of the Royal Society of Chemistry.
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Conclusion

This review compiles very recently reported advances with
regard to rapidly thermally isomerising azoderivatives, which
are valuable candidates to be applied as fast information-trans-
mitting photochromic switches. Two structural features should
be present in the azobenzene molecule for this purpose: a
push—pull electronic distribution together with the existence of a
hydroxy group that allows the keto—enol equilibrium to be
established. These two factors allow the thermal back isomeri-
sation process of the azo-dye to proceed through the rotational
pathway, and, consequently, the thermodynamically stable trans
form of the azo-dye can be restored in a very quick fashion.
Indeed, those azoderivatives that combine both structural
factors exhibit an information-transmitting capability within

tens of microseconds.
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Three new isomeric asymmetric diarylethenes with a naphthyl moiety and a formyl group at the para, meta or ortho position of the

terminal benzene ring were synthesized. Their photochromism, fluorescent-switch, and electrochemical properties were investi-

gated. Among these diarylethenes, the one with a formyl group at the ortho position of benzene displayed the largest molar absorp-

tion coefficients and fluorescence quantum yield. The cyclization quantum yields of these compounds increased in the order of

para < ortho < meta, whereas their cycloreversion quantum yields decreased in the order of meta > para > ortho. Additionally, all of

these diarylethenes functioned as effective fluorescent switches in both solution and PMMA films. Cyclic voltammograms

proved that the formyl group and its position could effectively modulate the electrochemical behaviors of these diarylethene deriva-

tives.

Introduction

In the past decade, photochromic materials have received much
attention because of their applications in potential photoswitch-
able, molecular devices and optical memory storage systems
[1]. Among these materials, the utilization of diarylethene
derivatives in molecular electronics, optical memory, and vari-
able-transmission filters has been well documented [1-3]. So
far, a huge number of studies concerning the photochromic
properties of dithienylethene derivatives have been reported
[4-14].

Light is a convenient and powerful trigger to control the reactiv-
ity of biomolecules in organisms, exemplified by its use in
fluorescent probes, fluorescence imaging, and molecular
switches in logic circuits [15-22]. In general, in order to effi-
ciently realize the artificial induction of photosensitivity in
biomolecules, the photoactive molecules must possess the
following properties: (1) low cytotoxicity, (2) high sensitivity,
(3) easy chemical modification. In the past few decades, various

types of photochromic molecules, such as fulgides, spiro-
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pyranes, azobenzenes, and diarylethenes, have been developed
[2,23-31].

Among these compounds, diarylethene is one of the most
promising photoswitchable units within the photochromic
system, and the successful use of diarylethenes as a fluores-
cence modulation center to realize a photoswitchable probe for
imaging living cells was reported. For example, Zou et al.
reported an amphiphilic molecule with hydrophilic and
hydrophobic chains on two ends of a rigid diarylethene core.
This compound can form stable vesicle nanostructures in
aqueous solution, and exhibits excellent switchable fluores-
cence between open and closed states in the living cells, with
low cytotoxicity [32]. Piao et al. developed a multiresponsive
fluorescent molecular switch containing terpyridine. This di-
arylethene can serve as a detector for metal-ion transmembrane
transport [33]. Singer et al. explored a novel diarylethene with a
7-deazaadenosine, which led to new research in photochromic
nucleosides and molecular recognition properties of nucleic
acids with the light sensitivity of diarylethenes [34]. Recently,
Wu et al. designed and synthesized a novel diarylethene-
containing dithiazolethene, which exhibited a gated photo-
chromic reactivity controlled by complexation/dissociation with
BFj [35]. All of the above research revealed that the explored
novel diarylethenes have versatile applications and are still

important and attractive.

Diarylethene derivatives, especially those containing a per-
fluorocyclopentene bridge are one of the most promising photo-
chromic compounds due to their high fatigue resistance and
thermal stability [2,36]. In general, the photochromic reactivity
of diarylethenes mainly depends on heteroaryl groups and
different electron-donor/acceptor substituents. The formyl
group can be modified to form various chemical groups and it
can also be connected with different fluorophores via a Schiff
base structure. In a previous work, we developed a new class of
diarylethenes with a naphthalene group and a thiophene group.

uv

vis

10: R = para—-CHO
20: R = meta—CHO
30: R = ortho—-CHO

Scheme 1: Photochromism of diarylethenes 1-3.
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The results revealed that these molecules have excellent
photochromism with good fatigue resistance and thermal
stability [37]. In this study, in order to further elucidate the
substituent position effects on the photochromic features of
naphthalene-containing diarylethenes, we synthesized three new
isomeric diarylethenes with a formyl group at the para, meta,
and ortho position on the terminal benzene ring (1-3). The
photochromic scheme of 1-3 is shown in Scheme 1.

Results and Discussion

The synthesis route for diarylethenes 10-30 is shown in
Scheme 2. First, the benzaldehydethiophene derivatives Sa—c
were prepared by Suzuki coupling of three bromobenzaldehyde
derivatives with a thiopheneboronic acid 4 [38-42]. Second,
1,3-dioxolane-phenylthiophene derivatives 6a—c were prepared
by the reported method [39-41,43]. Then, 1,3-dioxolane-
phenylthiophene derivatives 6a—c were separately lithiated and
coupled with (2-methylnaphth-1-yl)perfluorocyclopentene [37]
to give the asymmetric diarylethene derivatives 7a—c [44].
Finally, compounds 10—30 were prepared by hydrolyzing com-
pounds 7a—c in the presence of pyridine and p-toluenesulfonic
acid in acetone/water. The structures of 10—-30 were confirmed
by elemental analysis, NMR, and IR (Supporting Information
File 1).

Photoisomerization of diarylethenes 1-3

Diarylethenes 1-3 showed good photochromic properties and
could be toggled between their colorless open-ring isomers
(10—30) and colored closed-ring isomers (1¢—3c¢) by alternate ir-
radiation with UV and visible light (A > 500 nm). As shown in
Figure 1A, diarylethene 1o exhibited a sharp absorption peak at
323 nm (g, 2.82 x 10* L mol™! em™) in hexane, which arose
from the m—n* transition [45]. Upon irradiation with 297 nm
light, the colorless solution of 1o gradually turned red, and a
new absorption band was observed in the visible region
centered at 524 nm (g, 1.40 x 10* L mol™ ¢cm™!) due to the for-
mation of the closed-ring isomer 1c. Alternatively, the red-

1c: R = para-CHO
2c: R = meta—CHO
3c: R = ortho—-CHO
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Br. | \—R Br. Br
¥ 1) p-TsOH/glycol
n /N -~ [\ 6b: R = meta=—— J
S B(OH), Pd(PPh3)4, NaCO3, aq S \_R 2) benzene S | N R 0]
_ - O
5 6 / 6¢c: R = othro=— j
5a: R = para—CHO 0
5b: R = meta—CHO
5c: R = ortho—CHO
F F
O

7a: R

7b: R=m
—R

Scheme 2: Synthetic route for diarylethenes 1-3.

colored solution could be bleached to become colorless by
re-production of the open-ring isomer 1o upon irradiation with
visible light (A > 500 nm). In the photostationary state, a clear
isosbestic point of diarylethene 1 was observed at 349 nm,
which supported the reversible two-component photochromic
reaction scheme [46]. Similarly 10, compounds 20 and 30 also
showed good photochromism in hexane (Figure 1B). The color-
less solutions of 20 and 30 turned pink and magenta due to the
formation of the closed-ring isomers 2¢ and 3¢, when irradiated
with 297 nm light. Their absorption maxima appeared at 512
and 496 nm respectively. The colored solutions of 2¢ and 3¢ can
also be decolorized upon irradiation with visible light

(A > 500 nm), and their isosbestic points were observed at 277

A)o.6

I
IS

Aobsorbance
Y

0.0

500
Wavelength (nm)

para —< J

Z 7¢:R= ortho—< j
O

&~ 1) p-TsOHIpyridine
eta—< J 2) acetone/water

Q

0

10: R = para—CHO
20: R = meta—CHO
30: R = ortho—CHO

and 268 nm, respectively. The color changes of diarylethenes
1-3 by alternating irradiation with UV and visible light
(A > 500 nm) in hexane are shown in Figure 2A.

In PMMA amorphous films, diarylethenes 1-3 also showed
similar photochromic activity to that in hexane. The absorption
maxima of closed-ring isomers of diarylethenes 1c¢—3¢ in
PMMA films were at longer wavelengths. The values of the
absorption maxima of the ring-closed isomers are 14 nm for 1c,
7 nm for 2¢, and 21 nm for 3c¢. The redshift phenomena may be
ascribed to a polar effect of the polymer matrix and the stabi-
lization of the molecular arrangement in the solid medium
[47,48]. The color changes of diarylethenes 1-3 upon alter-

o
w
)

Absorbance
o
fr

0.00

400 500
Wavelength (nm)

Figure 1: Absorption spectral changes of diarylethenes 1-3 by photoirradiation with UV-vis in hexane (2.0 x 1075 mol/L) at room temperature: (A) 1;

(B)2 and 3.
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1c 2c

Figure 2: The color changes of diarylethene 1-3 by photoirradiation at room temperature: (A) in hexane; (B) in PMMA films.

nating irradiation with UV and visible light in PMMA films are
shown in Figure 2B. The photoconversion ratios from open-ring
to closed-ring isomers of 1-3 were analyzed by HPLC in the
photostationary state (Figure 3). It was calculated that their
photoconversion ratios in the photostationary state were 82%
for 1, 79% for 2, and 81% for 3.

— Initial states
——PSS states

20
10\ /
2c
1c
——
4.0 4.5 5.0 5.5 6.04.0 4.5 5.0 5.5 6.0
30
SC\
35 4.0 4.5 5.0 5.5 6.0
T/min

Figure 3: The photoconversion ratios of diarylethenes 1-3 in the
photostationary state as analyzed by HPLC.

The photochromic features of compounds 1-3 are summarized
in Table 1. The results indicate that the position of the formyl
group at the terminal benzene significantly affects the photo-
chromic properties of these diarylethenes, such as the absorp-
tion maxima, molar absorption coefficients, and quantum yields
of cyclization and cycloreversion. For the isomeric
diarylethenes 1-3, the absorption maxima of both the open-ring
and closed-ring isomers exhibited a remarkable hypochromatic
shift when the formyl group was moved from the para to the
meta, then to the ortho position in both hexane and PMMA
films, whereas the molar absorption coefficients of
diarylethenes 1-3 increased in order of meta < para < ortho
substitution by the formyl group in hexane. The results were in
agreement with those of the reported diarylethenes containing
an electron-withdrawing cyano group [49], but were different
from those with an electron-donating methoxy group
[14,50,51]. The cycloreversion quantum yields of diarylethenes
1-3 increased in the order of ortho (®.., = 0.11) < para (®._, =
0.12) < meta substitution (®._, = 0.15) by the formyl group.
However, the cyclization quantum yield of the para-substituted
derivative 1 was the largest (O, = 0.35), while that of the
meta-substituted derivative 2 was the lowest (®._, = 0.21).
Compared to the electron-donating methoxy group or electron-
withdrawing cyano group [49,50], the position of the electron-

Table 1: Absorption spectral properties of diarylethenes 1-3 in hexane (2.0 x 1075 mol L™) and in PMMA films (10%, w/w) at room temperature.

compouns Ao.max/nm? (/L mol™" ecm™1) A max/nmP (/L mol™! em™7) o° C°”Verf,i§:aﬁte PSS in
hexane PMMA film hexane PMMA film Do Do
1 323 (2.82 x 10%) 326 524 (1.40 x 10%) 538 035 0.12 82
2 256 (2.75 x 10%) 288 512 (1.01 x 10%) 519 021 0.5 79
3 245 (3.48 x 10%) 248 496 (1.57 x 10%) 517 025  0.11 81

aAbsorption maxima of ring-open isomers. PAbsorption maxima of ring-closed isomers. cQuantum yields of ring-open (®,.c) and ring-closed isomers

(Dc.o), respectively.
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withdrawing formyl group can effectively modulate the absorp-
tion maxima of diarylethenes, which may be a novel strategy
for exploring photochromic diarylethenes at shorter wave-
lengths.

The thermal stabilities of the open-ring and closed-ring isomers
of 1-3 were tested by storing the compounds at both room
temperature in hexane and at 351 K in ethanol. The hexane
solutions were kept at room temperature in the dark, and
exposed to air for more than two months. No changes in the
UV-vis spectra were observed for 1-3. At 351 K, diarylethenes
1-3 also showed excellent thermal stability for more than 12 h
in ethanol. Fatigue resistance is a critical factor for practical
applications in optical devices, and the fatigue resistances of
diarylethenes 1-3 were examined in both hexane and PMMA
films by alternate irradiation with UV and visible light at room

A) 1.0 Py v
T S— f— ] |
09}
<°
< 08}
0.7 F
0.6 1 1 1 L L 1
0 20 40 60 80 100

Repeat cycles
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temperature [2,52]. As shown in Figure 4, the coloration and
decoloration cycle of 1-3 can be repeated more than 100 times
in hexane with less than 5% degradation of 1c¢-3¢. In PMMA
films, 1-3 also exhibited excellent photochromic properties
after 200 cycles with only ca. 6-10% degradation of 1¢—3c¢. The
results showed that all three isomeric diarylethenes 1-3 had
good fatigue resistance in both hexane and PMMA films.

Fluorescence of diarylethenes 1-3

Fluorescence can be used not only in molecular-scale optoelec-
tronics but also in digital photoswitching [22,53,54]. Like most
of reported diarylethenes, diarylethenes 1-3 exhibited notable
fluorescence in both hexane and PMMA films. Their fluores-
cence spectra were measured at room temperature with a
Hitachi F-4500 spectrophotometer (Figure 5). In hexane, the
emission peaks of 10-30 were observed at 384, 387, and

B) 1.0 =gy
A 2 H - —
A A 2
0.8
=3
s 0.6 |
<™ —-s—10
—e—20
0.4 =30
0.2 n 1 1 1 1
50 100 150 200

Repeat cycles

Figure 4: Fatigue resistance of diarylethenes 1-3 in hexane in air atmosphere at room temperature: (A) in hexane; (B) in PMMA films. Initial

absorbance of the sample was fixed to 1.0.
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Figure 5: Fluorescence emission spectra of diarylethenes 1-3 at room temperature: (A) in hexane solution (2.0 x 1075 mol L™1); (B) in PMMA films

(10%, wiw).
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389 nm, when excited at 307, 315, and 300 nm, whereas those
in PMMA films were observed at 438, 441, and 427 nm, when
excited at 334, 300, and 300 nm respectively. In comparison
with those of 1030 in hexane, the fluorescence emission peaks
of 10-30 in PMMA films consistently exhibited a remarkable
bathochromic shift. The emission intensity of the ortho-substi-
tuted derivative 30 was the strongest, while that of the para-
substituted derivative 1o was the weakest in both hexane and
PMMA films. Compared to the unsubstituted parent diaryl-
ethene, 1-(2-methylnaphth-1-yl)-2-[2-methyl-5-phenylthien-3-
yl]perfluorocyclopentene (®¢ = 0.011) [37], the fluorescence
emission intensities of diarylethenes 1o and 20 were decreased,
but that of 30 was evidently increased. When anthracene was
used as the reference, the fluorescence quantum yields of 10-30
were determined to be 0.012, 0.018, and 0.059, respectively,
indicating that the formyl group on the terminal benzene ring
could notably enhance the fluorescence quantum yield and
remarkably influence the fluorescence emission intensity of
diarylethenes with a naphthalene moiety.

Diarylethenes 1-3 exhibited an evident fluorescence switching
capability upon changing from the open-ring to the closed-ring
isomers by photoirradiation in both hexane and PMMA films.
When irradiated by UV light, the photocyclization reaction
yielded the nonfluorescent closed-ring isomers 1¢—3¢, resulting
in a decrease in emission intensity as compared to the open-ring
isomers 10—3o0. The back irradiation by visible light of appro-
priate wavelength (A > 500 nm) regenerated the open-ring
isomers 10—30, and recovered their original emission intensity.
As shown in Figure 6, upon irradiation with UV light, the emis-
sion intensity of 1 decreased, and was quenched to ca. 59% in
hexane and 35% in a PMMA film, when it arrived at the photo-
stationary state. The fluorescent modulation efficiency in the

200 250 500
Wavelength (nm)

0
350

550

o
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photostationary state was 41% in hexane and 65% in a PMMA
film. Similarly, in the photostationary state, the fluorescence
modulation efficiencies of diarylethenes 2 and 3 in hexane were
73 and 78%, and those in PMMA films were 38 and 42%, res-
pectively. The residual fluorescence for 1-3 in the photosta-
tionary state may be attributed to an incomplete cyclization
reaction and the existence of parallel conformations [55,56].
Among the three isomeric derivatives, the fluorescent modula-
tion efficiency of diarylethene 2 was the largest and that of 1
was the smallest in PMMA films, suggesting that the diaryl-
ethene 2 is the best candidate for the fluorescence photo-
switching material.

Electrochemical properties of diarylethenes
1-3

The electrochemical behaviors of diarylethene derivatives have
attracted much attention because of their potential applications
in molecular-scale electronic switches [57-62]. The electro-
chemical properties of 1-3 were evaluated by cyclic voltam-
metry (CV) under the same experimental conditions reported
previously [13]. The CV curves of diarylethenes 1-3 are shown
in Figure 7. The onset potentials (Epget) of oxidation and reduc-
tion for 1o were initiated at +1.79 and —0.89 V, and those of 1¢
at +1.76 and —0.91 V, respectively. According to the reported
method [63,64], the ionization potential and electron affinities
of 1o were calculated to be —6.59 and —4.09 eV, and those of 1c¢
were —6.56 and —3.89 eV. Based on the highest occupied mole-
cular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) energy level, the band gap E,; (£, = LUMO-HOMO)
of 1o and 1c¢ can be determined to be +2.50 and +2.67 eV. Simi-
larly, the oxidation potential of 20 and 30 is initiated at +1.76
and +1.83 V, and that of 2¢ and 3c is initiated at +1.74 and
+1.79 V. The results indicate that the oxidation process for the

N
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1500
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250 500
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Figure 6: Emission intensity changes of diarylethene 1 upon irradiation with UV light at room temperature: (A) in hexane (excited at 307 nm), (B) in a

PMMA film (excited at 324 nm).
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Figure 7: Cyclic voltammetry of diarylethenes 1-3 in acetonitrile with a scanning rate of 50 mV/s.

open-ring isomers 10—30 occurs at higher potentials than in the
corresponding closed-ring isomers 1¢—3c¢. This was because the
longer conjugation length of the closed-ring isomers generally
leads to a less positive potential [62,65]. The cyclization reac-
tion allows the m-conjugation to extend across the perfluoro-
cyclopentene ring causing a lower oxidation onset. As shown in
Table 2, for the band gap of diarylethenes 1 and 2, the values of
Eg of the open-ring isomers were lower than those of the
closed-ring isomers, with the exception of 3. Among these com-
pounds, the Eg of 10 was the smallest, which implies that the
charge transfer of 10 was faster compared to that in others [66].
All these data suggest that the position of the formyl group at
the terminal benzene ring has a remarkable effect on the electro-
chemical behaviors of these diarylethenes, but further work is

required to quantify these effects.

Conclusion

Three new asymmetric isomeric diarylethenes containing a
formyl group at either the para, meta, or ortho position of the
terminal benzene ring were synthesized for the investigation of
the effect of substituent position on their optical and electro-
chemical properties. The results revealed that the formyl group
and its position had significant effects on the properties of these
isomeric diarylethenes. The electron-withdrawing formyl group
endowed these diarylethenes with some new properties, which
were different from those of diarylethenes with a methoxy

group or halide at the terminal benzene.

Table 2: Electrochemical properties of diarylethenes 1-3.

compound oxidation reduction band gap
Eonset IP Eonset EA Eg
) (eV) V) (eV)

10 +1.79 -6.59 -0.89 -4.09 2.50
1c +1.76 -6.56 -0.91 -3.89 2.67
20 +1.76 -6.56 -0.83 -3.97 2.59
2c +1.74 -6.54 -1.01 -3.79 2.75
30 +1.83 -6.63 -0.87 -3.93 2.70
3c +1.79 -6.59 -0.80 -4.00 2.59

Supporting Information
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Control over molecular motion represents an important objective in modern chemistry. Aromatic azobenzenes are excellent candi-

dates as molecular switches since they can exist in two forms, namely the cis (Z) and trans (E) isomers, which can interconvert both

photochemically and thermally. This transformation induces a molecular movement and a significant geometric change, therefore

the azobenzene unit is an excellent candidate to build dynamic molecular devices. We describe selected examples of systems

containing an azobenzene moiety and their motions and geometrical changes caused by external stimuli.

Review

This review is based on an article published in 2009 in Anales
de Quimica (Real Sociedad Espafiola de Quimica) [1]. Azoben-
zene was described for the first time in 1834 [2] and one
century later, in 1937, G. S. Hartley published a study of the
influence of light on the configuration of N=N double bonds
[3]. The exposure of a solution of azobenzene in acetone to light
allowed the discovery of the cis isomer. This finding was the
starting point of the development of one of the best organic
molecular switches described so far. The azobenzenes are
organic molecules that present two aromatic rings linked by an
azo group (N=N). They have properties that have led to some

applications of great importance, mainly for the chemical

industry. The azobenzenes are highly coloured compounds and
belong to the group of so-called dyes FD&C (food, drug and
cosmetics). Nowadays, azobenzene dyes represent approxi-
mately 60% of the world production of industrial dyes [4-6].

In recent years, the photochromic properties of azobenzenes
have attracted great interest due to the isomerization of the N=N
double bonds that occurs readily in the presence of a light
source [7-9].

Like a C=C double bond, the azobenzenes have two geometric

isomers (Z/E) around the N=N double bond, the trans isomer
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(E)is ~12 keal'mol™! more stable than the cis isomer (Z) [10].
The energy barrier of the photoexcited state is ~23 kcal-mol™!,
such that the #rans isomer is predominant in the dark at room

temperature [11].

The trans-azobenzene easily isomerizes to the cis isomer by
irradiation of the trans isomer with a wavelength between
320-350 nm. The reaction is reversible and the frans isomer is
recovered when the cis isomer is irradiated with light of
400450 nm, or heated. For many azobenzenes, the two photo-
chemical conversions occur on the scale of picoseconds, while
the thermal relaxation of the cis isomer to the frans isomer is
much slower (milliseconds to days). The photoinduced isomer-
ization of the azobenzenes leads to a remarkable change in their
physical properties, such as molecular geometry, dipole
moment or absorption spectrum [12-16].

The isomerization process involves a decrease in the distance
between the two carbon atoms in position 4 of the aromatic
rings of azobenzene, from 9.0 A in the trans form to 5.5 A in
the cis form (Figure 1) [17]. The trans-azobenzene is almost flat
and has no dipole moment, whereas the cis isomer presents an
angular geometry and a dipole moment of 3.0 D. One of the
rings rotates to avoid steric repulsions due to facing of one of
the 7 clouds of one aromatic ring to the other [9]. The arrange-
ment of the aromatic rings is also reflected in the proton nuclear
magnetic resonance spectrum ('H NMR). The signals of the cis
isomer appear at higher field than the signals corresponding to
the trans isomer, due to the anisotropic effect of the © cloud of
the aromatic ring.

cis-azobenzene

trans-azobenzene

Figure 1: Photoisomerization process of azobenzene.

The UV-vis absorption spectrum of azobenzene presents two
characteristic absorption bands corresponding to n—n* and
n—n* electronic transitions. The transition t—n* is usually in
the near UV region and is common to carbonate systems, such

as stilbene [18]. The electronic transition n—xn* is usually

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

located in the visible region and is due to the presence of
unshared electron pairs of nitrogen atoms [19]. Due to this
second electronic transition, the dynamic photoisomerization
process of azobenzenes is different to the carbonate compounds
[20]. Azobenzene undergoes trans—cis isomerization by S;<S
and Sp«—S excitations and cis—trans isomerization by exciting
into the S; or S, state [21]. The sum of the quantum yields is
different to unity, which indicates multiple pathways for
isomerization. In stilbene, the isomerization occurs exclusively

by rotation and the quantum yield equals unity [22].

The aromatic azocompounds are classified in three types based
on the order of their energetic electronic states =—n* and n—n*
[11]. This order depends on the electronic nature of the
aromatic rings of azobenzene. Each type of azobenzene also has
a predominant colour defined by the wavelength of the
maximum absorption band (A,x) (indicated in brackets in each
case):

1. Azobenzene type: The n—n* band is very intense in
the UV region and there is one n—n* weaker in the
visible (yellow colour). The electronic nature of the
aromatic rings is very similar to simple azobenzene
(Ph—N=N-Ph).

2. Aminoazobenzene type (o- or p-(X)-CcHy—N=N-Ar):
The n—n* and n—n* bands are very close or collapsing
in the UV—vis region. In this case, the azocompounds
have electron-donor substituents (X) in the ortho or para
positions (orange colour).

3. Pseudo-stilbene type [(X)-CcH4—N=N-CgH4—(Y)]: The
absorption band corresponding with m—n* transition is
shifted to red, changing the appearance order with
respect to the band n—n*. The azocompounds of this
type present donor substituents (X) and electron accep-
tors (Y) at the 4 and 4' positions, respectively (push/pull
system) (red colour).

The isomerization process normally involves a colour change to
more intense colours. The absorption spectra of both isomers
differ mainly in the following aspects (Figure 2) [23]:

Trans isomer: The absorption band n—n* is very intense, with
a molar extinction coefficient (g) ~ 2-3 x 10* M~ 1-cm™!. The
second band (n—*) is much weaker (g ~ 400 M~!-cm™') as
this transition is not allowed in the trans isomer by the

symmetry rules.

Cis isomer: The absorption band n—n* is shifted to shorter
wavelengths (hypsochromic effect) decreasing significantly in
intensity (¢ ~ 7-10 x 103 M~L-cm™!). The electronic transition

n—n* (380-520 nm) is allowed in the cis isomer, resulting in
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400
Wavelength (nm)

Figure 2: Representative example of an UV spectrum of an azocompound of the azobenzene type (blue line: trans isomer; magenta line: cis isomer).

an increase in the intensity (¢ ~ 1500 M~!-cm™!) with respect to

the trans isomer.

These differences allow carrying out a photochemical intercon-
version by irradiation with light of a certain wavelength,
obtaining different proportions of the cis and trans photosta-
tionary states. The excitation caused by the wavelength is
dependent on the nature of the substituents of the aryl groups. In
most cases, trans—cis isomerization is promoted by irradiation
with wavelengths between 320-380 nm, while exposures to
A ~ 400-450 nm favor the cis—trans photoreversion. The
mechanism is not well established. Several mechanistic studies
have been performed on the isomerization reversal route
cis—trans of azobenzene to investigate the effect of the
substituents on the benzene rings as well as the influence
of several parameters [24-27]. The available data suggest that
the isomerization of azocompounds can proceed through
the reversal of one of the N—C bonds or by the rotation of
the N=N double bond. The nonbonding electron pair
of each nitrogen atom may lead to one n—=n* electronic
transition (So—S;) with inversion at the nitrogen atom
(inversion mechanism) [28,29]. On the other hand, the isomer-

ization can also occur through a rotation mechanism [11,30],
which involves a n—n* transition (So—S;) (Figure 3). This
mechanism is similar to that produced in the isomerization of
stilbene [23].

Azobenzenes as molecular switches

A molecular switch is a molecular system that allows mechani-
cal movements to be carried out when the system is subjected to
an external stimulus, such as light, resulting in conformational

and environmental changes of the switch.

The basis of a molecular switch is the reversible transformation
of chemical species caused by light between two states of a

molecule with different absorption spectra.

These photoisomerization processes modify the absorption
spectra and can produce variations in different physicochemical
properties of molecules, such as ion complexation, refractive
index, electrochemical behaviour, and very significant con-
formational changes in polymers. There may also be variations
in the organization of large assemblies of molecules in gels or
liquid crystals. When polarized light is used, the photoisomeri-

Q Inversion N:N@"
Excitation o ™S 3
----- N}N-}-- So — S4 \_/ < EN_NE
. N=N—Z_) .
trans Rotation cis
— |
Excitation \ /
So—= S2
heat or hv

Figure 3: Mechanistic proposals for the isomerization of azobenzenes.
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zation often induces a reorganization of chromophores that can

be reflected in the circular dichroism spectra.

The basic condition for a molecule to behave as a switch is the
existence of two different and stable isomeric forms that inter-
convert when an external stimulus is applied to it.

The most important requirements for a molecule to behave as a

molecular switch are the following [31-35]:

1. The transformation between the two interconvertible
structures that comprise the molecular switch must be
produced easily and selectively by irradiation with light
of a certain wavelength.

2. The thermal interconversion between two isomers should
not occur in a wide temperature range, thus allowing the
storage of information for an almost infinite length of
time.

3. The isomers should have an appreciable resistance to
fatigue (number of cycles without decomposition), with
the possibility to carry out the cycle of write/erase
several times, and should not cause thermal degradation
or photochemical side-products.

4. The two structural forms should be easily detectable.

5. An efficient interrupt process. High quantum yields have
to be achieved by using short irradiation periods.

6. The response times have to be quick to be also fast inter-
rupting cycles.

7. It is necessary that all properties remain unchanged when
the compound used as the photoswitch is a part of a
macromolecular structure.

A variety of photosensitive devices, such as smart polymers
[36,37], liquid crystals [38,39], intelligent enzymes [40], and
various switches and molecular machines [41-48], have been
developed by using the photochromic properties of azobenzene
and benefiting from its easy synthesis [4,6,49-54]. The molec-
ular motion that occurs in the photoisomerization has allowed
the development of azo-structures that have grown in
complexity, originality and usefulness [55-58]. This review
includes some of the most outstanding examples.

Photoisomerization of azobenzenes:
A simple molecular motion

The introduction of an azobenzene fragment in a molecule with
biological activity [59-63], such as a protein, can allow the
spatial and temporal control of a variety of biological processes
through illumination, by means of the direct regulation of enzy-
matic activity [64-67], peptides, proteins, nucleic acids [68-76],
receptors [77-82], or ion channels [83-85], or by modulation of
the concentration of several labelled molecules. This strategy is

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

very attractive because it allows control over the conformation
and consequently the activity of biomolecules in a reversible
way without the addition of any reagent. Structural effects
caused by the isomerization can be amplified in the host or
initiate a cascade of photophysical and photochemical second-
ary responses. The first application of an azobenzene in biology
was published in the late 1960s and was used to photoregulate
the activity of chymotrypsin, a digestive enzyme [86]. Later, a
similar strategy was applied in functional and structural studies
of the acetylcholine receptor of nicotinic type [87]. The
trans—cis photoisomerization of 4,4'-trimethylammonium
methyl substituted azobenzene produced an increase in the
concentration of acetylcholine agonists as a result of the
specific interaction of both isomers with the acetylcholine
receptor that is present in excitable membranes. In this way, it is
possible to control the permeability changes, allowing the ion
motion during the generation of the bioelectric impulse.

The isomerization of azocompounds has been used as a syn-
thetic tool to control the opening and closing of pores in cellular
membranes, essential for the transport of ions. An illustrative
example is described by Trauner, Kramer and co-workers to
control the K* channels in neuronal cells (Figure 4) [88].

The azobenzene 1 is a terminal quaternary ammonium salt, thus
when 1 adopts the trans configuration, the flow of K ions is
blocked. After irradiation with A = 380 nm, the cis isomer
brings the aromatic rings closer, shortening its length, and
hence the channel blocking is inefficient, allowing the passage
of ions. The development of systems capable of photoregu-
lating the activity of ion channels is extremely important in
neurobiology. Recently, a maleimide, azobenzene and gluta-
mate derivative (MAG) was used as a photochromic agonist of
an ionotropic glutamate receptor (iGluR) (Figure 5a) [89-91].
The chromophore consists of a terminal maleimide unit, which
is associated covalently to the protein via a cysteine residue, a
central azobenzene unit and a glutamate head. Only the cis form
of the azobenzene allows the approach of the fragment and the
interaction of glutamate with the active site of the protein.
When this interaction occurs, the protein folds as a clamshell,
triggering the opening of the ion channel (Figure 5b).

Another recent example was described by Woolley et al.
[92,93]. They introduced an azobenzene moiety in a polypep-
tide to control the a-helical conformation and to have a syn-
thetic tool that allows photomodulation of the very important
conformation—interaction relationship in biological recognition.
Peptides with pairs of cysteine residues were intramolecularly
cross-linked with thiol reactive azobenzene-based photo-
switches. Photoisomerization of the azobenzene changes the

conformation of the peptide depending on the location of the
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Figure 4: Representation of the photocontrol of a K* channel in the cellular membrane based on the isomerization of azocompound 1. Reprinted
(adapted) with permission from Macmillan Publishers Ltd: Nat. Neurosci. 2004, 7, 1381-1386, copyright (2004).

O H Mac {Maleimide, Azobenzens, Glutamate)

o S

Figure 5: (a) MAG interaction with iGIuR; (b) photocontrol of the opening of the ion channel by trans—cis isomerization of azobenzene. Reprinted with

permission from Macmillan Publishers Ltd: Nat. Chem. Biol. 2006, 2, 47-52, copyright (2006).
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cysteine. When the azo group of polypeptide 2 is in its trans
form, it retains its affinity for DNA and its a-helical con-
formation. The photoisomerization leads to the cis isomer,
which disrupts this helicity inhibiting the association with
DNA. The photoreversion to the trans isomer recovers again the
final conformation of the a-helix of DNA. In 2011, the same
group carried out the attachment of a fluorescent dye close to
the photoswitch giving rise to a fluorescence change upon
isomerization. The introduction of azobenzene-modified

biomolecules in zebrafish proved that the photochemistry of

..\r

trans-2

AR

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

azobenzenes was similar in vivo and in vitro, and that appro-
priate azobenzenes could be stable in vivo for days (Figure 6)
[94].

The photochromic properties of azobenzenes also find applica-
tions in “host—guest” recognition [95,96]. For example, the bis-
azo compound 3 behaves as an excellent receptor of guani-
dinium ions by hydrogen-bonding interactions. The recognition
is very effective when the azobenzene adopts the cis configur-
ation (Figure 7) [95].

hv
hv’orA

cis-2

Figure 6: Photocontrol of the structure of the a-helix in the polypeptide azoderivative 2. Reprinted (adapted) with permission from J. Am. Chem. Soc.

2005, 127, 15624—-15625. Copyright (2005) American Chemical Society.

| X
e '
° Z hv (.= 345 nm) H hv' (.= 430 nm) o
or heat
O ® °
fecansel
,U cis,cis 3 lrlj
O?H@ %
| \N/H ’|
"H. _H”
Ny
H H

Figure 7: Recognition of a guanidinium ion by a cis,cis-bis-azo derivative 3.
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Azobenzene-based molecular devices

Among the systems with the inclusion and complexation prop-
erties of ions [97-100], several classes of compounds called
azophanes, azocrowns [101-104], azocryptands, azocyclodex-
trins and azocalixarenes [105-107] have been described. The
introduction of an azobenzene in these systems enables the
photocontrol of the bonding properties of these molecules. The
inclusion and complexation properties of some ions are more
selective in one isomer that in the other. For example, the
system of azocrown 4 shows a high selectivity for Rb" and Cs*
ions [108]. The photoisomerization yields a similar motion to
that of a butterfly, and only in the case of the cis isomer are the

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

cations located between the two rings, yielding a “sandwich”
structure (Figure 8). The ability of the azo compound 4 to
remove cations from an aqueous solution increases in the order
Na'< K< Rb*< Cs*. According to these properties, compound
4 could be used as a selective transport system controlled by
light.

The B-cyclodextrin-type structure, schematically represented in
Figure 9 as 5, acknowledges the bipyridinium fragment of
diarylazobenzene 6 by formation of an inclusion complex of
trans-5+6. This inclusion complex evolves in a reversible way
when it is irradiated. The process is especially interesting for

Figure 8: Recognition of cesium ions by cis-azo derivative 4.

Br \N\+’/
QO ane

Br N* 355 nm
z | (0] S — (0]
N NJ\/\S— AU 375 nm NJ\/\S— Au
H H
=
| 5
\N* trans-5+6 Rt
| Br Current
cis-6

Figure 9: Photocontrolled formation of an inclusion complex of cyclodextrin trans-azo 5+6.
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the translation of the optical signals recorded by the bipyri-
dinium azobenzene 6 via a -cyclodextrin single phase prepared
on a gold electrode [109].

In 2003, a molecular machine based on a pseudorotaxane was
described [110]. Assembly between 7 and 8 occurs only when
the azobenzene 7 adopts the cis configuration. The pseudoro-
taxane 7+8 is disassembled into its two components when the
isomerization to trans-azobenzene occurs by an external stimu-
lus (Figure 10).

Hinge molecular

Tamaoki et al. [111] designed a molecular device capable of
photo-emulating a hinge motion. This switch consists in two

Et
£ N0
+
O§NH N

N
0.

@

Figure 10: Pseudorotaxane-based molecular machine.

trans,trans-9
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azobenzene units that share a fragment with two coplanar
xanthenes (Figure 11). The photoisomerization of the system
forces a molecular motion similar to a hinge, in which the two
aromatic rings are arranged at an angle of 90°. The photoiso-
merization process involves three isomeric forms: (trans,trans),
(trans,cis) and (cis,cis). The heats of formation of the three
isomers were determined by ab initio quantum chemical calcu-
lations. The isomers (trans,trans) and (cis,cis) are 28 and
2.6 kcal-mol™! more stable than the intermediate isomer, res-
pectively. The large energy difference between (trans,trans)
and (trans,cis) isomers indicates the ring strain that exists in the
(trans,cis) isomer, and the thermal isomerization from (cis,cis)
to (trans,cis) is forbidden. The half-life of (trans,cis)-isomer is
only 28 s at 23 °C. In these systems, in which the photochem-

Figure 11: Molecular hinge. Reprinted (adapted) with permission from Org. Lett. 2004, 6, 2595-2598. Copyright (2004) American Chemical Society.
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ical reaction intermediate has a short half-life and the final
(cis,cis)-product is more stable than the intermediate, the photo-
chemical yield is highly dependent on the used light intensity
[112-114].

Molecular threader

Stoddart, Balzani et al. [115,116] created an intelligent molec-
ular device (trans-10-11) capable of moving within a cyclo-
phane 11, as a needle through a buttonhole (Figure 12). The
interaction between the two systems is measured on the fluores-
cence emitted by the pyridinium salt free cyclophane. The
azobenzene trans-10 is conveniently replaced with electron
donor units, so that when it is associated, as azo-10-11, the fluo-
rescence is completely inhibited by charge-transfer interactions.
The photoexcitation carried out by irradiation with light of A =
360 nm of a solution of trans-10 and 11 causes a process of
“unthreading”. The cis isomer 10 has a much weaker inter-
action with cyclophane 11, and this fact is reflected in the large
increase in fluorescence intensity of 11. The frans-isomer 10 is
regenerated when the mixture is left in the dark or irradiated
with light of A = 440 nm, and as a result becomes a “thread” in
the cyclophane. In this way, the isomerization of the N=N
double-bond type triggers a movement of threading/unthreading
exclusively governed by light.

Molecular scissors

In 2003, Aida's group described a new generation of optical
molecular devices composed of different kinds of organic
systems interconnected through an azobenzene unit as the

[\

[o OH

o)

e

L_O O trans10
L/

cis-10 11
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epicentre of the motion. First, a molecular switch was synthe-
sized capable of making a motion similar to the opening and
closing of scissors. This switch consists of a central unit of
1,1',3,3'-tetrasubstituted ferrocene, two phenyl groups as scissor
blades and two phenylethylene groups as handles linked
through an azobenzene [117,118]. The light irradiation of A =
350 nm (180 min) leads to a mixture of isomers trans/cis 11:89,
while exposure to visible light (A > 400 nm, 15 min) again
enriches 46% of the trans isomer. The molecular motion was
studied by circular dichroism (CD), "H NMR and DFT calcula-
tions confirming that the change in the configuration of the
N=N double bond modifies the initial position of the ferrocene
resulting in an opening (cis) and closing (trans) of the “blades”
of the phenyl group (Figure 13). The angle between the two
phenyl groups is altered from about 9° upon closing of the
“scissors” (trans-12) to more than 58° when it opens (cis-12).

Molecular pedals

In 2006 [119,120], the same authors described a more complex
system that included two terminal units of porphyrin—Zn nonco-
valently associated to a host molecule of bis-isoquinoline 13
(Figure 14). The exposure of azo derivative 13 to light of A =
350 = 10 nm leads to a mixture of isomers trans/cis 22:78. Ir-
radiation of this mixture of isomers at A > 420 nm returns the
system to an enrichment of the trans isomer (63%).

The study of the photoisomerization process of 13 revealed that
the configurational change of the azobenzene unit causes a
sequence of molecular motions of the units connected to it. The

440 nm ‘ 360 nm
orA

K, =1x10M"

Figure 12: Molecular threader. Reprinted (adapted) with permission from Acc. Chem. Res. 2001, 34, 445-455. Copyright (2001) American Chemical

Society.
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SR
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I
N

Figure 13: Molecular scissors based on azobenzene 12. Reprinted (adapted) with permission from J. Am. Chem. Soc. 2003, 125, 5612-5613. Copy-

right (2003) American Chemical Society.

Figure 14: Molecular pedals. Reprinted by permission from Macmillan Publishers Ltd: Nature, 2006, 440, 512-515, copyright (2006).

ferrocene unit rapidly responds by turning, which in turn
induces an opening motion that distances the porphyrin units,
causing a mechanical spin rotation in the bis-isoquinoline
molecule similar to a pedal. This device is effective if the por-
phyrin—Zn and bis-isoquinoline units remain associated during
the photoisomerization, i.e., the dynamics of dissociation
between these units is slower than the photoinduced movement
itself. In this case, the dissociation constant is six orders of

magnitude slower than the trans—cis photoisomerization, which
ensures that the bis-isoquinoline unit is coordinated to azocom-
pound 13 during the isomerization process of the azobenzene
unit.

Nanovehicle

One proposed mechanism for the isomerization of azobenzene
suggests that photoinduced trans—cis isomerization passes
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through a rotating mechanism, while the thermal cis—trans
reisomerization follows an inversion mechanism [121]. The
combination of both processes (photochemical and thermal)
could lead to opening (zrans) and closing (cis) mechanical
motion accompanied by a translational motion. Based on this
mechanistic hypothesis, Tour et al. created a branched azoben-
zene structure to realize a nanovehicle able to move like a cater-
pillar (Figure 15) [122,123].

The system consists of three parts: A central azobenzene, a rigid
frame composed of oligo(phenylacetylenes), which in turn are
anchored to azobenzene through para positions, and wheels
based on fullerene Cgg (azo-14) or p-carboranes (azo-15).
Photoisomerization studies suggest that only the azobenzene
system with p-carborane wheels (azo-15) may be useful as a
molecular switch, because the photoisomerization of azo-
fullerene 14 leads to only 8% of the cis-isomer. Although, the
quantum yield obtained for cis-14 is not very high, this propor-
tion is significant, given the speed with which energy transfer to
the fullerene unit occurs [124]. In the case of azo-p-carborane
15, irradiation at A = 365 nm for 10 min leads to 24% of the cis
isomer. The photochemical (A > 495 nm, 5 min) or thermal
(heating to 40 °C, 15 min) reisomerization recovers the initial
state. After these preliminary results it remains to be demon-

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

strated whether the molecular motion of the device 15 achieves
the expectations of the authors, to prove the usefulness of the

device.

Molecular driving force

One of the more attractive and interesting applications of the
isomerization processes of azobenzenes is their use as nanoim-
peller-controlled drug release devices. The idea is to anchor a
functionalized azobenzene inside the silica nanoparticle, thereby
forming light-activated mesostructured silica nanoparticles. The
azobenzene 16 is anchored to the particle wall while the other
extreme is free (Figure 16) [125-127].

These nanoparticles have pores capable of holding other mole-
cules. The isomerization process of azobenzene generates a
molecular flapping and the molecules can be expelled outside in
a photoinduced way. The morphology of the light-activated
mesostructured silica nanoparticles (LAMs) is evaluated by
scanning electron microscopy (SEM), electronic transmission
images (TEM), UV—vis and X-ray analysis, setting a pore diam-
eter of 1.9 + 0.1 nm, a volume of 0.248 cm3-g"! and a surface
area of 621.19 m2~g_1. The nanoparticles, which contain 2.4%
by weight of azobenzene, are treated with camptothecin (CPT),
a drug used in the treatment of cancer, which is housed inside.

Figure 15: Design of nanovehicles based on azo structures. Reprinted (adapted) with permission from Org. Lett. 2008, 10, 897—-900. Copyright (2008)

American Chemical Society.
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Figure 16: Light-activated mesostructured silica nanoparticles (LAMs).

The LAMs (CPT) were incubated for 3 h with cancer cells in
darkness. These cells are irradiated for 5 min at 0.1 W-cm™2 at
A =413 nm, where both isomers have the same extinction coef-
ficient promoting a continuous exchange between both
trans—cis isomers, and then they were incubated again in the
dark for 48 hours. This experiment shows that the azobenzene
units located within the LAMs (CPT) act as promoters
(Figure 16), releasing the drug (CPT) only after irradiation of
the nanoparticle with a light at a certain wavelength, hence
resulting in cell death. The number of released molecules can be
controlled depending of the light intensity and irradiation time.
On the other hand, the camptothecin, in the absence of light,
stays inside the nanoparticles and the cells remain intact.
Control experiments with cells lacking the nanoparticles
revealed that irradiation at 413 nm does not affect cell survival,
and similarly irradiation of incubated cells with LAMs not
containing CPT, did not lead to cell death, thus confirming the
biocompatibility of the LAMs with the cells.

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

photoisomerization
trans «*cis

RN

Molecular lift
The individual molecular motion of azobenzene in the cis—trans

isomerization process can be amplified when the azobenzene is
anchored to a more complex system [128]. The cooperative
combination of each individual photoisomerization can increase
the dynamic response if the azobenzenes are self-assembling,
generating an uniform motion [129]. An illustrative example is
given in Figure 17, in this case one of the azobenzene rings has
a p-mercaptophenyl group through which it is associated with
an Au(111) layer [130]. All the azobenzenes are oriented and
form self-assembled monolayers (SAMs). The trans—cis
isomerization process of the azobenzene unit placed in the
metal layer takes place with excellent yield (88—98% cis
isomer). This is particularly relevant for future applications in
the design of devices for information-storage-based
photochromic systems [131]. The photo-reversal of SAMs also
proceeds with excellent yield (94-100%). The structural differ-
ence (dirans—deis) between both isomers is approximately 7 A.

Figure 17: Molecular lift.
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By scanning tunnelling microscopy (STM), the authors deter-
mined the surface density of SAM,,,, and the force exerted in
the photoisomerization molecular motion of all the azoben-
zenes in the SAM,,, was calculated. The individual photo-
movement of each azobenzene results in a collective structural
change in a certain direction. This cooperative molecular
motion of SAM,,, acts as a molecular lift capable of lifting one
Hg drop deposited on the monolayer of azobenzenes. Further-
more, this device acts as a photoswitch of the current between
the Au(111) layer and the Hg drop. A significant increase of the
current density of about one order of magnitude occurs under
irradiation at A = 370 nm, and the corresponding decrease is
produced in a reversible way when the azobenzene is irradiated
at A =450 nm.

Molecular sunflower

When an azobenzene is differently substituted in the ortho or
meta positions, the corresponding trans and cis isomers can
adopt different conformations. A simple example is illustrated
in Figure 18 for mono-ortho-substituted azobenzene. In the
trans isomer, the azo group is oriented as far as possible away
from the substituent in the ortho position (trans-1 form), or
placed next to it (¢rans-1I). Similarly, motion of the aromatic
rings accompanying the photoisomerization process can also
lead to several cis conformers (cis-1 and cis-II). The electronic
nature and steric bulk of the substituents of the aromatic rings
can be a key factor in favouring one type of conformation in the
azocompounds. Considering the relationship between the mole-
cular conformation and biological recognition, it is particularly
interesting to design azo devices that allow control, by an
external stimulus, of the configuration of the N=N double bond,

)

/
Z

cis-1

N;
-y

S trans-1l

¢

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

and also to define a specific orientation or conformation of each

stereoisomer (trans or cis).

Recently, Carrefio et al. [132,133] synthesized different enan-
tiomerically pure sulfinyl azobenzenes. The sulfinyl group is a
key component in the design of a molecular sunflower, a device
that by means of light can undergo phototropism with a given
direction. The enantiomerically pure 2- and 3-sulfinyl azo com-
pounds are obtained with excellent regioselectivities by using a
new and simple method for the synthesis of aromatic azoben-
zenes based on the treatment of quinone bisacetals 17 and 19
with different arylhydrazines 18 [134]. In both cases, the
sulfoxide group preferentially adopts a rigid S-cis conformation
[135], situating the sulfinylic oxygen in 1,3-parallel arrange-
ment with the neighbouring hydrogen (blue arrow, Scheme 1).
This arrangement is essential to force a specific final con-
formation of the azocompound.

Irradiation with light of A = 365 nm results in 33-75% of cis-
isomer 20 and 84-99% of cis-21. The photochemical reisomeri-
zation (A = 436 nm) recovers the initial state in both sets of
sulfinyl derivatives. The study of the photochromic properties
of enantiopure azocompounds 20 and 21 by using standard
techniques (UV—vis, circular dichroism, chiral HPLC and
NMR) has established that the chiral optical response differs
greatly depending on the position of the sulfoxide group (C-2 or
C-3). Cis isomers in both p-tolylsulfinyl azocompounds show
an opposite arrangement of substituents around the N=N group,
with an S-shaped structure for cis-20 or a U-shaped structure for
cis-21. The conformational rigidity of the chiral sulfinyl group
is the key to controlling the directionality of the molecular

cis-1l

Figure 18: Conformational considerations in mono-ortho-substituted azobenzenes.
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Scheme 1: Synthesis and photoisomerization of sulfinyl azobenzenes. Reprinted (adapted) with permission from J. Am. Chem. Soc. 2007, 129,

7089-7100. Copyright (2007) American Chemical Society.

motion of photoisomerization. Thus, choosing the position of
the sulfoxide group in the azobenzene (ortho or meta to N=N)
by irradiation with light causes a determined geometric, con-
formational and rigid change, inducing a specific phototropism
as in the stem of a sunflower.

Photoactive Brgnsted base

The conformation of a molecule can have direct implications
for its reactivity. Thus, the control of the conformation is the
key to controlling its reactivity. The union of this concept with
molecular switches has opened the door to the development of
new photoreactive compounds in which the reactivity can
be controlled by an external stimulus as a switch (on/off).

O 365 nm
(0]
S~
N
0
N 400 nm
trans-22
| X
0N F

Recently, Hecht et al. [136,137] designed a Breonsted base
whose pK, changes with light. The study focuses on the azoben-
zene 22, which possesses, in an aromatic ring, a spirocyclic
lactone fused to a conformationally restricted piperidine
(Figure 19).

In the structure of the frans isomer 22, the pair of unshared
electrons of nitrogen is inaccessible. The trans—cis photoiso-
merization process changes the disposition of the aromatic
rings, unlocking access to the basic center of the piperidine.
This switch, of Brensted base type, has been tested in the Henry
reaction between p-nitrobenzaldehyde and nitroethane ensuring
that only the cis isomer is able to catalyze the reaction.

(0]
O
\ cis-22
OH
NOZ
THF, rt NO,

Figure 19: Photoisomerization of azocompound 22 and its application as a photobase catalyst.
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Photodirected azo polymers

A spectacular example of the molecular motion of photoiso-
merization is shown in Figure 20. The irradiation of polymers
containing light-sensitive molecules such as azobenzenes can
lead to a photocontraction of the polymer, converting lumines-
cent energy to mechanical energy. Ikeda et al. [37] demon-
strated how the irradiation of a liquid-crystal elastomer (LCE)
of azobenzenes with linearly polarized light is able to collapse
and expand the LCE films (yellow sheet in Figure 20) in a
certain direction.

The film is obtained by thermal polymerization of the azocom-
pound 23 (monomer), by using the diacrylate derivative 24 as a
crosslinking agent. The azo-LCEs comprise a polydomain with
the characteristics of a liquid crystal, formed by many micro-
sized domains of azobenzene aligned in the same direction.
Although macroscopically the direction of alignment is random,
under irradiation with linearly polarized light the selective
absorption of the light by the azobenzene causes a collective

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

management of all microdomains, such that the orientation of
the fold is governed by the direction of the linearly polarized
light source (white arrow in Figure 20). The consecutive irradi-
ation with A = 366 nm at 0°, —45°, —90° or —135° following by
irradiation at A = 540 nm produces the contraction and expan-
sion of the film in the clockwise direction. Recently, this liquid-
crystal elastomer was used in developing the first plastic photo-
mechanical motor capable of converting light into mechanical
energy without any battery or power source [47].

Bistable memory device

Recently, Stoddart and Venturi's group described a molecular
switch using a [2]rotaxane 25, which undergoes mechanical
movements triggered by redox processes and can be switched
between two thermodynamically stable conformations [138].
The energy barriers between these conformations can be
controlled kinetically by photochemical modulation. The ring
component of the [2]rotaxane is cyclobis(paraquat-p-phenylene)
and the dumbbell is comprised of a tetrathiafulvalene unit and a

Figure 20: Effect of irradiation with linearly polarized light on azo-LCEs. Reprinted by permission from Macmillan Publishers Ltd: Nature, 2003, 425,

145-146, copyright (2003).
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1,5-dioxynaphthalene as n-electron-donating recognition sites,
and a photoactive unit of 3,5,3',5'-tetramethylazobenzene,
which by irradiation of light can be switched between its cis and
trans conformations (Figure 21). Probably, this structure is a
good candidate for use in the design of engineered test devices.
Data can be written on the rotaxane when the units of tetrathia-
fulvalene are oxidized and then blocked in the trans—cis photo-
isomerization process, on the azobenzene fragment. After
writing the information, the oxidized species can be reduced to
the original form without loss of data. The data is stored until
irradiation of the azobenzene fragment allows the reopening of
the azobenzene gate.

Unidirectional photoisomerization

The process, trans to cis isomerization, generates helicoidal
chirality, such that the isomer can adopt a helicoidal geometry
with P or M chirality. The configurational stability of cis-
azobenzenes depends of the interconversion barrier between the
cis-(P) and cis-(M) isomers. The size and the electronic nature
of the substituents present in the systems are the factors that are

Beilstein J. Org. Chem. 2012, 8, 1071-1090.

more influential on the energetic barrier. Haberhauer et al.
described the unidirectional photoisomerization process of
azobenzene 26 [139]. The irradiation with light of the achiral
trans isomer gives rise to the cis isomer with P helicity. A
chiral clamp was synthesized, by anchoring a chiral cyclic
imidazole peptide to both aromatic rings of azobenzene. The
system is flexible enough to allow the isomerization between
the trans and cis isomer but in turn destabilizes one of the
helices of the cis isomer, and only one cis isomer (P) is present
in solution (Figure 22).

Conclusion

Azobenzene is one of the most used systems in the design of
molecular photoswitches. The synthesis is very easy and their
photochromic properties are very interesting. An external stimu-
lus, normally light irradiation at a certain wavelength, causes a
fluctuation between the cis—trans isomeric species. This isomer-
ization is reversible, photochemically and thermally. The mole-
cular motion that occurs in the isomerization process has facili-

tated the development of molecular devices. Today, researchers
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Figure 21: Chemically and photochemically triggered memory switching cycle of the [2]rotaxane 25.
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Figure 22: Unidirectional photoisomerization process of the azobenzene 26.

continue to develop synthetic supplements to improve the prop-
erties of azobenzenes towards the development of more effi-
cient devices that control the isomerization and orientation of
the azobenzene, shifting the photoisomerization process to other
concepts of chemistry, from the development of photoreactive
compounds or photomechanical materials and even bioincorpo-
ration of azobenzenes, to more complex systems that allow a
greater understanding, such as the photocontrol of biological

dynamic mechanisms.
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A novel design as well as a straight-forward synthesis for a photoswitchable guanidine catalyst is reported. Intense studies of the

photochromic properties demonstrated the reversible switchability of its photosensitive azobenzene moiety. Its activity in the ring-

opening polymerization (ROP) of rac-lactide was investigated as well. The obtained results are discussed, and an additional guani-

dine was synthesized and utilized in the ROP of rac-lactide in order to explain the findings.

Introduction

The macroscopic properties of a given polymer, e.g., the glass-
transition temperature, morphology, density and tensile
strength, are strongly dependent on its microscopic structure. It
is well known that this structure, which is characterized by
parameters such as molecular weight and distribution, compos-
ition, regiochemistry and stereochemistry (tacticity), critically
depends on the interaction between catalyst and monomer
during the polymerization process. Gaining control over these
processes has therefore been the subject of intense research
efforts. With this in mind, chemists have recently started to
incorporate gates into catalysts to control their action through
external stimuli. The use of light as such an external, noninva-

sive, and well-controlled stimulus perhaps represents the most

attractive approach to controlling catalytic activity and selec-
tivity due to the attainable high spatio-temporal resolution [1].
In order to create such photoswitchable catalysts [2],
photochromic moieties [3-5] have to be incorporated into the
catalyst system [6-13]. To the best of our knowledge, successful
examples of photoswitchable catalysts for the ring-opening
polymerization (ROP) of lactide have not been reported thus
far, although a remarkable example of a photocaged system has
been reported [14].

Metal-based catalysts as well as organocatalysts have been

widely studied in the ROP of lactide [15]. Guanidines, and
especially 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD), have
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Scheme 1: Ring-opening polymerization (ROP) of lactide with TBD or
the acyclic guanidine 1 as catalysts [16,18].
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proven to be very powerful in this context (Scheme 1) [16].
However, due to the discussion of several polymerization mech-
anisms [17], TBD is a difficult target for the incorporation of
photoresponsive switches. Recent work indicates that the acti-
vation mechanism for acyclic guanidines, such as guanidine 1
(Scheme 1), is strongly dependent on the formation of hydrogen
bridges to monomer and initiator [18]. Note that with pyrenebu-
tanol as the initiator, 200 repeat units are grown within 20 s by
using TBD as the catalyst, while 1 h is needed with the acyclic
guanidine 1 to reach the same average chain length.

Based on this finding it should be possible to create a catalyst
that may be deactivated by formation of intramolecular
hydrogen bonds to an acceptor (A) and activated by light-trig-
gered dissociation of such intramolecular hydrogen bonds
(Scheme 2). Herein, we report the synthesis of the first photo-
switchable guanidine, as well as its photochromic behavior.

—Z R

l

e _hy (A"‘ b
hv’ =i .

TN

no polymer

monomers

———
N H hv

polymer

zZ
T

2

Scheme 2: lllustration of a photoswitchable guanidine catalyst for the ROP of lactide and the corresponding target structures 2z and 2g (S = switching

unit, A = H-bond acceptor).
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Upon irradiation, the incorporated azobenzene is supposed to
undergo photoinduced E—Z isomerization, allowing the
Brensted acceptor, in this case a ketone, to form a hydrogen-
bridge to the proton of the guanidine.

Results and Discussion

The synthesis of guanidine 2g (Scheme 3) was accomplished
starting from phenylisocyanate (3) and 3-nitroaniline (6). The
latter was converted by known procedures into its corres-
ponding nitroso derivative 7 [19], followed by a Mills coupling
with 4-aminoacetophenone (8) to give azobenzene 9 in 93%
yield over two steps. Nitroazobenzene 9 was transformed into
its amino derivative 10 by catalytic hydrogenation. Note that
under the employed conditions reduction of the azobenzene
function of compound 9 was observed, yet the formed
hydrazine analogue reoxidized in situ upon being stirred under
atmospheric conditions (air). The free amine 10 finally reacts
with the in situ prepared Vilsmeyer salt 5 to provide the

Beilstein J. Org. Chem. 2012, 8, 1825-1830.

desired target compound 2. The therefore necessary urea 4 can
be obtained from the addition of pyrrolidine to phenyliso-
cyanate (3).

The structure of guanidine 2 was proven by NMR spec-
troscopy, HRMS, as well as by single-crystal X-ray structure
analysis (Figure 1). To our knowledge, this is the first example
of an X-ray analysis of an acyclic guanidine—methanol adduct,
clearly proving the existence of a hydrogen bridge between an
alcohol OH function and the nitrogen of the guanidine. This
significantly supports the mechanism of alcohol activation in
the polymerization process. Additionally, the crystal structure
confirms the validity of our concept, illustrating the azoben-
zene’s utilization as a spacer by spatial separation of the guani-

dine core and carbonyl function.

In order to utilize the incorporated light-sensitive azobenzene
functionality, the photochromic behavior of guanidine 2 was

T | LGP
P
©/ (CH,Cly) N)J\N (toluene) N D
r, 48 h H 60°C, 1h
90%
3 5
o)
Oxone®
Qo L, e
O,N NH, (CHxCly/Water) — O,N” > “NO (acrt:ti?zaﬁid)
6 ", 0.5h 7 93% over 2 steps 0 9
Ha
Pd/C
(MeOH)
i, 4 h
73%
(j\ cl °
_ N/)\D
5
Yo 2L
N N//kN D (toluene) N NHz
b . 70°C,2h N
N H 18 % over 2 steps o
o
2 10

Scheme 3: Synthesis of guanidine 2g.
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Figure 1: ORTEP image of the single-crystal X-ray structure of guanidine 2g, as well as a rotated close-up of the guanidine moiety, showing 50%

thermal ellipsoids (CCDC 891016).

investigated by UV—vis spectroscopy (Figure 2). The UV-vis
spectrum of guanidine 2 in acetonitrile exhibits the expected
behavior, similar to the unsubstituted parent azobenzene, i.c., a
low intensity n—n* band in the visible region and a much
stronger n—7* band in the UV region of the spectrum. Note

that the n—n* band partially overlaps with the t—n* band in

a)
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the (E)-isomer. Upon irradiation at 340 nm (Figure 2a), the
n—7w* band of the isomer 2 at 326 nm vanishes and the n—n*
band of the isomer 2, with its blue-shifted maximum at 273 nm
appears. The content of isomer 2z in the photostationary state
(pss) was determined to amount to 61% by UPLC using a detec-

tion wavelength on the isosbestic point (290 nm). Based on this

b)
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Figure 2: UV-vis spectra of guanidine 2 in acetonitrile, ¢ = 3.9:107° mol/L. (a) E—Z isomerization with irradiation at 340 nm, 25 °C; (b) Z—E isomer-
ization with irradiation at 254 nm, 25 °C; (c) thermal Z—E isomerization at 40 °C; (d) spectra of 2g (blue) and 2z (calculated, red).
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data, the UV—vis spectrum of the isomer 2, was calculated
(Figure 2d), assuming that the total absorption is the sum of the
partial absorptions. Obviously, the significant hypsochromic
shift of the =—n* band leads to a separation of the n—zn* and
n—7* bands for the (Z)-isomer. As expected, an inverse behav-
ior is observed upon irradiation at 254 nm, inducing photoiso-
merization of guanidine 2z back to its precursor 2 (Figure 2b).
The amount of isomer 2 in the resulting pss was determined to
be 94%. The same nearly quantitative Z—E photoisomerization,
giving 92% of 2 in the pss, is obtained upon irradiation at 430
nm.

Related to the supposed function of guanidine as a switchable
catalyst, these experiments demonstrate the reversible photoiso-
merization of the azobenzene moiety. Nevertheless, the
switching properties can still be improved, in particular to
obtain a pss with higher (Z)-content in the E—Z photoisomer-
ization. Besides the photo-induced Z—FE isomerization, the
thermal back-reaction of guanidine 2, was examined as well
(Figure 2c). Based on the measured UV—vis and UPLC data and
assuming a first-order rate law, the rate constant of the thermal
Z—E isomerization at 40 °C was determined to be k4 °c) =
6.3-107° s7! corresponding to a half-life of T;/, = 3 h. The
measurement at slightly elevated temperature (40 °C) was
necessary since at 25 °C the thermal half-life increases signifi-
cantly (Supporting Information File 1, Figure S-5), leading to
distinct difficulties in its determination, e.g., the evaporation of
the solvent and the resulting change in concentration. Therefore,
the rate constant and thermal half-life at 25 °C could only be
estimated by using data points from the first 36 h (Supporting
Information File 1, Figure S-6) yielding k(5 ocy = 4.2:1070 57!
and 11/, = 46 h. Consequently, the half-life significantly exceeds
the expected duration of the polymerization reaction [18],
rendering guanidine 2 very attractive for this purpose. In
summary, the observed photochromic behavior detailed above
indicates promising properties for the utilization of guanidine 2
as a photoswitchable catalyst.

In order to determine the activity of the catalyst, the crystal-
bound methanol was removed and guanidine 2 was utilized in
the ROP of rac-lactide with pyrenebutanol as the initiator. In a
catalyst/initiator/monomer ratio of 1:1:100 no significant forma-
tion of polylactide was observed at rt even after 48 h. The
absence of reactivity for guanidine 2 in the ROP of rac-lactide
may have various origins. First of all, it is obvious that in com-
parison with catalytically active guanidine 1, the two cyclo-
hexane substituents on the nitrogen atoms of guanidine are
replaced by aromatic residues, which, at least in one case, is
necessary for connecting the photochromic azobenzene moiety
to the guanidine core. This replacement most likely results in a

significant reduction of the basicity of guanidine. Additionally,

Beilstein J. Org. Chem. 2012, 8, 1825-1830.

the acceptor ketone moiety itself may interact with the initiator
or the active end of the polymer chain, thereby interfering with
catalysis. In order to examine the latter, guanidine 11 was
synthesized from Vilsmeyer salt 13 and aniline and tested in the
ROP of rac-lactide (Scheme 4). The morpholino substituent
was introduced to improve the crystallization behavior of guani-
dine and should not affect the polymerization.

0] O

v O )
' Cl)\\N/© T Q\HJ\\NQ
13 . 11

11
(@]
R"SOH + n oJ\/ﬁéL» o)
)Wfo cHcy L
2vi2
o) i 2n

Scheme 4: Guanidine 11 as a catalyst in the ROP of rac-lactide (cata-
lyst/initiator/monomer ratio = 10:1:100).

In a catalyst/initiator/monomer ratio of 10:1:100 with pyrenebu-
tanol as initiator no significant formation of polylactide was
observed at rt even after 48 h. This indicates that the catalytic
inactivity of guanidine 2 is indeed caused by the guanidine
core itself. Besides the previously mentioned basicity issue, a
possible reason for this behavior may be discerned from the
single-crystal X-ray structure analysis of guanidine 2. It can be
seen that, in contrast to the supposed polymerization mecha-
nism (Figure 3a) [18], the lone pair of the nitrogen and the
hydrogen of the adjacent nitrogen are not arranged in a parallel
manner, i.e., unidirectional facing the substrates (Figure 3b). If
the observed conformation is not caused by stacking effects in
the solid state and prevails in solution, it may substantially
lower the catalytic activity of the guanidines 2g and 11.

a) b) 0
. ()
%NA\N% ©\N)§N,,H\O/R
o o)
OE)\ ) I

Figure 3: Supposed intermediates resulting from either a cyclohexane-
substituted guanidine (a) [18] or an aromatic substituted guanidine (b)
with an alcohol and lactide.
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Conclusion

In summary, we developed a new approach to the design and
synthesis of the novel, photoswitchable guanidine 2. After
detailed investigation of its photochromic properties and
demonstrating its reversible, light-induced switchability, we
started to investigate the reasons for its inactivity in the ROP of
lactide. Our efforts are now directed toward the improvement of
the design of the catalyst by exchanging one aromatic residue
with an alkyl substituent to improve the basicity of guanidine,
as well as by introducing sterically crowded substituents or ring
constraints in order to direct the position of the relevant lone
pair of guanidine as well as the NH-function.

Supporting Information

The crystal structure has been deposited at the Cambridge
Crystallographic Data Centre and allocated the deposition
number CCDC 891016.

Supporting Information File 1
Experimental details and spectra.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-209-S1.pdf]
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We describe herein the design and synthesis of asymmetric, pentadentate ligands, which are able to coordinate to Ni(II) cations

leading to quasi-diastereomeric complexes displaying two new elements of chirality: stereogenic axis and helix along with configu-

rational stabilization of the stereogenic center on the nitrogen. Due to the stereocongested structural characteristics of the corres-

ponding Ni(II) complexes, the formation of quasi-diastereomeric products is highly stercoselective providing formation of only

two, (Ry*,Mp*,R.*) and (R, *,P*,R.*), out of the four possible stereochemical combinations. The reversible quasi-diastereomeric

transformation between the products (R, *,Mp*,R.*) and (R,*,P,*,R.*) occurs by intramolecular trans-coordination of Ni-NH and

Ni—O bonds providing a basis for a chiral switch model.

Introduction

The design and synthesis of organic molecules for which the
changing of their three-dimensional structure or function can be
predicted, is a fast-growing multidisciplinary field of research

[1-13]. In particular, organic compounds that can undergo re-

versible diastereomeric transformations are considered as the
most promising models for the development of molecular
switches with nondestructive read out of the optical informa-
tion [14-18]. Taking into account the issue of fatigue resistance

1920

O


http://www.beilstein-journals.org/bjoc/about/openAccess.htm
mailto:vadym.soloshonok@ehu.es
http://dx.doi.org/10.3762%2Fbjoc.8.223

or durability of a potential molecular switch, the newly
emerging design strategies make use of the formation and
cleavage of metal-ligand coordination bonds as a basis for a
chiral conformational switch in the conformationally restricted
molecular backbone [19-23]. Here, we would like to describe a
new design and synthesis of quasi-diastereomeric molecules
with unchanging central, regenerating axial, and switchable
helical chirality, through cleavage/formation of Ni(I)-O and
Ni(II)-N coordination bonds.

Recently, we introduced a new approach to the design of
organic molecules with switchable chirality by simple cleavage
and formation of metal-ligand coordination bonds, as a poten-
tially useful and conceptually new model for the development
of a new generation of organic chiroptical molecular switches
[24,25]. Thus, achiral C-symmetric pentadentate ligands 1
were able to coordinate with d® metals [Ni(II) or Pd(II)] to form
tetra-coordinated diastereomeric complexes (R,*,Pp*,S.*)-2 and
(Ry*,Mp*,R.*)-3, which contain at least three elements of
chirality, namely stereogenic center, axis and helix (Scheme 1).
The structure of these complexes incorporated two five- and
one six-membered ring displaying a square-planar geometry. It
is worth mentioning that only two out of the four possible
diastereomeric complexes were accessed in a highly stereose-
lective manner, as a result of the intrinsic steric hindrance asso-
ciated with the design of achiral ligands 1. In addition, crystal-
lization of the diastereomeric mixtures resulted in the forma-
tion of a single diastereomer (R,*,Ph*,S.*)-2 or (Ry* ,Mp*,R.*)-
3 in the solid state, depending on the nature of the chelating
metal (Ni or Pd) employed.

R
O l O

R

“° Y‘w’\f

N\M

(Ra*:Mh*ch*)'3

Ni(Il) or
Pd(II)

o
-~z .-w:u

"i

(Ra*‘Ph*ch*)'z

Scheme 1: Previous design of diastereomeric molecules 2 and 3 with
switchable chirality starting from achiral, Co-symmetric pentadentate
ligands 1.
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In this context, we subsequently envisioned the design and syn-
thesis of structurally related complexes in which the chiral
switch will be based on trans-coordination of nonsymmetric
ligands (Scheme 2).

A E

éE
(Ra*,Pn*,Sc*)-5

(Ra*th*xSc*)'s

@ = d8 metal

Scheme 2: General design of asymmetric pentadentate ligands 4 and
chiroptically switchable quasi-diastereomeric molecules 5 and 6,
possessing elements of central, axial and helical chirality.

@ = coordination site;

The major difference of the general design presented in
Scheme 2 with the previously reported models (Scheme 1) is
that the starting pentadentate ligand 4 is asymmetric and there-
fore already possesses the stereogenic center at the coordina-
tion site C. It is assumed that the pentadentate ligand 4 upon
coordination with d® metals will give rise to tetra-coordinated
square-planar complexes 5 and 6. The presence of coordinated
and noncoordinated groups A and E, positioned up or down
relative to the metal coordination plane, will create an element
of axial chirality, directed through the coordination sites D in
complex 5 and B in 6, and the corresponding adjacent methyl-
enes of the chelating five-membered rings. The second, newly
created element of chirality may be provided by steric repulsive
interactions in the arms BA/DE, which will twist the six-
membered chelating ring resulting in a screw sense of helical
chirality. The transcoordination motion in these complexes is
expected to be controlled in a way that noncoordinated sites,
i.e., E in 5 and A in 6, will move up and down, respectively,
resulting in the interconversion of complexes 5 and 6. This
assumed concurrent and unidirectional motion of arms ED and
AB is expected to have the following desired stereochemical
consequences: Thus, the axial chirality on the arm CDE in 5
will disappear with simultaneous generation of a new chiral axis
on the arm CBA in 6, of the same sterecochemical sense. Next,
this envisioned mode of transcoordination must proceed also
with a loss and regeneration of helical chirality, but, in contrast

to the loss/regeneration of axial chirality, with the inversion of
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the stereochemical sense, providing quasi-diastereomeric rela-

tionships between complexes 5 and 6 [26].

As one can expect, these desired structural and stereochemical
considerations can be seriously compromised by the presence of
central chirality in the starting ligand 4. For instance, applica-
tion of racemic ligands 4 will give rise to at least four diastereo-
meric products rendering the designed diastereomeric inter-
transformation with switchable chirality simply pointless.
Furthermore, application of enantiomerically pure ligands 4 can
present a problem of mismatched stereochemical preferences
between the existing central and newly generated set of axial
and helical chirality. On the other hand, if the stereogenic center
in ligands 4 is configurationally flexible (can easily undergo (S)
to (R) transformation) one may expect the opposite trend, as the
combined stereochemical preferences of axial and helical
chirality will impose the corresponding matching configuration
of the stereogenic center. Thus, the geometric difference
between the designed quasi-diastereomers 5 and 6 is that the
noncoordinated arm CDE and the substituent R on the stereo-
genic coordination site C in 5 are on the same side of the metal
chelation plane, while in structure of 6 the arm CBA and the
substituent R are on the opposite sides. In contrast, the
geometric relations between the off-plane six-membered chelate
rings, giving rise to helical chirality, and the substituent R are
the same in both quasi-diastereomers 5 and 6. Considering these
geometric features, one may expect that the actual absolute con-
figuration of the stereogenic center C, determined by the stereo-
chemical priority of the groups A and E, has no importance for
the quasi-diastereomeric relationships between 5 and 6. Conse-
quently, there is a good chance that the geometric position of
the substituent R, and therefore the relative configuration of the
stereogenic center on C, may be efficiently controlled by the
matching stereochemical preferences between the axial and
helical chirality in the quasi-diastereomers 5 and 6. However, to
realize this possibility the stereogenic center C in ligands 4
should be configurationally unstable and easily adaptable to the
developing stereochemical environment upon its configura-

tional stabilization in complexes 5 and 6.

Results and Discussion

To build the real molecules to this design, we explored the
preparation of imino—carbonyl ligands 13 (Scheme 3) by
desymmetrization of achiral carbonyl-carbonyl ligands 12.
Compounds 12 were prepared in the framework of our recently
described methodology for applying a new generation of
nucleophilic glycine equivalents [27-32] to a general asym-
metric synthesis of a-amino acids [33-38]. In this manner,
modular assembly of achiral C,-symmetric pentadentate ligands
12 was carried out by using three inexpensive and readily avail-

able starting structural units. First, the “phenone” modules 7
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were reacted [39] with “acid” module 8 to form the corres-
ponding amides 9 in quantitative chemical yield. Application of
compounds 9 for bis-alkylation of “amine” module 10 was
conducted in two separate steps including isolation and purifica-
tion of the intermediate products 11. The undesired formation of
the corresponding quaternary ammonium salts was not observed
[40] and the target ligands 12 were prepared in high overall
yield (96%).

phenone acid module Br amine module
module

r/\ﬂ/Br J/i H2N/ | X
NH, O o O~ 'NH O _

R 8 R 10

R = Me (a),
7a,b R =Ph (b) 9a,b
e
/J; (0] N (0]
O0”"NH O _%ab_ NH HN
R o O
R R
11a,b 12a,b
(0) o)
N
R—NH, NH /:rf
—
O R'/N\
R R
13a,b

Scheme 3: Preparation of imino—carbonyl ligands 13 by desym-
metrization of achiral carbonyl-carbonyl ligands 12.

Surprisingly, we found that the seemingly simple transforma-
tion of 12 to 13 can present a significant synthetic problem.
Thus, our attempts to prepare the desired mono-imino ligands
13 from compounds 12, using one equivalent of various amines,
resulted in the formation of complex mixtures of inseparable
products. Possible reasons for this outcome are the presence of
two potentially reactive amide groups and the multifunctional
nature of compounds 12. In particular, preparation of the most
desirable NH-containing (R’ = H) derivatives 13, by reaction of
12 with ammonia or its derivatives, was not possible at all.
Modification of the synthetic scheme with installation of the
imino functionality on intermediate stages also gave inaccept-
able results, probably due to hydrolytic liability of the corres-
ponding imino derivatives of, for instance, compounds 9 and
11.
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While these unexpected synthetic obstacles can, probably, be
overcome with a more extensive search for optimized condi-
tions, we decided to take advantage of our experience in the
chemistry of Ni(II)-chelated amino acid Schiff bases [41-48]
and to develop an indirect approach for the preparation of asym-
metric ligands of type 13. To this goal, we studied the reactions
of biscarbonyl compounds 12 with glycine.

As shown in Scheme 4, heating of pentadentate ligands 12 in
acetonitrile in the presence of a Ni(II) source [NiCl, or
Ni(NOs3),], glycine and a base, lead to the formation of the quite
unusual complexes 14. In a similar manner, by using PdCl,
instead of Ni(Il), the Pd-chelated complex 15 was obtained. As
it follows from these results, only one carbonyl group in the
starting ligands 12 was involved in the formation of the corres-
ponding Schiff base with glycine, similar to the reactivity
observed for tridentate ligands with Ni(II) [49-53]. In the 'H
and '3C NMR spectra of compounds 14 and 15, resonances of
aromatic and aliphatic hydrogens and carbons appear as sharp
peaks indicating that the extra bidentate moiety in complexes 14
and 15 acts merely as a substituent and does not compete for
coordination with Ni(Il). Complexes 14 are red-colored, 15 is
yellow, and both are neutral, highly crystalline compounds (mp
> 250 °C), good solubility in organic solvents, and can be easily
purified by regular column chromatography on SiO5.

Ni(ll), Gly,
NaOH

NH HN o) N N
|
o o @%R
R R
12a,b 14a,b
R = Me (a),
R = Ph (b)
NH
Pd(ll), Gly,
NaOH (6]
O

Scheme 4: Preparation of complexes 14a,b and 15 by reactions of
ligands 12 with glycine.
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To receive more precise data about the structure of complexes
14 and 15 we performed crystallographic analysis of compound
14a [54] (Figure 1). Quite surprisingly, we found that in the
solid state (monoclinic crystal system, space group P2/n) com-
plex 14a has three elements of chirality: stereogenic center
[N(2)], axis [N(1)-C(8) bond] and helix (off-plane position of
the chelate rings). While these three elements of chirality can
give up to four possible diastereomeric combinations, only one
diastereomer, as a pair of (R.,R,,Py) and (S.,S,,My) enan-
tiomers, was found in the crystallographic unit cell. This fact
clearly suggested that the observed set of stereochemical prefer-
ences is a result of a mutual match between these three elements
of chirality giving rise to the most stable diastereomeric stereo-
chemistry.

Figure 1: Crystallographic structure of complex 14a.

The distances of the Ni-O(5) [1.8651(13) A] and Ni-N(4)
[1.8569(16) A] bonds of the five-membered chelate ring of the
glycine Schiff base fragment were relatively similar, while the
bonds Ni-N(3) [1.8417(16) A] and Ni-N(2) [1.9535(16) A]
were noticeably shorter and longer, respectively. The square-
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planar structure of compound 14a is slightly distorted with
angles N(4)-Ni-N(2) of 173.48(7)° and N(3)-Ni-O(5) of
175.15(6)°. This deviation from planarity gives compound 14a
a bowl-like shape and renders it inherently chiral. For instance,
the torsion angle C(19)-N(3)-C(20)-C(21) of 32.0(3)° sets the
element of helical chirality, while the axial chirality is located
through the N(1)-C(8) bond with the torsion angle
C(9)-N(1)-C(8)—C(7) of —139.5(2)°. The central chirality is
located on N(2) as, coordinated to Ni(II), nitrogen is configura-
tionally stable and has four different substituents. As mentioned
above, the absorptions of hydrogens and carbons in the NMR
spectra, recorded at ambient temperature, are sharp and there-
fore do not suggest any diastereomeric transformations. Accord-
ingly, one may assume that in CHCl;3 solution compounds 14
and 15 also exist in one diastereomeric form possibly stabilized
by apical coordination of the amidic carbonyl of the pendent
side chain (distance of Ni-O(2) = 2.665 A).

With complexes 14 and 15 in hand, we next studied the oxi-
dation of 14 as presented in Scheme 5. Formation of the corres-
ponding enolates 16, in the presence of relatively strong bases
(KOt-Bu), is an established step in general methods for homolo-
gation of the glycine moiety by alkyl halide alkylation [27,50-
53], aldol [29,33,36,37] and Michael [28,31,34,35,38,39,43-47]
addition reactions. The following oxidation step of the enolates

16 in the presence of atmospheric oxygen, is less studied [48];
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however, plausible key transformations can be deduced based
on the closely related results on the well-established general
oxidation of enolates [55-64] and glycine-derived enolates [65-
70], in particular, under similar conditions. Thus, the ionized
form of a-hydroxy intermediate 17 can undergo the cleavage of
the glycine C—N bond [65,68-70] resulting in the formation of
neutral complex 18. Previously, we demonstrated that in situ
formed derivatives of type 18, without the pendant side chain,
undergo further stabilization through dimerization, giving rise
to the corresponding binuclear complexes [48]. In this case, the
presence of the bidentate substituent allows for a different,
intramolecular stabilization mechanism leading to the forma-
tion of target complexes 19/20.

It is interesting to note that the acetophenone module-derived
compound 14a gave the expected enolate 16a; however, its
further oxidation lead mostly to decomposition, suggesting
higher instability of intermediate derivatives of type 17 and 18
[48]. Also, the benzophenone-derived, Pd(II)-containing
analogue 15 (Scheme 4) failed to produce the target complexes
of type 19/20, pointing to some limitation of this synthetic alter-
native. Nevertheless, this oxidative pathway allowed for con-
venient preparation of otherwise inaccessible complexes 19/20
formally derived from asymmetric carbonyl/imine ligands 13
(Scheme 3) and Ni(II). In contrast to typical Ni(Il) complexes,

such as 14a,b, compounds 19/20 display an unusual dark-brown

_ o)
) LT
NH NH
KOt-Bu (&o [02]
14a,b -
©/\N\ 0 (j/\N (o oN® o)
a
J/i AN | J/: ’ \/\ - 091\8
0“™N N ONa
" ® O
16a,b 17
o o)
~ N—Nj—N N\Nl/N
N\ N\H t_H +
/J/‘i /Ni\U - O /N/O O
o>\ N0 O % Noy
[ &%
= &
18 (Ra*;Mp*,Rc*)-19 (Ra*,Pn*Re*)-20

Scheme 5: Oxidation of enolates 16 and formation of complexes 19 and 20.
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color. Nevertheless, their high solubility in polar organic
solvents allows for their straightforward purification by column
chromatography. Initial assignment of the structures of com-
pounds 19/20 by NMR was not possible because of the very fast
exchange between Ni-O=C and Ni-NH=C chelation. Thus, due
to fast interconversion between compounds 19 and 20, only
broad signals were observed in the 'H NMR spectra recorded at
ambient temperature. However, variable temperature experi-
ments (—50 °C) produced a notable sharpening in both aromatic
and aliphatic protons. Ultimately, elucidation of their structure
was carried out by X-ray analysis, which was feasible due to
their high crystallinity [54].

We found that in the solid state, compounds 19 and 20 exist as
the sole NH-Ni coordinated quasi-diastereomer (R,* ,Mp*,R.*)-
19 (Figure 2), containing a pair of (R,,Mp,R.) and (S,,Ph,Sc)
enantiomers in the crystallographic unit cell (triclinic, PI space
group). Surprisingly, the distance of the Ni-NH bond was found
to be the shortest [1.8518(15) A] in the Ni(II)-coordinated
plane, followed by the Ni-N(3) [1.8524(14) A] of the same
five-membered chelate ring. Two other Ni-N(1) [1.8760(14) A]
and Ni(1)-N(2) [1.9076(15) A] were noticeably longer. The
square-planar coordination plane in compound 19 was substan-
tially more distorted, as compared with complex 14a or carbon-
yl-coordinated analogues 2 and 3 [24,25] (Scheme 1), with the
angles N(3)-Ni-N(1) of 171.94(6)° and N(4)-Ni-N(2) of
169.80(6)° rendering it inherently chiral. Consequently, the
torsion angle C(24)-N(3)—C(25)-C(26) of 34.4(2)° gives rise to
an element of helical chirality in compound 19. The element of
axial chirality is generated by the restricted rotation around
the N(1)-C(13) bond with the torsion angle
C(14)-N(1)-C(13)-C(12) of —119.59(18)°. The third element
of chirality, a stereogenic center, is located on N(2).

Conclusion

In conclusion, we have shown that the newly prepared Ni(II)
complexes derived from asymmetric, pentadentate ligands exist
as quasi-diastereomers, generating two new elements of
chirality (stereogenic axis and helix) to the pre-existing configu-
rationally stable stereogenic nitrogen. The stereoselective for-
mation of only two, (R,*,My*,R.*) and (R, *,Pp*,R.*), out of
the four possible stereochemical combinations is most remark-
able, arising due to the highly stereocongested structural charac-
teristics of these Ni(II) complexes. The quasi-diastereomeric
transformation between products (R,*,Mp*,R.*) and
(Ry*,Pp*,R.*) occurs by intramolecular transcoordination of
Ni—NH and Ni—O bonds. This transcoordination results in the
loss and regeneration of axial and helical chirality with reten-
tion and inversion, respectively, of the stereochemical sense.
The stereogenic center in this case remains unchanged. As it

follows from the crystallographic studies, in the solid state there
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_CI2T
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Figure 2: Crystallographic structure of complex 19.

is an obvious preference for Ni-NH over Ni—O coordination.
The flexibility of this modular design, in which the three major

ELINT3

“phenone”, “acid” and “amine” modules can be selected by
using many structural modifications, provides a very practical
tool for the preparation of a wide variety of Ni(II) complexes,
which may result in a higher sensitivity to chemical properties

such as temperature, solvent or pH of the reaction medium.

Experimental

General

'H and 13C NMR were performed on Varian Unity-300 (299.94
MHz) and Gemini-200 (199.98 MHz) spectrometers with TMS
and CDClj as internal standards. High-resolution mass spectra
(HRMS) were recorded on a JEOL HX110A instrument.
Optical rotations were measured on a JASCO P-1010
polarimeter. Melting points (mp) are uncorrected and were
obtained in open capillaries. All reagents and solvents, unless

otherwise stated, are commercially available and were used as

1925



received. Unless otherwise stated, yields refer to isolated yields
of products of greater than 95% purity as estimated by 'H and
13C NMR spectrometry. All new compounds were character-
ized by 'H, 13C NMR and HRMS. For preparation of 12a,b see
[25,39].

Synthesis of complexes 14a,b and 15

General procedure. To a suspension of compound 12, glycine
(5 equiv), and MX, (NiCl,, Ni(NO3); or PdCl,, 2 equiv) in
MeOH, NaOH (7 equiv) was added, and the reaction mixture
was stirred at 6070 °C for 4 h. Then, the reaction mixture was
poured over a slurry of ice and 5% AcOH. After complete
precipitation, the solid was filtered, washed with water, and
dried. The product was purified by silica-gel column chroma-
tography (CHClj/acetone = 4:1).

Complex 14a (46% yield). Mp 277.2 °C (dec); 'H NMR
(300 MHz, CDCl3) 8 2.34 (s, 3H), 2.68 (s, 3H), 2.89 (d, J =
15.4 Hz, 1H), 3.30 (d, J = 16.5 Hz, 1H), 3.83 (d, J = 15.4 Hz,
1H), 3.85 (d, J = 16.2 Hz, 1H), 3.86 (d, J = 18.8 Hz, 1H), 3.94
(d,J=12.6 Hz, 1H), 4.43 (d, J= 19.0 Hz, 1H), 4.54 (d, J=12.8
Hz, 1H), 6.92 (ddd, J = 8.30, 7.13, 1.18 Hz, 1H), 7.16-7.24 (m,
2H), 7.30-7.36 (m, 1H), 7.37-7.46 (m, 2H), 7.50 (dd, J = 8.30,
1.46 Hz, 1H), 7.64 (ddd, J=8.69, 7.13, 1.56 Hz, 1H), 7.93 (dd,
J =8.01, 1.56 Hz, 1H), 8.06 (dd, J = 8.59, 1.17 Hz, 1H),
8.09-8.15 (m, 2H), 8.97 (dd, J = 8.49, 1.17 Hz, 1H); 13C NMR
(75 MHz, CDCl3) & 18.9, 28.5, 59.8, 60.0, 60.9, 64.4, 121.2,
121.3, 122.1, 123.3, 124.8, 126.8, 128.7, 128.9, 129.4, 131.4,
131.5, 131.7, 132.1, 135.2, 139.9, 141.4, 166.7, 168.8, 176.1,
176.8, 203.2; HRMS—ESI (m/z): [M + Na]" calcd for
Co9H,gN4NaNiOs, 593.1311; found, 593.1321.

Complex 14b (83% yield). Mp 259.3 °C (dec); 'H NMR
(300 MHz, CDCl3) & 2.83 (d, J = 16.5 Hz, 1H), 3.37 (d, J =
16.4 Hz, 1H), 3.65 (d, J = 19.8 Hz, 1H), 3.84 (d, J = 12.2 Hz,
1H), 3.88 (d, J = 13.2 Hz, 1H), 3.89 (d, J = 19.8 Hz, 1H), 4.14
(d, J=12.8 Hz, 1H), 4.70 (d, J = 13.1 Hz, 1H), 6.72 (ddd, J =
8.30, 6.84, 1.27 Hz, 1H), 6.84 (dd, J = 8.20, 1.76 Hz, 1H),
7.00-7.74 (m, 17H), 7.90-8.00 (m, 2H), 8.47 (d, J = 8.79 Hz,
1H), 8.83 (d, J = 7.91 Hz, 1H), 11.1 (bs, 1H); '3C NMR (75
MHz, CDCl3) § 59.0, 60.5, 61.2, 63.9, 120.7, 122.6, 123.3,
124.2, 125.1, 125.5, 125.9, 126.3, 128.2, 128.9, 129.1, 129.4,
129.4, 129.6, 129.8, 131.1, 132.0, 132.1, 132.5, 133.0, 133.1,
133.9, 134.7, 138.1, 138.7, 142.4, 166.5, 171.0, 176.7, 177.1,
199.2; HRMS-ESI (m/z): [M + H]* calcd for C39H33N4NiOs,
695.1804; found, 695.1801.

Complex 15 (86% yield). Mp 253.5 °C (dec); '"H NMR
(300 MHz, CDCl3): 6 3.77 (d, J= 15.8 Hz, 1H), 4.11 (d, J =
11.6 Hz, 1H), 4.12 (s, 2H), 4.18 (d, J = 11.1 Hz, 1H), 4.30 (d, J
=16.4 Hz, 1H), 4.46 (s, 2H), 6.78 (ddd, J = 8.20, 7.03, 1.17 Hz,
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1H), 6.92-7.01 (m, 2H), 7.13-7.22 (m, 2H), 7.25-7.88 (m,
16H), 8.47 (dd, J = 8.79, 1.18 Hz, 1H), 8.58 (dd, J = 8.50, 1.18
Hz, 1H), 11.0 (bs, 1H); 13C NMR (75 MHz, CDCls) & 61.1,
63.1, 64.0, 65.3, 121.2, 122.4, 123.4, 123.6, 125.0, 126.0, 126.2,
126.4, 128.3, 128.8, 129.4, 129.5, 129.7, 129.7, 129.9, 131.5,
132.3, 132.7, 133.0, 133.1, 133.8, 134.2, 134.9, 137.9, 138.6,
142.2, 165.0, 169.2, 176.6, 177.8, 198.9; HRMS-ESI (m/z): [M
+ H]* caled for C39H33N,405Pd, 743.1436; found, 743.1501.

Complexes 19/20. To a solution of 14b (1 equiv) in CH3CN,
was added KOz-Bu (4 equiv) at rt and the reaction mixture was
stirred at rt under aerobic conditions until the starting com-
pound was consumed completely, as confirmed by TLC. After
evaporation of the solvent, water and a calculated amount of 5%
AcOH agq. (4 equiv) was added and extracted with CH,Cl, three
times. The combined organic layers were dried over MgSQy,
and the product was purified on a short-path flash silica-gel
column. Due to the fast exchange between complexes 19/20,
NMR spectra were not properly recorded. Mp 264.5 °C (dec);
HRMS-ESI (m/z): [M + Na]" calcd for C37H3oN4NaNiO3,
659.1569; found, 659.1547.

Supporting Information

Supporting Information File 1

NMR spectra of compounds 14b and 19/20.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-223-S1.pdf]
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Background: Large conformational and functional changes of azobenzene-modified biomolecules require longer azobenzene
derivatives that undergo large end-to-end distance changes upon photoisomerization. In addition, isomerization that occurs with

visible rather than UV irradiation is preferred for biological applications.

Results: We report the synthesis and characterization of a new crosslinker in which a central piperazine unit links two azobenzene
chromophores. Molecular modeling indicates that this crosslinker can undergo a large change in end-to-end distance upon
trans,trans to cis,cis isomerization. Photochemical characterization indicates that it does isomerize with visible light (violet to blue
wavelengths). However, the thermal relaxation rate of this crosslinker is rather high (1, ~ 1 s in aqueous buffer at neutral pH) so

that it is difficult to produce large fractions of the cis,cis-species without very bright light sources.

Conclusion: While cis-lifetimes may be longer when the crosslinker is attached to a biomolecule, it appears the para-piperazine
unit may be best suited for applications where rapid thermal relaxation is required.

Introduction

Azobenzene derivatives have been used for reversible manipu-
lation of biological targets, including peptide and protein struc-
ture and function [1-12], enzyme activities [13-17], oligo-
nucleotide functions [18-20], and ion-channel activities [21-23].
A quantitative analysis of the effects of crosslinkers on protein

folding led to the conclusion that photocontrol of folding is best

achieved by using rigid crosslinkers that undergo a large change
in end-to-end distance upon photoisomerization [6]. Previously,
we reported the design and synthesis of the rigid bisazobenzene
crosslinker BPDBS, (4,4'-bis(4-(2-chloroacetamido)phenyl)-
diazenylbiphenyl-2,2'-disulfonate) (1, Scheme 1) [24]. This

photoswitch can produce a minimum ~5 A and a maximum
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Scheme 1: Bisazobenzene derivatives.

~23 A end-to-end distance change upon trans—cis isomeriza-
tion. It has a high absorption coefficient (45-60,000 M~ 'cm™)
and can produce up to ~80% trans—cis isomerization under
favorable conditions. The suitability of this photoswitch for bio-
logical systems would be enhanced if the wavelengths required
for photoisomerization were longer, so that UV light was not
required. UV light is highly scattered by biological samples and
can be a toxic stimulus [25,26]. In an attempt to red-shift the
switching wavelength while maintaining a large end-to-end dis-
tance change upon photoisomerization, we designed compound
2 (Scheme 1). The central piperazine unit in this structure was
expected to disconnect the n-delocalization between the two azo
chromophores completely, while providing N-centered lone

/\ PhBr t-BuOK
OO
N/ DMSO 100 °C
O
SO3Na ACZO SO3Na H ,IPd-C
AcOH reflux 20
6 5

1.7, DMF,0°Ctort

2. dil. HCI (pH 0.5-1)

/\ ,/N NH
OO
HN N’ j— SO5H
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pairs to extend the m-system of each independent azo unit. In
this manner, independent photoswitching behavior of the two
units at wavelengths shifted towards the visible range was
expected to occur.

Results and Discussion

The p-diacetamido piperazine-linked bisazobenzene derivative
2 was prepared by a double diazo-coupling reaction between the
donor 1,4-diphenylpiperazine (7) and the acceptor 4-acetamido-
3-sulfobenzenediazonium chloride (3), which was synthesized
in situ by diazotization of sodium 2-acetamido-5-aminoben-
zenesulfonate (4) using sodium nitrite with HCI (Scheme 2).
Compound 4 was prepared by hydrogenation with Hp/Pd-C

@@

o)
)I\NH
N
SOsNa |1 2NO,, Hel —/( ® O
———— | HN NoCl
H,0, 0-5 °C
NH, HO,S
4 3
0

y;

Scheme 2: Synthetic route for the preparation of bisazobenzene derivative 2.
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from sodium 2-acetamido-5-nitrobenzenesulfonate (5), which
was obtained from commercially available sodium 2-amino-5-
nitrobenzenesulfonate (6) by acetylation using acetic anhydride.
1,4-Diphenylpiperazine (7) was synthesized by a cross-coupling
reaction of bromobenzene with 1-phenylpiperazine in the pres-
ence of +-BuOK.

As with previous crosslinkers, attachment to a target peptide or
protein would involve replacement of the two terminal
acetamido units with chloro- or iodoacetamide units to enable
reaction with Cys residues [24]. The end-to-end distance
changes expected upon photoisomerization of the resulting
crosslink were estimated by molecular dynamics methods.
Figure 1 shows models of compound 2 in trans,trans, trans,cis,
and cis,cis-isomeric states. These simulations indicate that the
trans,trans and cis,cis-states give well-separated end-to-end dis-
tance changes. The trans,trans-isomer has a preferred end-to-
end distance of 32.8 A but some flexibility in the piperazine
linkage permits distances between 25 and 35 A. The cis,cis-
isomer permits distances between ~4 and 25 A. The trans,cis-
isomers produce an intermediate range of distances between 7
and 30 A, which overlaps with both trans,trans and cis,cis-
isomers. This rather large and overlapping range of distances
for the trans,cis-species is problematic from the point of view
of photocontrol since a large light-driven change in the end-to-
end distribution will require very efficient photoisomerization
to the cis,cis-species. We were, therefore, interested in the
photochemical behavior of 2.

Figure 2 shows UV-vis absorbance spectra of 2 in the dark-
adapted trans,trans-form in various solvents. As expected, the
main absorbance band (m—x* transition) is red-shifted compared

to BPDBS with a maximum near 420 nm. The molar extinction
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coefficient for 2 was determined by 'H NMR coupled with
UV-vis absorption spectra, to be 66,400 in DMSO at 428 nm,
such that on a molar basis, the photoswitch is intensely colored.

The spectra in aqueous solutions are pH dependent below
pH 6.0 (Figure 2b). A band corresponding to the azonium
species [27] near 600 nm is evident at pH 5 and this does not
appear to change upon irradiation. At lower pH values the
spectrum undergoes further changes with enhanced absorbance
from 530-700 nm consistent with the formation of a doubly
protonated bisazonium species. This species is expected to
be in equilibrium with the corresponding bisammonium species
[27].

Irradiation of 2 in DMSO and in acetonitrile caused only small
changes in the spectra indicating rapid thermal reversal.
However, switching in aqueous solutions was measurable
(Figure 3). The half-life of the irradiated isomers of 2 in phos-
phate buffer at 4 °C was measured to be 1.5 = 0.3 s.

Numerous cycles of photoisomerization could be carried out
without noticeable photobleaching (Figure 3b). The relatively
rapid thermal relaxation, however, means that the overall trans
versus cis-isomer ratio is small, and the fraction of the cis,cis-
species is low. While cis lifetimes may be longer when the
crosslinker is attached to a biomolecule, it is likely that this
crosslink will predominantly cycle between the trans,trans and
trans,cis-species under low irradiation intensities. These species
have overlapping end-to-end distances and would not be
expected to drive significant conformational change in a single
attached biomolecule [6]. However, high (e.g., pulsed) light in-
tensities may be expected to populate the cis,cis-state and may

permit pulsed-light-driven conformational changes. It is

Figure 1: (a) Histograms showing the relative populations of conformations having the sulfur-to-sulfur distances indicated. (b) Examples of
trans,trans, trans,cis and cis,cis conformations with the S—S distances indicated.
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Figure 2: (a) Normalized UV-vis absorption spectra of 2 in DMSO, acetonitrile, MeOH and sodium phosphate buffer (pH 7.0). (b) UV—vis absorption

spectra of 2 (~10 uM) in aqueous buffer at different pHs (indicated).
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Figure 3: (a) Photoswitching of 2 with violet light (407—410 nm) at different temperatures (4, 10 and 20 °C) in 25 mM sodium phosphate buffer at pH
8. (b) Multiple rounds of photoswitching of 2 with alternating violet light (violet bars) and dark adaption (white bars) in 25 mM phosphate buffer, pH 8,

at 10 °C.

possible that further substitution, particularly in positions ortho
to the azo units may slow down the thermal relaxation rates and
make production of a large fraction of the cis,cis-species
possible [28]. Alternatively, azobenzene-based switches with
rapid thermal relaxation times are preferred in materials-based
applications where they can lead to light-driven changes in
polymer properties. Bisazobenzene-based compounds analo-
gous to 2 may be useful in this context [29-33].

Experimental
General aspects: All commercial materials (solvents, reagents

and substrates) were used as received. NMR spectra were

recorded either on Varian Vnmr-S 400 MHz, Varian Mercury
400 MHz or Agilent DD2 500 MHz spectrometers. Silica gel of
particle size 40—63 pm from Silicycle Chemical Division was
used for column chromatography.

Synthesis of 1,4-diphenylpiperazine (7) [34]: A mixture of
1-phenylpiperazine (8, 2.0 g, 12.3 mmol), bromobenzene (1.9 g,
12.1 mmol) and #+-BuOK (2.7 g, 24.11 mmol) in anhydrous
DMSO (25 mL) was heated at 100 °C for 2 h. The reaction was
quenched with water and extracted with dichloromethane. The
combined organic layer was dried over anhydrous sodium
sulfate and concentrated. The crude oil was subjected to silica-
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gel column chromatography to afford 1,4-diphenylpiperazine
(7, 1.2 g, yield 41%) as a colorless solid. 'H NMR (400 MHz,
CDCl3) 6 3.34 (s, 8H), 6.89 (t, J= 7.6 Hz, 2H), 6.99 (d, /= 8.0
Hz, 4H), 7.29 (t, J = 7.6 Hz, 4H) ppm.

Synthesis of sodium 2-acetamido-5-nitrobenzenesulfonate
(5): To sodium 2-amino-5-nitrobenzenesulfonate (6, 4.0 g,
16.6 mmol) in acetic acid (40 mL) was added acetic anhydride
(2.6 g, 24.8 mmol) and the solution was heated under reflux for
4 h. After cooling to rt, the precipitate was filtered, washed with
hot acetic acid and then ether, and dried under high vacuum.
The crude product was resuspended in hot ethanol, filtered and
dried to obtain sodium 2-acetamido-5-nitrobenzenesulfonate (5,
4.3 g, yield 90%) as a colorless solid. 'H NMR (400 MHz,
DMSO-dg) 6 2.13 (s, 3H), 8.21 (dd, J; = 9.2 Hz, J, = 2.8 Hz,
1H), 8.43 (d, J = 2.8 Hz, 1H), 8.55 (d, /= 9.2 Hz, 1H), 10.66
(br s, NH) ppm; 13C NMR (100 MHz, DMSO-d) & 25.7, 120.2,
123.1, 126.2, 135.9, 141.6, 141.8, 169.3 ppm; HRMS-ESI
(m/z): [M — H]™ caled for CgH7N,0O4S, 259.2174; found,
259.2172.

Synthesis of sodium 2-acetamido-5-aminobenzenesulfonate
(4) [35]: To a solution of sodium 2-acetamido-5-nitrobenzene-
sulfonate (5, 4.2 g, 14.9 mmol) in water (100 mL) contained in
a double-necked round-bottom flask was added 10% Pd/C
(0.3 g) under nitrogen gas atmosphere. A filled hydrogen
balloon was then connected to one neck and the reaction vessel
was thoroughly degassed and purged with hydrogen gas. The
reaction mixture was vigorously stirred under hydrogen-balloon
pressure at rt for 14 h. The reaction mixture was filtered through
a celite pad, and the water was removed under vacuum. The
crude product was resuspended in hot ethanol, filtered and dried
to obtain sodium 2-acetamido-5-aminobenzenesulfonate (4,
3.6 g, yield 97%) as a colorless solid. 'H NMR (400 MHz,
DMSO-dg) 6 1.96 (s, 3H), 4.91 (br, NHj), 6.46 (dd, J; = 8.4 Hz,
Jr, =2.8 Hz, 1H), 6.95 (d, /= 2.8 Hz, 1H), 7.88 (d, J = 8.4 Hz,
1H), 9.98 (br, NH) ppm.

Synthesis of p-diacetamido piperazine-linked bisazobenzene,
5,5'-((piperazine-1,4-diylbis(4,1-phenylene))bis(diazene-2,1-
diyl))bis(2-acetamidobenzenesulfonic acid) (2): An ice-cold
mixture of sodium 2-acetamido-5-aminobenzenesulfonate (4,
1.6 g, 6.3 mmol) and sodium nitrite (0.47 g, 6.8 mmol) in water
(30 mL) was added dropwise to a mixture of concentrated
hydrochloric acid (2.8 mL) and ice (30.0 g). The resulting mix-
ture was stirred at 0—5 °C for 1 h. To this diazonium solution
was added dropwise an ice-cold solution of 1,4-diphenylpiper-
azine (7, 0.5 g, 2.1 mmol) in DMF (10 mL). After stirring for
2 h at 0-5 °C, it was stirred at room temperature for 24 h. The
reaction was made acidic (pH 1 to 0.5), filtered and the residue

was washed with cold water. The crude product was subjected
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to a short silica gel column chromatography to isolate
p-diacetamido piperazine-linked bisazobenzene 2 (108.0 mg,
yield 7%), which was further HPLC purified on a semiprepara-
tive SB-C8 column with a linear solvent gradient of 10-75%
acetonitrile/H,O (containing 0.1% trifluoroacetic acid) over a
course of 25 min; the product was eluted at 54.5% acetonitrile.
TH NMR (400 MHz, DMSO-dg) & 2.08 (s, 6H), 3.54 (s, 8H),
7.11 (d, J=9.2 Hz, 4H), 7.77-7.81 (m, 6H), 8.09 (d, J=2.4 Hz,
2H), 8.45 (d, J = 8.8 Hz, 2H), 10.58 (br, NH) ppm; '3C NMR
(125 MHz, DMSO-dg) 6 25.5, 47.0, 114.6, 119.5, 120.1, 124.8,
125.6, 136.2, 137.1, 144.6, 147.1, 152.9, 168.3 ppm;
HRMS-ESI (m/z): [M - H]7 calcd for C32H31N80852,
719.1711; found, 719.1711.

UV-vis spectra and photoisomerization: UV—vis absorption
spectra were obtained using either a Perkin-Elmer Lambda 25
spectrophotometer or using a diode array UV—vis spectropho-
tometer (Ocean Optics Inc., USB4000) coupled to a tempera-
ture-controlled cuvette holder (Quantum Northwest, Inc.
Spokane, WA, USA). The latter arrangement was used to
measure thermal relaxation rates, and steady-state spectra under
UV-vis illumination. For steady-state spectra, typically, a
5-10 puM solution of 2 in 25 mM sodium phosphate buffer
(pH 8.0), contained in a 1 cm path length quartz cuvette in the
temperature-controlled cuvette holder, was irradiated (at 90° to
the measuring beam) with LEDs emitting at 407-410 nm
(~460 mW, LEDengin LZ1-10UAO05) at 4, 10 and 20 °C for
2 min until no further decrease in absorbance was observed, and
under this steady-state-irradiation condition the spectra were
recorded.

Rates of thermal reversion of the irradiated samples were
measured at 4 °C by monitoring absorbance at 425 nm with
time. All curves were fitted to mono-exponential decay kinetics.
The light used for the absorbance measurement was of suffi-
ciently low intensity to cause negligible isomerization.

To determine the molar extinction coefficient 'H NMR spectra
of a solution of 2 in DMSO-dj containing a known concentra-
tion of 1,2-dichloroethane (DCE) as an internal reference was
recorded. The NMR solution was later diluted in DMSO and the
UV-vis spectrum was recorded to calculate the molar extinc-
tion coefficient.

Molecular modeling: Models of trans,trans, trans,cis and
cis,cis-crosslinkers were built by using HyperChem (v.8,
Hypercube Inc.) with the linker terminated with methyl groups
representing the B-carbon of Cys in the cross-linked peptide,
and minimized by using the Amber99 force field. Restraints
were added to the azo-bond for the trans,cis and cis,cis-isomers

(force constant 16). Molecular dynamics runs were performed
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in vacuo, essentially as described previously [36], with a dis-
tance-dependent dielectric constant, and 1-4 scale factors of
0.833 for electrostatic and 0.5 for van der Waals interactions, a
step size of 1 fs and 300 K as the simulation temperature.
Trajectories were analyzed to verify that numerous torsion-
angle changes occurred for all single bonds during the course of
the simulation to ensure that conformational space was
adequately sampled. Histograms of all points were then
produced for the S—S distance during the full set of simulations

for each isomer.

Supporting Information

Supporting Information File 1

NMR spectra for compounds 2, 4, 5 and 7.
[http://www.beilstein-journals.org/bjoc/content/
supplementary/1860-5397-8-246-S1.pdf]
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Azobenzenes are robust, reliable, and easy to synthesize photochromic switches. However, their high conformational flexibility is a

disadvantage in machine-like applications. The almost free rotation of the phenyl groups can be restricted by bridging two ortho

positions with a CH,CH, group, as realized in the dihydrodibenzo diazocine framework. We present the synthesis and properties of

3,3’-amino- and 3,3’-acetamido substituted diazocines. Upon irradiation with light of 405 and 530 nm they isomerize from the cis

to the trans configuration and back, and thereby perform a pincer-like motion. In the thermodynamically more stable cis isomer the

lone pairs of the amino nitrogen atoms point towards each other, and in the #rans form they point in opposite directions. The dis-

tance between the amino nitrogen atoms changes between 8 A (cis) and 11 A (trans isomer).

Introduction

Azobenzenes probably are the most frequently used
photochromic switches in chemistry. They are employed as
molecular actuators to drive a number of dynamic machine-like
functions [1]. To achieve sophisticated engineering tasks such
as directed motion at the molecular level [2,3], the geometry
change and the force induced during cis—trans isomerization has
to be coupled to the environment. In the macroscopic world,

therefore, machines are made from stiff materials. Azobenzene,

however, is a rather floppy molecule. Both phenyl rings can
rotate with a low activation barrier, and isomerization of the
trans form can occur in two different directions, forming two
different isomers (enantiomers in the parent system) [4]. Power
transmission to neighbouring molecules is inefficient because of
energy transfer to internal conformational motion. The first and
probably most simple measure to make azobenzene stiffer

would be to prevent the phenyl groups from rotating.

O
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Connecting both rings with each other via an alkane bridge is
probably the most straightforward way to achieve that. Such a
molecule, 5,6-dihydrodibenzo[c,g][1,2]diazocine (1), has been
known for more than a hundred years [5]. However, only
recently we discovered that the photophysical properties of 1
(quantum yields, photostationary states) are superior to those of
parent azobenzene, and most of its derivatives [6-8]. In contrast
to azobenzene, diazocine 1 is most stable in its cis configur-
ation, which has a boat conformation. The frans isomer comes
in two conformations: a chair and a twist form, of which the
twist is more stable (Figure 1).

H
trans twist
Erel = 7.60 kcal mol™!

p =1.08 Debye

cis boat

Erel = 0.00 keal mol™
p =2.93 Debye

trans chair
Erel = 10.27 kcal mol™!
= 0.96 Debye

Figure 1: Configurations and conformations of 5,6-
dihydrodibenzol[c,g][1,2]diazocine (1), and DFT (B3LYP/6-31G*) calcu-
lated energies (kcal mol™") relative to the most stable cis boat form.
Dipol moments are given in Debye.

Proper substitution of the diazocine molecular framework is

necessary to control the interaction with the environment or

Beilstein J. Org. Chem. 2013, 9, 1-7.

with other molecules. Therefore, we explore different
approaches to prepare diazocine derivatives. Since the nomen-
clature is not unambiguous and, hence, potentially confusing,
we refer to 5,6-dihydrodibenzo[c,g][1,2]diazocine derivatives as
2,2’-ethylene-bridged azobenzenes (EBABs).

Results and Discussion

Synthesis

Woolley et al. very recently published the synthesis of a 4,4’-
diamino-2,2’-ethylene-bridged azobenzene (4,4’-diamino-
EBAB), which exhibits excellent photophysical properties [9].
In planning our synthesis (and not yet being aware of the results
of the above authors) we were concerned about the fact that
amino substituents in the 4-position with respect to the azo
group would impair photochemical conversion, as this is known
for 4-amino-substituted azobenzenes [10]. We therefore set out
to synthesize 3,3’-diamino-EBAB 4 and derivatives thereof.
Key steps of the synthesis are the introduction of the
substituents and formation of the azo bond. Several approaches
were evaluated, changing the order of the steps and the groups
from which the azo unit was generated. The preferred proce-
dure starts from commercially available 1,2-bis(4-amino-
phenyl)ethane (2). Nitration proceeds almost quantitatively in
ortho position to the ethylene bridge, forming 1,2-bis(2-nitro-4-
aminophenyl)ethane (3) [11]. Intramolecular reductive coupling
of the nitro groups to form the azo unit proceeds with notori-
ously low yields. The most frequently used procedure using Zn
as the reducing agent in Ba(OH), [12] or NaOH [13] gives irre-
producible and low yields varying from 2% to not more than
19%. Glucose, however, in basic ethanolic solution turned out
to furnish the azo compound 4 reproducibly in more than 20%
yield. The acetamide derivative 5 is formed by treatment of
3,3’-EBAB 4 with acetic anhydride (Scheme 1).

NaNO;
a H,SO,, 40 °C
3 9% He
glucose, NaOH
5N N=N NH,
4 30%
H
100%

Scheme 1: Synthesis of 3,3’-diamino-EBAB 4 and its acetamide derivative 5.



The structures of the products were confirmed by 'H and
I3C NMR spectroscopy, as well as X-ray crystallography
(Figure 2). As in the parent system 1 the amino and acetamido
derivates 4 and 5 are thermodynamically most stable in their cis
form.

Photochromic Properties

trans-Azobenzene exhibits a high-intensity n—n* band at
Amax = 316 nm (g = 22,000 L-M "-cm™!) and a symmetry-
forbidden n—n* band at 444 nm with a very low extinction coef-
ficient (¢ = 440 L-M™!-cm™) [10]. Irradiation with UV-light of
365 nm converts the trans to the cis isomer. The n—n* absorp-
tion of the nonplanar cis-azobenzene is not formally symmetry
forbidden. Even though it has a rather low extinction coeffi-
cient (1250 L-M~!-ecm™), irradiation into the n—* band leads to
complete conversion back to the trans isomer [14]. Photo-
switching of 5,6-dihydrodibenzo[c,g][1,2]diazocine (unsubsti-
tuted EBAB 1), however, is performed differently [6]. Conver-
sion of cis to trans, as well as isomerization of trans to cis, is
achieved by irradiation into the corresponding n—* bands. This
is possible because the n—n* bands appear well separated at
different wavelengths (cis: 404 nm, trans: 490 nm) and the tran-
sitions are allowed (albeit weak) in both isomers. Since
substituents in the meta position are known to interact less effi-
ciently with each other than those in the ortho or para positions
we decided to examine EBABs that are 3,3’-substituted, hoping
that the excellent switching properties of the parent system
would be retained. For determination of the ratio of isomers in
photostationary states we used 'H NMR (for details see
Supporting Information File 1).

The UV spectrum of cis-3,3’-diamino-EBAB 4 exhibits a n—r*
transition at 350 nm, and a shoulder at approximately 400 nm,
which arises from the n—n* transition of the azobenzene

cis-4
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Figure 3: UV-vis spectra of the diazocine derivatives 3,3’-diamino-
EBAB 4 and its bisamide derivative 5 in acetonitrile.

substructure (Figure 3). Irradiation of a solution of 4 in acetoni-
trile with light of 405 nm leads to isomerization to the trans
isomer with 34% trans form in the photostationary state (deter-
mined by 'H NMR). The rather low conversion rate is probably

cis-5

Figure 2: Crystal structures of the cis isomers of 3,3’-diamino-EBAB 4 and its acetamide derivative 5. The atoms of the ethylene bridge are disor-

dered.
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3,3’-diacetamido-EBAB 5
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Figure 4: Absorbances of solutions of 4 and 5 in acetonitrile at 405 nm (red) and 485 nm (blue) in the corresponding photostationary states upon

alternating irradiation at 405 and 530 nm.

due to the overlap of the m—n* and n—n* transitions in the cis
form. In the trans isomer the n—n* transition is shifted to longer
wavelengths (~500 nm) and is clearly separated from any other
absorption. Irradiation with light at 450-600 nm therefore
converts the trans isomer completely back to the cis form. As
compared to the bisamino-substituted EBAB 4 the n—n* and the
n—n* bands of the cis isomer of the acetamido derivate 5 are
better separated (shoulder at 320 nm and 400 nm) (Figure 3).
The photostationary state upon irradiation with 405 nm there-
fore rises to 54% trans form. As in the bisamino-substituted
system 4, conversion of 5 back to the cis isomer is quantitative
within the error limits of '"H NMR and UV-vis spectroscopy
(Figure 4).

Thermal stability of the trans isomers

Amino and alkylamino substituents in para position to the azo
group reduce the lifetime of the cis states of azobenzenes
[15,16]. A dramatically shortened half-life of an ortho-dimeth-
ylamino-substituted cis-phenylazopyridine (cis-4-N,N-dimethyl-
amino(3-phenylazo)pyridine) has also been observed [17]. The
reverse effect was observed in our meta-substituted trans-3,3’-
diamino-EBAB 4. While the unsubstituted trans-EBAB 1
exhibits a half-life of 4.5 h in n-hexane solution at room
temperature, trans-3,3’-EBAB 4 isomerizes to the more stable
cis form with a half-life of 74 h. The corresponding half-life of
trans-3,3’-acetamido-EBAB 5 is 46 h (Table 1).

Table 1: Half-life and photostationary states of EBAB 1 and derivatives.

compound half life [h]
EBAB 1 4.52
3,3-diamino-EBAB 4 74
3,3’-diacetamido-EBAB 5 46°
4.4’-diacetamido-EBAB 4.8¢

a300 K, n-hexane [6]; °300 K, MeCN; ©293 K, DMSO [9].

Application as a molecular pincer

In the 'H NMR spectra of cis-4 and cis-5 the four protons of the
ethylene bridge yield a centred multiplet. This symmetry of the
fine structure shows that they divide into two chemically
unequal groups of two chemically equal protons. Hence, there is
no boat inversion at room temperature on the NMR time scale.
According to the X-ray crystal structures the amino nitrogen
lone pairs of cis-3,3’-diamino EBAB 4 point towards each other
and (if extended to more than 6.5 A) would intersect with an
angle of about 65°. If the acetamido groups in 5 are rotated
appropriately, the N—H bonds (extended to 10.5 A) intersect
with an angle of about 45°. Thus, the EBAB derivatives 4 and 5
should be suitable as molecular pincers.

To demonstrate this property we studied the binding of ethyl-
enediamine to the two isomers of the acetamido derivative 5
(Figure 5).

We carried out 'H NMR titrations of cis-5 as well as of the
photostationary mixture of cis-5 and trans-5 upon irradiation
with light of a wavelength of 405 nm with ethylenediamine in
acetonitrile. The spectra showed a significant chemically
induced shift (CIS) of the acetamide protons of both isomers
upon addition of ethylenediamine. Equilibrium analysis with
respect to the CIS binding isotherms by means of nonlinear
least-squares methods (for details see Supporting Information

PSS 405 nm PSS 520 nm
% trans % trans
92% <1%

34% <1%

54% <1%

70% <1%



Figure 5: DFT-calculated structure (B3LYP/6-31+G**) of a complex of
5 with ethylenediamine as a conceivable model of the binding mode of
3,3'-diacetamido-EBAB 5.

File 1) [18,19] yielded a binding constant for the 1:1 ethylenedi-
amine complex of the cis isomer of K, ;s = 0.88 + 0.03 ML
For the corresponding complex of the trans isomer a slightly
lower binding constant of Kj /4y = 0.61 £ 0.05 M ! was deter-
mined in acetonitrile-ds at 25 °C.

Conclusion

We prepared ethylene-bridged azobenzene (EBAB) derivatives
with amino and acetamido substituents in the meta position with
respect to the azo group (3,3’-diamino-EBAB 4, and 3,3’-di-
acetamido-EBAB 5). In contrast to azobenzene, and in agree-
ment with the parent EBAB, the cis isomer is more stable than
the trans form. Compared to the parent EBAB, which is a very
efficient photoswitch, the conversion from the cis to the trans
isomer upon irradiation with 405 nm is reduced to 34%
(diamino derivative 4) and 54% (diacetamido derivative 5, cf.
92% in the parent compound). The thermal half-life of the trans
isomer, however, is drastically increased (3,3’-diamino-EBAB
4: 74 h, 3,3’-diacetamido-EBAB 5: 46 h). The EBAB deriva-
tives upon photoisomerization perform a pincer-like motion. Di-
acetamido derivative 5 binds ethylenediamine better in its cis

(closed) form than in its trans configuration (open form).

Experimental

General remarks

All chemicals were purchased from commercial sources and
used without further purification. All NMR spectra were
recorded with instruments of the company Bruker (AC 200,
DRX 500, and AV 600). The assignments of the NMR signals
were confirmed by the evaluation of COSY, HSQC and HMBC
spectra. The chemical shifts of the signals were all referenced to
residual solvent peaks. The mass spectra were recorded on a
Finnigan MAT 8230 instrument. IR spectra were recorded with
a Spectrum 100 instrument from Perkin-Elmer equipped with an

ATR unit from the company Loriot-Oriel. Melting points were
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taken without correction. UV—vis spectra were recorded on a

Perkin-Elmer Lambda 14 spectrometer.

Synthesis

1,2-Bis(2-nitro-4-aminophenyl)ethane (3): A solution of 5.0 g
1,2-bis(4-aminophenyl)ethane (24.0 mmol) in 40 mL of sulfuric
acid was warmed up to 60 °C and a solution of 4.4 g
(52.0 mmol) finely grounded sodium nitrate in 45 mL of
sulfuric acid was added dropwise. The mixture was stirred at
60 °C for 6 h and afterwards poured into 200 mL of ice—water.
The resulting suspension was neutralised by the addition of an
aqueous ammonia solution (32%). The red precipitate was
filtered off, washed with water and dried in vacuum over CaCl,.
Yield: 7.2 g (23.6 mmol, 99%). Mp 247-249 °C; 'H NMR
(500 MHz, DMSO-dg) 5 7.06 (d, “Jg 2 = 2.0 Hz, 2H, 6-H), 6.99
(d, 373, = 8.3 Hz, 2H, 3-H), 6.78 (dd, 3/, 3 = 8.3 Hz, 4/, 6 =
2.1 Hz, 2H, 2-H), 5.58 (s, 4H, 1-NH,), 2.86 (s, 4H, 7-H);
13C NMR (126 MHz, DMSO-dg) 8 149.90 (Cq, C-5), 148.58
(Cq> C-1), 132.85 (d, C-3), 121.85 (Cy, C-4), 119.21 (d, C-2),
108.48 (d, C-6), 33.25 (t, C-7); IR (ATR): 3444 (m), 3363 (s),
3234 (w), 3061 (w), 2947 (w), 2877 (w), 1622 (s), 1513 (vs),
1495 (vs), 1324 (vs), 1272 (s), 1263 (s), 829 (s), 818 (s) cm™;
EIMS (70 eV) m/z (% relative intensity): 302 (16) [M]*, 151
(100); CIMS (isobutane) m/z (% relative intensity): 303 (100)
[M + H].

(£)-11,12-Dihydrodibenzo|c,g][1,2]diazocine-3,8-diamine
(4): A suspension of 1,2-bis(2-nitro-4-aminophenyl)ethane (3)
(1.059 g, 3.5 mmol) in a mixture of 140 mL ethanol and a solu-
tion of 8.8 g (220 mmol) sodium hydroxide in 35 mL water was
heated to 70 °C. A solution of 6.5 g (36 mmol) glucose in
20 mL water was added, and the reaction mixture was stirred
overnight. After cooling to room temperature, 500 mL water
was added, and the resulting mixture was extracted three times
with 100 mL of ethyl acetate. The organic phase was separated
and dried over sodium sulfate, and the solvent was evaporated
in vacuum. From the obtained residue the product was isolated
by flash chromatography (silica gel, cyclohexane/ethyl acetate
1:1) (254 mg, 1.1 mmol, 30%). Mp 193-196 °C; 'H NMR
(600 MHz, DMSO-dg) 6 6.67 (d, 3J6,5 =8.2 Hz, 2H, 6-H), 6.24
(dd, 3Js 6 = 8.2 Hz, %J5 3 = 2.3 Hz, 2H, 5-H), 5.97 (d, */35 =
2.3 Hz, 2H, 3-H), 5.15 (br.s, 4H, 4-NH>), 2.63 (m, 4H, 7-H,,
7-Hy,); '3C NMR (150 MHz, DMSO-dg) § 155.87 (Cg, C-1),
146.76 (Cq, C-2), 130.15 (d, C-6), 115.18 (Cg, C-4), 112.88 (d,
C-5), 103.11 (d, C-3), 30.44 (t, C-7); IR (ATR): 3433 (m), 3344
(m), 3433 (m), 2952 (m), 2850 (m), 1703 (w), 1609 (vs), 1570
(m), 1497 (vs), 1455 (s), 1435 (m), 1303 (s), 1272 (s), 1170
(m), 1142 (m), 1094 (m), 1020 (m), 930 (w), 900 (m), 856 (m),
808 (vs) em™!; EIMS (70 eV) m/z (% relative intensity): 238
(100) [M]", 209 (92), 193 (46); CIMS (isobutane) m/z (% rela-
tive intensity): 239 (100) [M + H]*.



(£)-N,N'-(11,12-Dihydrodibenzo|c,g][1,2]diazocine-3,8-
diyl)diacetamide (5): In acetic acid anhydride (25 mL), (2)-
11,12-dihydrodibenzo[c,g][1,2]diazocine-3,8-diamine (4)
(5 mg, 20 mmol) was dissolved. The solution was stirred at
room temperature overnight. Afterwards the solvent was evapo-
rated in vacuum, and the product was obtained as a pale yellow
solid (7 mg, 20 mmol, 100%). Mp 220-221 °C; 'H NMR
(500 MHz, MeCN-d3) & 8.25 (s, 2H, 5-NH), 7.06 (d, 4J3,5 =
2.2 Hz, 2H, 3-H), 7.03 (dd, 3J5 6 = 8.2 Hz, %J5 3 = 2.2 Hz, 2H,
5-H), 6.87 (d, 3J3,5 = 2.2 Hz, 2H, 3-H), 2.73 (m, 2H, 7-H,,),
2.70 (mg, 4H, 7-H,, 7-Hy), 2.00 (s, 6H, 9-H); 13C NMR
(125 MHz, MeCN-d3) 6 168.36 (C4, C-8), 155.27 (Cgy, C-1),
137.45 (Cq, C-2), 129.94 (d, C-6), 123.17 (Cq, C-4), 117.44 (d,
C-5), 108.59 (d, C-3), 30.29 (t, C-7), 22.96 (q, C-9); IR (ATR):
3253 (m), 3174 (m), 3102 (m), 3048 (m), 2924 (m), 1711 (m),
1680 (m), 1300 (s), 1260 (s), 1020 (s), 980 (m), 957 (m), 899
(m), 883 (m), 814 (s), 763 (m) cm™'. EIMS (70 eV) m/z (%
relative intensity): 322 (50) [M]*, 252 (92), 209 (100); CIMS
(isobutane): m/z (% relative intensity) 323 (100) [M + H]".

Supporting Information

TH NMR spectra of 4 and 5 before and after the irradiation
with 405 nm, and 'H NMR binding study of
3,3-acetamido-EBAB (5) with ethylenediamine. cif-Files of
X-ray crystal structures of cis-4 and cis-5, and gaussian09
input file of the geometry optimization of the complex of
cis-5 and ethylenediamine (DFT B3LYP/6-31+G**).
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Crystallographic information file of compound cis-4.
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Crystallographic information file of compound cis-5.
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Gaussian09 input file of the geometry optimization of the
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Caged compounds are small organic molecules that can be photoactivated with brief pulses of light. They are widely used to study a

great variety of biological processes by physiologists, cell biologists and neuroscientists. Initially made and invented by biologists

in the late 1970s, they are now made mostly by chemists, often without any dialogue with the end users, the biologists. The idea for

this review is to stimulate interaction between the two communities to further the creative development and application of these

powerful optical probes.

Introduction

The first biologically active molecules to be synthesized with
photochemically protecting groups at their active sites were
nucleotides [1,2]. Two reports appeared in 1977 and 1978
describing the synthesis of ortho-nitrobenzyl derivatives of
cyclic-AMP [1] and ATP [2]. The photolabile cAMP derivative
was one member of a series of phosphate esters made as
membrane permeable pronucleotides. Thus, this optical probe
arose out of the context of the already developed prodrugs that
used thermal chemistry for release of their latent cargo. In
contrast, the photolabile ATP molecule was synthesized in a
physiology department for rapid photoactivation of a particular
enzyme, the Na,K-ATPase. It was the latter group that dubbed
such photochemical probes “caged compounds”. This simple

term has been adopted by biologists since that time [3-9],
perhaps because the photolabile ATP compound was the one
that was used in a series of important muscle physiology studies
in the 1980s [6,10-13]. Chemists have been much more resis-
tant to embrace the moniker, mostly because the term is used
for cagelike structures (e.g., cubane), but also perhaps due to the
“lateness of arrival” into the field, which gave rise to attempts
to commandeer the field for themselves by using a host of
different terms [14-16]. Having expressed this opinion, there is
no doubt that chemists were slow to use their great synthetic
skills to help biologists develop new caged compounds. It can
be seen that in the 1980s all the important new caged com-

pounds were made in biology departments: (1) caged calcium
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[17] (molecular biology), (2) caged IP3 [5] (physiology) and
carbamoylcholine [9] (biochemistry). The last of these new
probes was the beginning of the development of caged neuro-
transmitters (e.g., glutamate, GABA, sertonin, glycine) and an
important collaboration [18-24] between George Hess (a
biophysicist) and Barry Carpenter (a chemist).

Why was this collaboration important for this field? The answer
has two parts. First, it is rare for one group to encompass all the
expertise required for the development of such optical probes,
as skills in organic chemistry, photophysics, ion-channel
biophysics and neurobiology are ideally all involved in the
process. Secondly, the main goal of the team was set by the bio-
logical problem [25], and often such problems are not well
understood by chemists working in isolation. Thus, to solve the
biological problem provided by the biologist (Hess), a newer
caging chromophore [18] had to be synthesized by a chemist
(Carpenter). Thus, chemists came to play a crucial role in the
caged compound field. Chemistry at the service of biology is
not unusual or unique, as the pharmaceutical industry is built on
this idea. In my view it still remains difficult for organic
chemists and neurobiologists to understand the limitations of
the others’ field, and it is these limitations that are crucial for
compound development. In this review I try to take the side of
the neurobiologist who is thinking about using a caged trans-

Table 1: Properties of various caged glutamate probes?.

Beilstein J. Org. Chem. 2013, 9, 64-73.

mitter in an experiment. I ask the chemist a series of simple
questions about the caged compound(s); some of these ques-

tions, we discover, do not have simple answers.

Glutamate is the most important neurotransmitter in the brain,
as its release at nerve synapses transfers electrical signals
between pre- and postsynaptic cells. Approximately 80% of
such signaling is carried out by glutamate binding to AMPA
receptors, the major post-synaptic excitatory ionotropic ion
channels that bind glutamate. These receptors are blocked
specifically by a-amino-3-hydroxy-5-methyl-4-isoxazolepropi-
onic acid, hence their acronym. For this reason the develop-
ment of caged forms of this neurotransmitter has been the
subject of considerable activity by chemists. Furthermore, the
vast majority of neurons and all astrocytes have glutamate
receptors involved in other types of cellular signaling, and so
many biologists are interested in stimulating these receptors. I
focus the conversation on caged glutamate probes (Figure 1).

Discussion

Biologist: Is your caged glutamate "biologically inert"?

Chemist: We have several caged glutamate molecules [7,23,26-
34], and some are even commercially available [18,26,27,31,33]
(Table 1). In order to address your question, we can see that in

Caged Glu € (Amax) D (% Glu ed 2PuCS Commercial Pharmacolo Stability in Solubility
yield) (GM/nm) gy towards  aqueous (mM) at pH
GABA-A buffer 7.4in
aqueous
buffer
Noc 500 (350) 0.65 (100) 325 NR none NR Stable >50
CNB 500 (350) 0.14 (100) 60 NR Invitrogen Partial Half-life 17 h >50
agonist rt
MNI 4,300 (330) 0.085(>95) 357 0.06 (740)  Tocris SA10mM  Stable 400
RuBi 5,600 (450) 0.13 (NQ) 728 0.14 (800)  Tocris 50% Stable NR
inhibition at
0.3 mM
PMNB 9,900 (317) 0.1 (100) 990 0.45 (800) none NR Stable Requires
1% DMSO
antMNI 27,000 (300) 0.085(94) 2295 NR none NR Stable 33
BNSF 64,000 (415) 0.25 (65) 16,000 5(800) none NR ND 0.1
CDNI 6,400 (330) 0.6 (100) 3,840 0.06 (720) none MA 0.4 mM StablepH2 100
DEAC 13,700 (390) 0.11 (NQ) 1507 NR none NR stable NR
MANI 4,300 (330) 0.1 (100) 430 NR Sigma NR Like MNI >100
Bhc 43,000 (458) 0.3 (100) 12,900 1(740) none NR Stable 75
frozen pH
7.4

@Abbreviations and symbols: €, extinction coefficient; ®, quantum yield; 2PuCS, 2-photon uncaging cross section; NR, not reported; MA, mild agonist;
Noc, N-nitrophenethyloxycarbonyl; CNB, carboxynitrobenzyl; MNI, methoxynitroindolinyl; RuBi, ruthenium-bipyridine; PMNB, propylmethoxynitro-
biphenyl; antMNI, antennea-methoxynitroindolinyl; BNSF, bisnitropropylstyrylfluorene; CDNI, carboxymethylnitroindolinyl; DEAC, diethy-
laminocoumarin; MANI, methylacetoxynitroindolinyl; Bhc, bromohydroxycoumarin.
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Figure 1: Structures of various caging chromophores. Abbreviations: Noc, N-nitrophenethyloxycarbonyl; CNB, carboxynitrobenzyl; DMCNB,
dimethoxycarboxynitrobenzyl; Bhc, bromohydroxycoumarin; MANI, methylacetoxynitroindolinyl; MNI, methoxynitroindolinyl; antMNI, antennea-
methoxynitroindolinyl; DEAC, diethylaminocoumarin; CDNI, carboxymethylnitroindolinyl; PMNB, propylmethoxynitrobiphenyl; BNSF, bisnitropropyl-

styrylfluorene; RuBi, ruthenium-bipyridine.

most of the original papers describing the development of the
compounds, detailed pharmacology was described. In one
report, the spontaneous miniature excitatory post-synaptic
currents (EPSCs) were measured in the presence and absence of
a probe when it was puffed at 10 mM concentration onto
cultured hippocampal neurons [31]. The histograms of the
ensemble averages were indistinguishable. The other examined

whether MNI-Glu blocked the current evoked by puffer applica-

tion of glutamate itself onto neurons [35]. Since these original
reports, many other groups have reproduced these results, so
they are probably reliable. A recently developed caged gluta-
mate that uses different photochemistry ("RuBi-Glu") is also
reported to be inert towards AMPA receptors [33]. This study
also noted that MNI-Glu perturbed AMPA spontaneous minia-
ture EPSCs. So it is difficult for us chemists to judge from such
reports how to improve the caged compounds any further. In
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fact, in our own field we know very well, that the same reagent
can give different results under slightly different conditions, or

even the same conditions!

Biologist: Neuroscientists most often simply want the tech-
nology they buy to “work”. So it can be inferred that if many
different groups have successively used some piece of tech-
nology, it is probably fine.

Chemist: We chemists have a similar appreciation of
technology in our own field. For example, in the field of
the development of reagents for synthetic methods, there
are examples of reagents that have been found to give very
reliable and reproducible yields for the transformation that they
are designed to accomplish, by many laboratories. In contrast,
the literature is full of "single-data-point reports" of
chemical transformations. Naturally chemists tend to trust the
former.

Biologist: It is well known from work in the pharmaceutical
industry that drugs developed to target receptors can have unde-
sirable and surprising side effects, so-called off-target effects.
What about these caged Glu probes?

Chemist: It is much harder to give a clear-cut answer to this
question. At the high concentrations that are used for two-
photon experiments (range 3—12 mM) all classes of caged
neurotransmitters are reported to block GABA-A receptors to
some extent [33,36,37]. This off-target effect was only discov-
ered relatively recently, as it never occurred to anyone that
probes such as MNI-Glu, which were inert toward their target
[31], would block another neuroreceptor in the same concentra-
tion range [36]. The structure—function relationship for such
effects is not fully understood. What is known is that similarly
caged Glu and GABA probes (e.g., CDNI-Glu and -GABA)
both block GABA-A receptors with the same efficacy, implying
that the amino acid is not crucial. Furthermore, the diversity of
the structures of caging chromophores (Figure 1) implies that
one specific functionality cannot give rise to such undesirable
effects. However, at low concentrations (range 5-300 pM) it
seems that these off-target effects are significantly reduced
[38,39]. For other glutamate receptors, such as amino acid
transporters involved in the clearance of glutamate by astro-
cytes, caged compounds do not block such receptors [40]. The
effect of caged transmitters on other membrane receptors, such
as voltage-caged ion channels, has not been well studied. The
good news is that since the caged transmitters have a relatively
low affinity for GABA-A receptors, it turns out that most, if not
all, can be overcome by uncaging anyway [36]. Thus, I would
like to ask, how important are such off-target effects for your

experiments?
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Biologist: This is a good question. Perhaps we biologists simply
don't like the idea of using probes that slightly perturb the
system we study in some way, even if it does not make much
difference to the question we are addressing. One type of
experiment one could imagine performing where it may be
important is the combination of two-photon uncaging of gluta-
mate with optogenetic activation of GABA receptors from
genetically selected neurons. In such a paradigm the applica-
tion of high concentrations of caged Glu would probably block
the effects of synaptically released GABA.

A possible advantage of blockade is that it may enhance the
spatial restriction of photoreleased transmitter. Certainly, a
smart experiment would be to take advantage in some way of
the poor pharmacology of caged transmitters towards GABA
receptors. Two good examples from another area are the known
chloride and pH sensitivity of wild-type GFP fluorescence
being used as indicators for these solutes [41,42]. Most fluores-
cent proteins we use have these properties mutated away;
however, the genetically encoded indicators actually use the
“weaknesses”. Some photolabile neurotransmitters have now
been developed and are commercially available without any
testing of any sort being performed. Thus, they cannot even
really be called “caged”.

Biologist: Is your caged transmitter "water soluble"?

Chemist: It is well known in the pharmaceutical industry that
water solubility is one of the true challenges for drug develop-
ment. Often drugs are built up around rigid hydrocarbon scaf-
folds, such substances are inherently hydrophobic. The same
issue applies to caged compounds, as in these we add aromatic
rings to produce photosensitivity. The simplest type of caging
chromophores are quite water soluble (Table 1), but even
modest derivatives can lose water solubility precipitously! With
drugs this is often counteracted by adding betacyclodextrin to
the formulation, and with caged compounds, a small amount of
organic solvent (ca. 1%) is what we chemists typically resort to
[28,43,44], but sometimes much larger proportions are required
for effective uncaging [45], rendering the method biologically
useless. What is acceptable to, or ideal for neurobiologists?

Biologist: Last time I looked there was no organic solvent in the
brain. The pH of physiological buffer is in the range of 7.2-7.4
and is set by dissolved CO,. For obvious reasons, neurobiolo-
gists who use acutely isolated brain slices to study neuronal
function mimic this buffer. Neurons are the most sensitive cells,
so even small amounts of organic solvents can be quite toxic,
and thus no one would routinely use any DMSO or methanol in
their buffer. Perhaps 0.1% is OK if one is desperate; but ideally
no organic solvents should be present in the buffer.
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Chemist: We chemists tend not to be too concerned about
reagent concentrations in our work, as long as the substrates
dissolve, we are fine. All caged neurotransmitters are water

soluble to some extent, so how soluble do they have to be?

Biologist: We are very concerned about concentrations! But the
exact amounts used always depend on the type of experiment.
Routine one-photon uncaging only requires a concentration of
1 mM (maximally), and quite often, much lower concentrations
work very well [46-49]. As we have already noted, two-photon
uncaging normally requires significantly higher concentrations
[30,50-53], so for these experiments solubility becomes more of
an issue. It is important for chemists to know that we usually
make up stock solutions that are at least 10 times higher than
those used, therefore we would look for water solubility in the
50-100 mM range.

Chemist: This can easily be achieved for caged transmitters
with simple chromophores such as MNI-Glu and CNB-Glu. But
even the addition of one nitro group or aromatic ring to these
molecules dramatically reduces their solubility properties
making them much more difficult to use [34]. But note the new
RuBi-Glu [33] probe is soluble in water up to 20 mM, even
though it has many aromatic rings.

Biologist: How water stable are the caged neurotransmitters at

physiological pH?

Chemist: Again this varies tremendously. The nature of the
chemical bond used for caging defines the aqueous stability.
Simple benzyl esters are fairly stable, so CNB-Glu [18] has a
decent half-life at pH 7.4. However, more electron-rich mole-
cules tend to be much more unstable. Phosphate esters are more
stable than carboxylate esters, but they also suffer from insta-
bility. Thus, an electron-deficient NB-caged cAMP is very
stable but an electron rich one (DMNB-cAMP) is not [4,54].
The opposite trend is true for nitroindolinyl-caged transmitters
[26,27,32,36]. Because of this problem, chemists have resorted
to inserting a spacer unit between the caging chromophore and
the substrate [7,55-59]. This strategy has been very successful
in creating some highly stable caged compounds, but some-
times at the expense of another property, such as the rate of
release [7]. For example, GABA caged directly as an ester with
coumarin chromophores is photoreleased quickly, but is quite
unstable in (frozen) solution [60]. However, when caged via a
carbamate, its release is orders of magnitude slower, but the
compounds are water stable [56]. When phenols (e.g., sero-
tonin or capsaicin) are caged via the carbonate, they are effec-
tively stable and released quickly [61,62]. It is also important to
note that the stability of all these “acid-like” caged compounds
depends on the pH of the aqueous solution. All are more stable
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in the pH range of 2—4, and much less stable above pH 8. Thus,
it may be better for long-term storage of solutions to be done at
the former, with daily solutions diluted from stocks.

Other caged compounds, due to the chemical bond that is used,
are impossible to hydrolyze. For example, all ethers and amines
caged with nitrobenzyl groups are completely stable [18]. RuBi-
Glu and GABA are also stable [33,38], as these are caged using
donation from the amine lone pair of the neurotransmitter into
the Ru d-orbital. Finally, it is important to note that many
chemists do not study stability at physiological temperatures,
nor do they perform long-term stability tests over many months.
How important are such details for biological use?

Biologist: In fact this sort of information is really quite impor-
tant. We often perform experiments with warm buffer
(30-37 °C), or even in living animals. Also, for practical
purposes we make stock solutions for freezing in aliquots, and
only thaw for use at the desired time.

Chemist: Since 1980, the rate of release of the caged compound
has been the subject of study by those who develop caged com-
pounds [3]. Since the reaction mechanisms are quite
complex, these details have also fascinated many chemists
in the field of caged compounds [63]. In fact, we can get
quite “distracted” by such arcane studies. Can you help
with guidelines for the requirements you have for rates of

uncaging?

Biologist: As you noted for chemical stability, such require-
ments vary a good deal! Our requirements are conditioned by
two concerns. First, we are limited by our measurement ability.
In terms of imaging or electrophysiology it is very difficult for
us to measure anything in a cell faster than a few microseconds.
In electrophysiology, we normally apply a digital filter to the
signal. These are in the range of a few kilohertz, and such
signals would be digitized at tens of kilohertz [64,65]. Imaging
is slightly different but it is also relatively slow, and is defined
by the ability to collect enough photons from a unit area (a
pixel). For standard confocal imaging the dwell time for each
pixel is a few microseconds, meaning an image frame takes
about 1-2 seconds [66]. This is much slower than electro-
physiology. There are several methods that are used to speed up
the rate of image acquisition [67,68], but even these are limited
to 30—100 Hz for full frame (512 x 512 pixels) imaging. Of
course if one takes smaller frame sizes the rate increases. The
most widely used method is simply eliminating the frame, by
using “line-scan” imaging, in which each line may require only
2 ms. Some modern imaging software allows many “short
lines” to be connected, enabling quite fast imaging of selected
cellular areas [69,70].
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Chemist: So if we uncage in the pico- or nanosecond time range
[71,72] is this of any real use for biology?

Biologist: Not really. As mentioned above, because we are
constrained by measurement protocols, probably the
1-10 microseconds range is sufficient for most purposes. I have
been confused by some reports of “rates of reactions” being
given as a time course for steady-state photolysis over many
seconds or minutes [45], whereas other reports show rates from
laser flash photolysis [3,61]. Can you help clarify this?

Chemist: Only the latter should be called a rate. The former is
simply a way of measuring the quantum yield by determining
the half-time (hence “rate”) of photolysis under some set of
defined irradiation conditions. However, even with the former
measurement care must be taken. The chemical reactions of
release can be quite complex, so the rate of release of product is
the key property [3,62,63]. In fact this is one reason why
chemists study reaction mechanisms, as there can be several
intermediates along the reaction pathway, leading to transmitter
release [73]. Unfortunately, there is no easy way to detect gluta-
mate optically, so the other products from uncaging are used as
surrogates for the transmitter [61]. For example, protons can
often be a reaction product, so pH detection is used [7,8]. If
the aromatic side product has a distinctive absorption, the
appearance of this species can be measured [3]. However, not
all caged compounds have such side products, or their appear-
ance may not be in the rate-limiting step along the reaction
pathway.

Biologist: From receptor kinetics in membrane patches from
cultured neurons, the estimated half-time of the increase in
glutamate concentration is fast [74] (ca. 0.1 ms). The measured
postsynaptic rise (10-90%) for excitation [75] is about
0.15-0.70 ms and inhibition [76] about 0.4 ms.

Chemist: Short periods of two-photon excitation (0.05 ms)
allow one to mimick such events [31], implying the rate of
uncaging of glutamate from MNI-Glu is not rate-limiting for
optical stimulation of postsynaptic ionoropic receptors. RuBi-
Glu is uncaged in less than 50 ns [77], so this probe may be
used with similar confidence. The first fast caged glutamate,
CNB-Glu, is photoreleased with a half-time of about 0.03 ms
[18].

Chemist: A somewhat neglected property of caged neurotrans-
mitters is their compatibility with biological buffers. This
is a different issue from chemical stability and pure solubility.
It seems that some phosphate derivatives of polyaromatic
chromophores have been reported to precipitate in artificial

cerebral spinal fluid [78,79]. This property has not been
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studied for many other caged transmitters, but probably
the lack of difficulties for the most widely used caged
compounds suggests that they are well tolerated in physiolog-
ical buffers.

Biologist: What is the difference between photochemical and
chemical efficiency for uncaging reactions?

Chemist: The photochemical efficiency of uncaging involves
two completely distinct properties [80]. First, we must consider
how well a molecule absorbs light, through the molar extinc-
tion coefficient, €. This property measures how effectively
a chromophore absorbs photons. Thus, fluorescein
(e = 80,000/M/cm) absorbs light much better than MNI-Glu
[27] (¢ = 4,300/M/cm). The second property is the quantum
yield of photolysis (chemists use the symbol @ for this). This
measures how many excited molecules give a product, with the
normal maximum being 1. Photochemical efficiency is &' ®. So,
to some extent, a large € can make up for a poor @, but ideally
the ® should be large, to take maximum advantage of the
absorbed light. A large € allows the use of less light, thus poten-
tially avoiding phototoxic side effects from uncaging. However,
it has been pointed out that very large € are not always advanta-
geous for 1-photon uncaging experiments [80,81]. If a solution
of 1 mM is applied to a cell and the chromophore has an
€ =4,300/(M-cm), then a 1 mm path length absorbs a fraction
1 —log 0.43, and a 4 mm path length absorbs 1 —log 1.92. Such
path lengths are typical for microscope objectives, meaning that
much of the light will be absorbed before it reaches the cell
[81]. This saturation problem is not an issue for two-photon
excitation of caged compounds.

Chemical efficiency is unrelated to € and ®. It refers to the basic
property of the chemical yield of glutamate compared to the
amount of caged glutamate photolyzed. The good news is that
most uncaging reactions are quite efficient chemically, with few
competing side reactions [80]. One of the caging chromophores
has been reported [29] to undergo a significant side reaction that
traps the caged compound in a cul-de-sac. However, no reac-
tion is completely “clean”, so it is doubtful that 100% release of

glutamate can ever come from uncaging.

Biologist: Many really important biological experiments with
caged transmitters have been performed with compounds that
have relatively poor photochemical efficiency [82]. So why do
you chemists continue to make new compounds if the old ones
work?

Chemist: This is a good question. Certainly CNB-Glu [18] and

CNB-GABA [83] yielded many useful results [82]. For one-
photon uncaging the & ® of these is sufficient. However, they
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are prone to hydrolysis, so the first nitroindolinyl-caged Glu
was a real improvement, as it is much more stable at
physiological pH [26]. Thus, for all 1-photon experiments this
caged Glu compound is sufficient; however, it is not very
sensitive to two-photon excitation. Hence, several other
nitroindolinyl-caged transmitters have been made and used
[31,32,34,36,39,40,56,84,85]. Since these have been designed
for 2-photon uncaging, they have proved useful in many neuro-
physiological experiments in brain slices, especially those
concerning the biochemistry in single spine heads. Note that
MNI-Glu was independently made by two groups at the same
time [27,86], but only one of them appreciated that the mole-
cule would be useful for this area of optical neuroscience [31].
In reality, I think we chemists need guidance from you biolo-
gists as to what is required for the “next phase” of caged trans-

mitter development.

A
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Biologist: Certainly one of the things that would be very helpful
for us is that if you make a new caged transmitter, you perform
some side-by-side real-world comparison. For example, when
the genetically encoded calcium indicators (GECI) are made, it
is standard practice to bench-mark them against calcium dyes
and earlier GECI [87-93]. The other GE technology based on
proteins called “channelrhodopsins” is also rapidly evolving,
and this is done in a comparative way [94]. Thus, similar
comparisons for each new caged neurotransmitter would be
useful. Since one such example has been reported [32]
(Figure 2), and several are now commercially available
(Table 1) this seems a fairly straightforward task.

Chemist: Since the discovery of the light-gated ion channels
called channelrhodopsins (ChR) in 2002 [95] and 2003 [96], a
second method for optical activation of neuronal cells has been
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Figure 2: Comparative two-photon uncaging of MNI-Glu and CDNI-Glu on pyramidal neurons in an acutely isolated brain slice. (A) Fluorescent image
of a pyramidal neuron filled with red dye. Numbered crosses correspond to the positions of the points of uncaging in B. (B) Currents evoked by two-
photon irradiation at points marked in A. (C) Comparative photolysis of MNI-Glu and CDNI-Glu on the same neuron. The caged compound was topi-
cally applied from a puffer pipette at a concentration of 10 mM above the brain slice. Current traces are an average of several trials. (D, E) Relative
peak currents and charges evoked by CDNI/MNI. Note some receptor saturation from uncaging the more photoactive CDNI decreases the ratio at
higher powers. Data courtesy of Martin Paukert and Dwight Bergles (Johns Hopkins School of Medicine). The two caged compounds were applied

"blind" during these experiments.
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developed. Some think that the massive and expanding popu-
larity of optogenetic stimulation shows that synthetic caged
compounds remain a fairly mature niche technology. What do
you think is required from chemists to sustain support for
uncaging technology?

Biologist: First, it is important to say the obvious, that very
clearly channelrhodopsin and caged compounds are comple-
mentary methods. But certainly many neuroscientists are using
channelrhodopsin who did not use caged compounds. This is
because they want to control the behavior of a moving animal
[97,98]. Importantly, genetic methods allow ChR to be
expressed in cells without any additional cofactors (no chemi-
cals) and to select which cells have the ChR [94,98]. These two
properties are very powerful advantages for neuroscience,
compared to caged compounds. However, when it comes to
other organs, where a firing action potential is not so important,
it is not so clear how useful ChR can really be. Secondly, opto-
genetic control technology is limited to a few signaling cascade
molecules [94], whereas caged compounds can be used for
virtually any type of molecule [80]. However, all too often the
ingenious inventions of organic chemists in this realm do not
move beyond the initial proof-of-principle deployment [99-
102]. Even in the case of caged glutamate compounds the vast
majority of the new probes are not used to do new biological
experiments (Table 1). Thus, I think it is vital for chemists to
seek out closer collaborations with biologists of all sorts to
enable the creative development of truly useful new caged com-
pounds.

Conclusion

Caged compounds have been uniquely powerful optically acti-
vated chemical tools for many areas of biological science. In
particular, the past 20 years have witnessed an increased refine-
ment in terms of the ability to localize neurotransmitter release.
Starting from broad-scale mapping of synaptic connections, by
using UV stimulation, to highly local concentration jumps, by
two-photon excitation of caged glutamate compounds, caged
glutamate probes continue to be widely used by the neuro-
science research community. These probes could only have
developed in the context of a fruitful dialogue between organic
chemists and neurobiologists.
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In order to allow spatial and temporal control of carbohydrate-specific bacterial adhesion, it has become our goal to synthesise

azobenzene mannosides as photoswitchable inhibitors of type 1 fimbriae-mediated adhesion of E. coli. An azobenzene mannobio-

side 2 was prepared and its photochromic properties were investigated. The E—Z isomerisation was found to be highly effective,

yielding a long-lived (Z2)-isomer. Both isomers, £ and Z, show excellent water solubility and were tested as inhibitors of mannoside-

specific bacterial adhesion in solution. Their inhibitory potency was found to be equal and almost two orders of magnitude higher

than that of the standard inhibitor methyl mannoside. These findings could be rationalised on the basis of computer-aided docking

studies. The properties of the new azobenzene mannobioside have qualified this glycoside to be eventually employed on solid

support, in order to fabricate photoswitchable adhesive surfaces.

Introduction

Adhesion of bacteria to surfaces can be a severe problem both
in vivo and in vitro. Hence, inhibition of bacterial adhesion by
powerful antagonists is highly desirable, however, ideally on
demand, that is, in a specific and spatially as well as temporally

resolved way. Often bacterial adhesion depends on the inter-

action of adhesive organelles called fimbriae. They project from
the surface of bacteria and contain lectin domains to attach to
certain carbohydrate ligands of a glycosylated surface such as
the glycocalyx of eukaryotic target cells (Figure 1A) [1-4]. This
offers the possibility to inhibit bacterial adhesion by designed
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Figure 1: The a-(1—3)-linked mannobioside a-D-Man-(1—3)-D-Man 1 (B) is a potent disaccharide ligand for the bacterial lectin FimH and can thus
inhibit type 1 fimbriae-mediated bacterial adhesion to glycosylated surfaces (A). Introduction of an azobenzene aglycone moiety turns glycoside 1 into
a putative photoswitchable antagonist 2 of mannose-specific bacterial adhesion, displaying an (E)-, as well as a (Z)-form (C). In a future perspective
azobenzene glycosides such as 2 can be further functionalised to be attached to oligofunctional core molecules or immobilised on surfaces (D).

antagonists of the respective carbohydrate-specific bacterial
lectins [5]. In order to expand the scope of carbohydrate-based
antiadhesives, it has become our goal to make photoswitchable
ligands of bacterial lectins to allow blocking of bacterial adhe-

sion in a photocontrolled manner.

One of the best-known fimbriae are the type 1 fimbriae of
uropathogenic E. coli (UPEC), which comprise the a-D-
mannosyl-specific lectin FimH at the tip of the fimbrial shaft.
FimH antagonists are currently considered as new therapeutics
for the treatment of urinary tract infections [6]. The carbo-
hydrate specificity of FimH has been investigated in great detail
[7] and its structure is well-known from several X-ray studies
[8-11]. It has turned out that the 1,3-linked mannobioside a-D-
Man-(1—3)-D-Man (1, Figure 1B) is an ideal disaccharide
ligand for FimH [3,12]. All other isomeric mannobiosides do
not bind favourably to FimH. Therefore, we have designed the
respective azobenzene mannobioside 2 (Figure 1C) in order to
make a photoswitchable FimH antagonist available. Photoirra-
diation of azobenzene glycosides at ~365 nm effects £—Z
isomerisation of the N=N double bond, and thermal relaxation

or irradiation at ~450 nm leads to Z—FE back isomerisation

[13,14]. In the case that the E—Z isomerisation process is high-
yielding and the lifetime of the (Z)-form of the azobenzene
glycoside is long enough, it can be employed in bacterial adhe-
sion assays independently from the more stable (E)-isomer.
Eventually, this type of azobenzene mannobioside can be
further functionalised to be attached to various supports such as
oligofunctional core molecules [15] or surfaces, to achieve
switchable adhesive surfaces in continuation of our work on
glycoarrays [16-18] (Figure 1D).

In this account, we describe the synthesis of the azobenzene
mannobioside 2 as well as of mannoside 6, investigation of their
photochromic properties, and testing of mannobioside 2 as an
inhibitor of type 1 fimbriae-mediated bacterial adhesion. Inter-
pretation of the test results was supported by computer-aided

docking studies.

Results

Synthesis of azobenzene mannobioside 2
For the preparation of azobenzene mannobioside 2, the azoben-
zene mannoside 6 was prepared first. Thus, mannosylation of

the hydroxy-functionalised azobenzene 4 by using the mannosyl
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trichlororacetimidate 3 [19] led to the respective azobenzene
a-mannosides S in 81% yield (Scheme 1). Treatment of 5 under
Zemplén conditions [20] furnished the deprotected mannoside 6
in a basically quantitative reaction. Then, a standard protecting-
group strategy was employed to allow the synthesis of the 3-OH
unprotected mannoside 10, which is a key intermediate serving
as the glycosyl acceptor in the following disaccharide synthesis.
First, regioselective protection of the primary 6-hydroxy group
in 6 was accomplished by using TBDMS chloride in pyridine to
yield 7. Then, triethylorthoacetate was employed to make the
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orthoester 8, which, without intermediate purification steps,
could be carried on in a sequence of silyl ether-deprotection
leading to the intermediate 9, acetylation of the 4- and
6-hydroxy groups, and then acid-mediated regioselective ring
opening of the 2,3-orthoester in the same pot to yield the free
3-OH azobenzene mannoside 10 in an overall yield of 43%.
Thus, the required protecting group pattern was obtained in a
highly efficient way, based on the regioselective opening of
orthoacetates to yield a vicinal arrangement of equatorial OH
and axial O-acetyl groups [21,22]. The acetylation pattern was

OAc 4 OR
OAc OR
AcO -0 RO -0
AcO BF3Et,0, CH,Cl, RO
O. _CCly 15 minat0 °C (o)
NH 81% N=N
A
5 R=Ac | P
NaOMe, MeOH
rt,5h
96% 6 R=H
OR MeC(OEt); OTBDMS | TBOMSCI
0] o p-TsOH OI-(I) Pr>t’“1 é”ﬁ'
HO - HO - ,
5 J\\ toluene 20 80%
rt,3.5h
O O
N=N ZSN=N
|® e
8 R =TBDMS
TBAF, CH,Cl,
rt, 4 h
9 R=H
1. Ac,0, pyridine, rt, 3 h
2. AcOH (80%), 1t, 1.5 h
OR
OR
OAc -0
OAOC 3 RO
AcO - BF5Et,O, CH,CI
25 3El 201 . OR 0 N
0 30minat0°C ~—7" OR |
rt,4 h o ¥ N=N
10 76% OR | X
N=N 11 R=Ac Z
43% NaOMe, MeOH
from 7 n,5h
92% 2 R=H

Scheme 1: Synthesis of azobenzene mannoside 6 and azobenzene mannobioside 2 by glycosylation.
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clearly confirmed by 'H NMR spectroscopy showing the
expected downfield shift for the H-3 signal resonating at
4.32 ppm (H-2: 5.30 ppm, H-4: 5.17 ppm).

Next, glycosylation of the key intermediate 10 by using the
mannosyl donor 3 gave the desired mannobioside 11 in 76%
yield. Finally, removal of the O-acetyl groups according to
Zemplén led to the unprotected 1,3-linked target mannobioside
a-D-Man-(1—3)-D-Man (2).

With the two azobenzene glycosides 6 and 2 at hand, their solu-
bility and photochromic properties were then investigated and
compared. Mannoside 6 showed only poor solubility in most
organic solvents, except for DMSO. Unfortunately, it was also
not soluble in water, or in water/DMSO mixtures, which would
allow biological testing. Mannobioside 2, on the other hand,
showed good solubility in polar organic solvents as well as in
pure water. Thus, it was amenable to biological testing in
aqueous buffer.

E—Z photoisomerisation of azobenzene mannoside 6 was
studied in DMSO, while isomerisation of azobenzene manno-
bioside 2 was performed in water. Photoirradiation was carried
out in the dark at room temperature by employing a 365 nm
LED. Photostationary states (PSS) were reached after
10 minutes of irradiation for both compounds. E—Z isomerisa-
tion was observed by both 'H NMR and UV-vis spectroscopy.
The E/Z ratios of the ground state (GS) as well as of the
photostationary state were determined on the basis of the
integration of the anomeric H-1 protons in the "H NMR spec-
trum. Half-life were determined by UV—vis spectroscopic
observation of the thermal Z—F relaxation process (Supporting
Information File 1). The respective data are collected in
Table 1.

Fortunately, the mannobioside 2 is ideally suited for biological
testing as it is soluble in water and aqueous buffer, respectively.

Photoirradiation of the (£)-isomer leads to almost quantitative
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isomerisation, and the life time of the resulting (Z)-isomer is
long enough to test this isomer independently from the more
stable (E)-form.

Biological testing of azobenzene mannobio-
side 2

As a test system for mannose-specific bacterial adhesion, fluo-
rescent GFP-transfected E. coli bacteria (pPKL1162) [23] were
employed and tested on a mannan-coated polystyrene microtiter
plate surface. In this setup the amount of bacterial adhesion
correlates with fluorescence intensity and can be quantified by
using a standard microtiter plate reader. For inhibition of
bacterial adhesion, two sets of serially diluted solutions of 2
were prepared to inhibit adhesion of fluorescing E. coli to the
mannan surface. In one case, a stock solution of (£)-2 was seri-
ally diluted, in the second case, this stock solution of (£)-2 was
irradiated for 15 minutes to obtain the pure (Z)-2 isomer for
subsequent serial dilution. The effect of both isomers as inhibi-
tors of mannose-specific bacterial adhesion was then measured
in a concentration-dependent way. From the testing results
sigmoidal inhibition curves were obtained (Supporting Informa-
tion File 1) from which ICsq values for every individual inhib-
itor were deduced. The ICs( value reflects the concentration at
which a compound inhibits 50% of bacterial adhesion to a
mannan-coated surface. The determined ICs values were refer-
enced to the inhibitory potency of methyl a-D-mannoside
(MeMan) and p-nitrophenyl a-D-mannoside (pNPMan), res-
pectively, each tested on the same plate. Thus, relative inhib-
itory potencies (RIP values) were obtained, which allow com-
parison of inhibitory potencies of different inhibitors, even
when they were not tested in the same experiment. The testing
results collected in Table 2 show that the inhibitory power of
mannobioside 2 is roughly the same, regardless of whether its
(E)- or (Z)-form was employed. Inspection of their relative
inhibitory potencies reveals that both isomers of 2 are equally
potent inhibitors of type 1 fimbriae-mediated bacterial
adhesion, similar to the power of the well-known mannoside
pNPMan.

Table 1: Characterisation of the (E)- and (Z)-isomers of azobenzene glycosides 6 and 2.

UV-vis
azobenzene E/z2 E/zZ2 H-1 (ppm) H-1 (ppm) absorption half-life, 115 (h)
glycoside (GS) (PSS) (E)-isomer (Z)-isomer maxima (nm) - 112
Amax(E), Amax(2)
6 99:1 3:97 5.54P 5.34P 347, 440° 89
2 95:5 4:96 5.659 5.524 339, 429¢ 178.5

aaccording to the integration ratio of H-1(E) and H-1(Z) in the "H NMR spectrum;

210 mM concentration in DMSO-dg;
©50 uM concentration in DMSO;

d8 mM concentration in D,0O;

€65 uM concentration in H,O.
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Table 2: Inhibition of adhesion of E. coli to a mannan-coated surface. The inhibitory potencies of (E)- and (Z)-2 are compared to the standard inhibi-

tors MeMan and pNPMan. 2

MeMan pNPMan (E)-2 (Z2)-2
5.205 £ 0.416 0.064 + 0.018 0.073 £ 0.001
ICs50 £ SD (mM)
0.073 +£ 0.003 0.078 + 0.006 0.084 + 0.002
RIP (MeMan) + SD IP=1 81+25 71+£1
RIP (pNPMan) + SD IP=1 0.94 +0.07 0.87 £ 0.02

aAverage values from duplicate results; SD: standard deviation (from one assay); RIP: relative inhibitory potency referenced to either MeMan or

pPNPMan, each tested on the same microtiter plate.

In order to support the interpretation of the obtained test results,
binding of (£)-2 and (Z)-2 to the bacterial lectin FimH was
investigated by computer-aided docking studies to get an idea
of their interactions with the carbohydrate-recognition domain
(CRD) of the lectin.

Docking of azobenzene mannobioside 2 into
the carbohydrate binding site of FimH

To visualise complexation of the (£)- and (Z)-isomers of
azobenzene mannobioside 2 within the CRD of FimH FlexX
[24-26], flexible docking and consensus scoring [27,28], as
implemented in Sybyl 6.9 [29], was employed. Docking was
based on two different X-ray structures of FimH. They differ in
the conformation of the so-called tyrosine gate at the entrance
of the CRD, formed by the side chains of Y48 and Y137. One
structure is crystallised in an “open-gate” conformation [9],
another in the “closed-gate” conformation [10]. Affinity of any
FimH ligand is improved when it exerts favourable interactions
with the tyrosine gate of FimH. Thus, this substructure is an
important feature of the rim of the carbohydrate binding site of
this lectin.

Before minimisation of the ligands, the bond angle of the N=N
double bond of the azobenzene moiety was manually set as
180° for (E)-2 and as 90° for (Z)-2 [30]. Then docking was
performed holding the FimH CRD fixed whereas the ligands
were allowed to change their conformations under the influ-
ence of the force field. A FlexX scoring value has been attri-
buted to each of the 30 obtained conformations (Table 3). This
value correlates with the binding affinity of the ligand for the
FimH CRD, more negative values suggesting higher binding
affinity than less negative ones.

Docking gave very similar results for both isomers of manno-
bioside 2, (£)-2 and (Z)-2. Scoring values based on the open-

Table 3: FlexX scoring values for the (E)- and the (Z)-isomer of 2
based on two different crystal structures in comparison to MeMan and
pNPMan.

Ligand “open-gate” structure “closed-gate” structure
[9] [10]
MeMan -22.5 -23.3
pNPMan -24.9 -27.4
(E)-2 -28.8 -20.4
(2)-2 -28.7 -21.6

gate structure of FimH are almost equal (—28.8 and —28.7), and
also the scoring values obtained with the closed-gate structure
do not differ significantly (—20.4 and —21.6). Interestingly, the
predictions for pNPMan and also MeMan are the opposite,
suggesting better binding to the closed-gate conformation of
FimH, as described ecarlier [31]. Representative snapshots as
depicted in Figure 2 show that both isomers have the terminal
mannoside complexed within the CRD of the lectin, as
expected, and furthermore, that in both cases the azobenzene
moiety exerts effective interactions with the tyrosine gate
involving both benzene rings.

Regardless of whether the (£)- or the (Z)-form of 2 is
complexed with FimH, favourable n—mn interactions can be
formed between the azobenzene moiety and the tyrosine gate at
the entrance of the CRD, though in different ways. The only
difference that is seen is that, apparently, the interactions of
mannobioside 2 with the open-gate conformation of FimH are
advantageous over those with the closed-gate form. From the
bioassay in solution phase it can certainly not be decided, which
conformation the bacterial lectin adopts to interact with com-
pound 2; however, our test results confirm that both isomers of
the azobenzene mannobioside 2 have the same power as inhibi-

tors of FimH-mediated bacterial adhesion.
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(B)

(D)

Figure 2: Connolly [32,33] descriptions of the FimH CRD with the docked azobenzene mannobioside 2. Top: (E)-isomer (A, closed-gate; B, open-gate
conformation). Bottom: (Z)-isomer (C, closed-gate; D, open-gate conformation).

Discussion

The azobenzene mannobioside 2 was selected as a photoswitch-
able inhibitor of the bacterial lectin FimH based on earlier find-
ings about the inhibitory potency of several mannobiosides
[34,35]. Its synthesis was straightforward and high-yielding. It
has very convenient photochromic properties as the £—Z
isomerisation is almost quantitative and the resulting (Z£)-isomer
is especially long-lived. Both isomers are very well water-
soluble and could be independently tested as inhibitors of
mannose-specific bacterial adhesion and showed an equal and
high inhibitory potency in the range of the well-known high-
affinity inhibitor p-nitrophenyl a-D-mannoside (pNPMan). This
result can be rationalised by computer docking, showing that
regardless of the configuration of the N=N double bond of the
azobenzene moiety in 2, favourable interactions can be formed
with the tyrosine gate of the FimH CRD. While the terminal
mannoside portion is complexed in the carbohydrate binding
site, the first mannoside does not add significantly to the
affinity and this is in accordance with other studies on the com-

plexation of oligosaccharides by FimH [11]. However, this

mannose ring acts as a spacer moiety, sticking out straight from
the CRD and placing the azobenzene portion in an orientation
that allows flexible interactions with the tyrosine gate at the
entrance of the carbohydrate binding site of the lectin.

Apparently, the affinity of 2 to the open-gate form of FimH is
higher than to the closed-gate conformation, a finding that
differs from many other docked FimH ligands. Here, the higher
affinity for the open-gate FimH can be explained by strong n—x
stacking of the first aromatic ring of the azobenzene unit with
the tyrosine gate.

As both isomers of 2 interact equally well with FimH, they
can’t be used to switch type 1 fimbriae-mediated bacterial adhe-
sion in solution. On the other hand, the obtained results support
the idea to immobilise the azobenzene mannobioside on a solid
support to photocontrol the adhesive properties of the resulting
surface. In this approach the azobenzene N=N double bond can
be used as a hinge region to bend down the terminal mannose

moiety of the compound, which is critical for specific bacterial
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adhesion. Thus, upon E—Z isomerisation, the ligand will no
longer be available for the interaction with the FimH-termi-
nated type 1 fimbriae that mediate adhesion. In this approach,
the second mannose moiety of the mannobioside is important
both to mediate hydrophilicity and to intensify the steric effect
that photoswitching has on the exposition of the terminal
mannoside.

Conclusion

The azobenzene mannosides presented herein resemble a struc-
ture quite similar to biaryl mannosides, which have been intro-
duced lately and shown to be of medical relevance as FimH
antagonists [6]. Thus, our novel “sweet switches” [15] appear to
be highly promising FimH ligands, with the additional feature
of a photoswitchable moiety. The biomedicinal potential of
azobenzene glycosides seems even higher when their favour-
able physiological properties are considered, such as low
toxicity [36] and receptor specificity of the azobenzene aglycon
[37]. It will be our next goal to employ derivatives of azoben-
zene mannobioside 2 for immobilisation to test the

photoswitching of adhesion on surfaces.

Experimental

Materials and general methods
p-Hydroxyazobenzene was purchased from Sigma Aldrich and
used without further purification. Moisture-sensitive reactions
were carried out under nitrogen in dry glassware. Thin-layer
chromatography was performed on silica-gel plates (GF 254,
Merck). Detection was effected by UV and/or charring with
10% sulfuric acid in EtOH followed by heat treatment at
~180 °C. Flash chromatography was performed on silica gel 60
(Merck, 230-400 mesh, particle size 0.040—0.063 mm) by using
distilled solvents. Optical rotations were measured with a
Perkin-Elmer 241 polarimeter (sodium D-line: 589 nm, length
of cell: 1 dm) in the solvents indicated. 'H and '3C NMR
spectra were recorded on Bruker DRX-500 and AV-600 spec-
trometers at 300 K. Chemical shifts are reported relative to
internal tetramethylsilane (& = 0.00 ppm) or D,O (8 =
4.76 ppm). Full assignment of the peaks was achieved with the
aid of 2D NMR techniques ('H/'H COSY and 'H/'3C HSQC).
IR spectra were measured with a Perkin Elmer FT-IR Paragon
1000 (ATR) spectrometer. ESI mass spectra were recorded on
an Esquire-LC instrument from Bruker Daltonics. MALDI-TOF
mass spectra were recorded on a Bruker Biflex III instrument
with 19 kV acceleration voltage, and 2,5-dihydroxybenzoic acid
(DHB) was used as the matrix. UV—vis absorption spectra were
performed on Perkin-Elmer Lambda-241 or Varian Cary-5000
at a temperature of 18 = 1 °C. Photoirradiaton was carried out
by using a LED (emitting 365 nm light) from the Nichia
Corporation (NC4U133A) with a FWHM of 9 nm and an
optical power output (P,) ~ 1 W.
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For NMR assignments the following numbering was used:

OH
oS
HO -
HoP/~0 1
6’ 07 8 9
g Ol
OH 10
HO 12 N=N43 14
11 X 15
18 ~\_~ 16
17

(E)-p-(Phenylazo)phenyl 2,3,4,6-tetra-O-acetyl-o-D-
mannopyranoside (5). To a solution of the mannosyl donor 3
(5.00 g, 10.2 mmol) and p-hydroxyazobenzene (4, 2.01 g,
10.2 mmol) in dry CH,Cl; (100 mL) BFj3-etherate (1.88 mL,
15.2 mmol) was added at 0 °C under N, atmosphere, and the
reaction mixture was stirred at this temperature for 15 min.
Then, stirring was continued at rt for about 6 h, and then the
reaction was quenched by the addition of satd. aq. NaHCOj;
solution (50 mL). The phases were separated, the aqueous phase
was extracted with CH,Cl; (2 x 150 mL), and the combined
organic phases were dried over MgSQOy. This was filtered, and
the filtrate was concentrated under reduced pressure. Purifica-
tion of the crude product by column chromatography (cyclo-
hexane/ethyl acetate, 3:1) gave the title glycoside 5 as an orange
crystalline solid (4.33 g, 8.19 mmol, 81%). Mp 53-55 °C; R¢
0.35 (cyclohexane/ethyl acetate 2:1); [a]2%p +0.86 (¢ 0.9,
DMSO); 'H NMR (500 MHz, CDCl3) & 7.92 (d, J = 9.0 Hz,
2H, H-9, H-11), 7.89 (d, J = 8.5 Hz, 2H, H-14, H-18),
7.53-7.45 (m, 3H, H-15, H-16, H-17), 7.23 (d, J = 9.0 Hz, 2H,
H-8, H-12), 5.62 (d, J; » = 1.8 Hz, 1H, H-1), 5.58 (dd, J,3 =
3.6 HZ, J3’4 = 10.1, lH, H-3), 5.49 (dd, J1’2 =1.8 HZ, J2’3 =
3.6 Hz, 1H, H-2), 5.39 (dd~t, J3 4 = J4 5 = 10.0 Hz, 1H, H-4),
4.30 (dd, Js 65 = 5.4 Hz, Jgz 6 = 12.0 Hz, 1H, H-6a), 4.14-4.07
(m, 2H, H-5, H-6b), 2.21, 2.06, 2.05, 2.03 (each s, each 3H, 4
OAc); 13C NMR (125 MHz, CDCls) & 170.5, 169.9, 169.9,
169.7 (4 C=0), 157.6 (C-7), 152.6 (C-13), 148.4 (C-10), 130.8
(C-16), 128.9 (C-15, C-17), 124.6 (C-9, C-11), 123.1 (C-14,
18), 116.8 (C-8, C-12), 95.7 (C-1), 69.4 (C-5), 69.3 (C-2), 68.8
(C-3), 65.9 (C-4), 62.1 (C-6), 20.9, 20.7, 20.7, 20.6 (4 COCH3);
IR (ATR) V: 2929, 1743, 1598, 1496, 1366, 1209, 1029 cm™!;
ESIMS (m/z): [M + Na]" caled for CyH5N501¢, 551.5; found,
551.1.

(E)-p-(Phenylazo)phenyl a-D-mannopyranoside (6). To a
solution of the acetyl-protected glycoside 5 (600 mg,
1.14 mmol) in dry MeOH (6 mL), a catalytic amount of solid
NaOMe was added under N, atmosphere, and the reaction mix-
ture was stirred for 5 h at rt. Then it was neutralized with
Amberlite IR 120 ion-exchange resin and filtered. The filtrate
was evaporated under reduced pressure to yield the deprotected
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mannoside 6 as a pale yellow solid (393 mg, 1.09 mmol, 96%).
Mp 183-185 °C; Rf 0.34 (ethyl acetate/MeOH 4:1); [0]2%p
+1.40 (¢ 1.0, DMSO); 'H NMR (500 MHz, DMSO-d) 5 7.86
(d, J= 8.7 Hz, 2H, H-9, H-11), 7.82 (d, J = 7.7 Hz, 2H, H-14,
H-18), 7.53-7.45 (m, 3H, H-15, H-16, H-17), 7.26 (d, J =
8.7 Hz, 2H, H-8, H-12), 5.53 (bs, 1H, H-1), 3.89 (dd~bs, 1H,
H-2),3.73 (dd, J3 4= 9.2 Hz, J3, = 3.0 Hz, 1H, H-3), 3.58-3.47
(m, 3H, H-6a, H-4, H-6b), 3.38 (m,, 1H, H-5); 13C NMR
(125 MHz, DMSO-dg) & 158.9 (C-7), 155.5 (C-13), 151.9
(C-10), 130.9 (C-16), 129.4 (C-15, C-17), 124.3 (C-9, C-11),
122.3 (C-14, C-18), 117.1 (C-8, C-12), 98.7 (C-1), 75.2 (C-5),
70.6 (C-3), 69.9 (C-2), 66.6 (C-4), 60.9 (C-6); UV, Anax:
347 nm; € = 25907 £ 529 L x mol ! x em™!; IR (ATR) ¥: 3337,
2920, 1599, 1584, 1496, 1227 cm™!; MALDI-TOFMS (m/z):
[M + H]" caled for 361.36; found, 361.21; anal. calcd for
C1gH29N»O0¢: C, 59.99; H, 5.59; N, 7.77; found: C, 61.07; H,
5.80; N, 8.07.

NMR spectroscopic data for (Z£)-6. 'H NMR (500 MHz,
DMSO-dg) & 7.32 (t, J = 7.8 Hz, 2H, H-15, H-17), 7.18 (t,J =
7.4 Hz, 1H, H-16), 6.97 (d, J = 8.9 Hz, 2H, H-9, H-11), 6.82
(dd, J = 8.2 Hz, J = 6.7 Hz, 4H, H-8, H-12, H-14, H-18), 5.32
(d, J1p = 1.6 Hz, 1H, H-1), 3.77 (dd, Jp3 = 3.1 Hz, J; 5 =
1.9 Hz, 1H, H-2), 3.62 (dd, J3 4 = 9.3 Hz, J3, = 3.3 Hz, 1H,
H-3), 3.52 (dd, Js6, = 2.1 Hz, Jg, o= 11.8 Hz, 1H, H-6a),
3.48-3.36 (m, 2H, H-4, H-6b), 3.31 (ddd, J4,5 = 9.4 Hz, J5 6, =
5.8 Hz, J5 g, = 2.1 Hz, 1H, H-5); 13C NMR (125 MHz, DMSO-
dg) & 155.4 (C-7), 153.8 (C-13), 147.3 (C-10), 129.1 (C-15,
C-17), 127.0 (C-16), 122.5 (C-8, C-12), 119.4 (C-14, C-18),
116.7 (C-9, C-11), 98.7 (C-1), 74.8 (C-5), 70.3 (C-3), 69.7
(C-2), 66.3 (C-4), 60.7 (C-6); UV, Apmax: 440 nm, € = 2635 + 76

L x mol™! x em™.

(E)-p-(Phenylazo)phenyl 6-O-tert-butyldimethylsilyl-a-D-
mannopyranoside (7). To a solution of the azobenzene
mannoside 6 (3.00 g, 8.33 mmol) in pyridine (30.0 mL) zert-
butyldimethylchlorosilane (1.38 g, 9.17 mmol) was added and
the reaction mixture was stirred at rt for 18 h, after which TLC
showed complete consumption of the starting material. The
reaction was quenched with MeOH (2.0 mL) and further diluted
with ethyl acetate (150 mL). Then it was washed with satd. aq.
NaHCOj solution (30 mL) and the aqueous phase extracted
with ethyl acetate (2 X 50 mL). The combined organic phases
were dried over MgSOy4 and filtered, and the filtrate concen-
trated under reduced pressure to obtain the crude product. Puri-
fication by flash column chromatography (CH,Cl,/MeOH 3:7)
gave the title compound as a dark orange solid (3.16 g,
6.66 mmol, 80%). Mp 74 °C; R¢ 0.59 (CH,Cl,/MeOH 7:1);
[0]%0p +73 (¢ 0.97, MeOH); 'H NMR (500 MHz, MeOH-dy) &
7.94-7.88 (m, 4H, H-9, H-11, H-14, H-18), 7.57-7.49 (m, 3H,
H-15, H-16, H-17), 7.30 (d, /= 9.0 Hz, 2H, H-8, H-12), 5.62 (d,
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Jl,Z =1.7 HZ, 1H, H-l), 4.08 (dd, J1,2 =1.8 HZ, J2,3 =34 HZ,
1H, H-2), 3.98 (dd, J5 65 = 1.8 Hz, Jga 6 = 11.2 Hz, 1H, H-6a),
3.94 (dd, J, 3 = 3.5 Hz, J3 4 = 9.1 Hz, 1H, H-3), 3.82 (dd, J5 g},
= 6.5 Hz, Jga 6 = 11.3 Hz, 1H, H-6b), 3.71 (t, /= 9.4 Hz, 1H,
H-4), 3.65 (m¢, 1H, H-5), 0.83 (s, 9H, fert-butyl), 0.04, 0.05
(each s, each 3H, 2 Si-CH3) ppm; '3C NMR (125 MHz, MeOH-
dy) 8 160.4 (C-7), 154.1 (C-13), 149.18 (C-10), 131.8 (C-16),
130.2 (C-15), 125.5 (C-17), 123.6 (C-9), 118.2 (C-11), 100.0
(C-1),76.2 (C-5), 72.3 (C-2), 71.7 (C-3), 68.6 (C-4), 64.4 (C-0),
26.4 (C(CH3)3), 19.1 (C(CH3)3), —5.13 (2 Si-CHj3) ppm; IR
(ATR) V: 3337, 2928, 1599, 1498, 1229, 1006, 685 cm™!;
ESIMS (m/z): [M + Na]* caled for Cp4H34N,04Si, 497.1;
found, 497.2;.

(E)-p-(Phenylazo)phenyl 6-O-tert-butyldimethylsilyl-2,3-0-
(ethylorthoacetyl)-a-D-mannopyranoside (8). To a solution
of mannoside 7 (500 mg, 1.05 mmol) in toluene (8.0 mL),
triethylorthoacetate (773 pL, 4.22 mmol) and a catalytic amount
of p-toluenesulfonic acid were added at rt, and the reaction mix-
ture was stirred for 3.5 h, after which TLC showed complete
consumption of the starting material. Then, it was neutralised
with triethylamine (100 pL), and the solution was diluted with
water (10 mL). It was extracted with toluene (2 x 20 mL), and
the extract was concentrated under reduced pressure to get
crude 8 (600 mg) as a red viscous syrup, which was used in the

next reaction step without further purification.

(E)-p-(Phenylazo)phenyl 2,3-0O-(ethylorthoacetyl)-a-D-
mannopyranoside (9). The crude intermediate 8 (600 mg) was
dissolved in CH,Cl, (6.0 mL), tetrabutylammonium fluoride
(1 M solution in THF, 1.68 mL) was added, and the reaction
mixture was stirred at rt for 4 h, after which TLC showed
complete consumption of the starting material. Then, it was
concentrated under reduced pressure to obtain crude 9 as a dark
red viscous syrup (594 mg), which was used in the next reac-
tion step without further purification.

(E)-p-(Phenylazo)phenyl 2,4,6-tri-O-acetyl-o-D-
mannopyranoside (10). The crude orthoester-protected
mannoside 9 (594 mg) was dissolved in pyridine (2.5 mL), and
acetic anhydride (1.26 mL) was added for O-acetylation. The
reaction mixture was stirred at rt for 3 h. Then, pyridine was
removed under reduced pressure, and the residue was dissolved
in ethyl acetate (20 mL) and washed with satd. aq. NaHCO3
solution (10 mL). The aqueous phase was extracted with ethyl
acetate (2 x 25 mL), the combined organic phases were dried
over Na,SOy and filtered, and the filtrate concentrated was
under reduced pressure to obtain a syrupy intermediate. It was
dissolved in 80% acetic acid (2.5 mL), and the mixture was
stirred at rt for 1.5 h to effect regioselective cleavage of the
orthoester. Then, ethyl acetate (50 mL) was added and the
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organic layer was washed with water (5 mL) and dried over
MgSOy. It was filtered, and the filtrate was evaporated to obtain
the crude product, which purified by column chromatography
(cyclohexane/ethyl acetate 2:1) to yield the free 3-OH title
mannoside 10 as a bright orange solid (220 mg, 0.453 mmol,
43% over three steps). Mp 144-146 °C; R 0.21 (cyclohexane/
ethyl acetate); [a]?%p +70 (¢ 0.96, CH,Cly); 'H NMR
(500 MHz, CDCl3) 6 7.92 (d, J = 8.9 Hz, 2H, H-9, H-11), 7.89
(d, J=17.9 Hz, 2H, H-14, H-18), 7.53-7.44 (m, 3H, H-15, H-16,
H-17), 7.19 (d, J = 8.9 Hz, 2H, H-8, H-12), 5.69 (d, J;» =
1.4 Hz, 1H, H-1), 5.30 (dd, J; » = 1.7 Hz, J, 3 = 3.8 Hz, 1H,
H-2), 5.17 (t, J=10.0 Hz, 1H, H-4), 4.32 (m, 2H, H-3, H-6a),
4.11 (dd, Js5 6 = 2.2 Hz, Jga 6 = 12.4 Hz, 1H, H-6b), 4.05 (m,
1H, H-5), 2.23, 2.15, 2.03 (each s, each 3H, 3 OAc), 1.62 (bs,
OH) ppm; '3C NMR (150 MHz, CDCl3) § 171.3, 170.6, 170.4
(3 COCH3), 157.7 (C-7), 152.6 (C-13), 148.3 (C-10), 130.8
(C-16), 129.1 (C-15, C-17), 124.6 (C-9, C-11), 122.7 (C-14,
C-18), 116.7 (C-8, C-12), 95.42 (C-1), 71.99 (C-2), 69.14 (C-5),
69.04 (C-4), 68.47 (C-3), 62.15 (C-6), 20.97, 20.91, 20.69 (3
COCHj3) ppm; IR (ATR) v: 3453, 2961, 1737, 1228, 1023,
798 cm™!; ESIMS (m/z): [M + H]+ caled for Co4HygN»Og,
509.1; found, 509.2.

(E)-p-(Phenylazo)phenyl 3-0-(2,3,4,6-tetra-O-acetyl-a-D-
mannopyranosyl)-2,4,6-tri-O-acetyl-a-D-mannopyranoside
(11). The 3-OH unprotected mannoside 10 (50 mg, 103 pmol)
and the mannosyl donor 3 (101 mg, 206 pmol) were dissolved
in dry CH,Cl, (10 mL), and the mixture was cooled to —10 °C
under N, atmosphere. To this ice-cooled solution BF5-etherate
(13 pL, 108 umol) was added and the mixture was stirred at
0 °C for about 30 min. Then, the reaction mixture was allowed
to warm to rt and stirred for another 4 h. The reaction mixture
was then quenched by the addition of a catalytic amount of
solid NaHCO3 and concentrated under reduced pressure to
obtain the crude product as a dark reddish-brown syrup. Purific-
ation by column chromatography (CH,Cl,/ethyl acetate 8:2)
gave the acetyl-protected mannobioside 11 as a pale yellow
solid (64 mg, 78 umol, 76%). Mp 84-85 °C; R 0.57 (CH,Cly/
ethyl acetate 8:2); [a]2%p +103 (¢ 0.86, CH,Cl,); 'H NMR
(500 MHz, CDCl3) 6 7.92 (d, J=9.0 Hz, 2H, H-9, H-11), 7.89
(d, J=17.1 Hz, 2H, H-14, H-18), 7.46-7.38 (m, 3H, H-15, H-16,
H-17), 7.18 (d, J = 9.0 Hz, 2H, H-8, H-12), 5.65 (d, Ji» =
1.7 Hz, 1H, H-1), 5.46 (dd, J1, = 1.8 Hz, J, 3 = 3.5 Hz, 1H,
H-2), 5.40 (t, J = 10.1 Hz, 1H, H-4"), 5.30 (m, 1H, H-3'), 5.26
(mg, 1H, H-4), 5.09 (d, J; 2 = 1.7 Hz 1H, H-1"), 5.06 (dd, J1 » =
1.9 Hz, J, 3 = 2.9 Hz, 1H, H-2'), 4.41 (dd, /3 =3.5 Hz, J34 =
9.9 Hz, 1H, H-3), 4.30 (dd, J5 6, = 6.3 Hz, Jga 61, = 12.7 Hz, 1H,
H-6a), 4.24 (dd, Js' g1y = 5.8 Hz, Jea' 61y = 12.3 Hz, 1H, H-6a"),
4.14-4.10 (m, H-5', H-6b), 4.08 (dd, Js5,6, = 2.4 Hz, Jea 6b =
12.3 Hz, 1H, H-6b), 3.99 (ddd, J4 5 = 10.2 Hz, J5 6, = 2.3 Hz,
Jea,6b = 5.8 Hz, 1H, H-5), 2.20, 2.09, 2.08, 2.03, 2.00, 1.97,
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1.94 (each s, each 3H, 7 OAc) ppm; 3C NMR (125 MHz,
CDClj) 6 170.6, 170.5, 170.4, 170.0, 169.9, 169.8, 169.6 (7
COCH3), 157.4 (C-7), 152.6 (C-13), 148.4 (C-10), 130.8
(C-16), 129.1 (C-15, C-17), 124.6 (C-9, C-11), 122.71 (C-14,
C-18) 116.7 (C-8, C-12), 99.1 (C-1"), 95.6 (C-1), 74.8 (C-3),
70.8 (C-2), 69.9 (C-2'), 69.9, 69.6 (C-5, C-5"), 68.3 (C-4), 67.4
(C-4"), 65.9 (C-3"), 62.5, 62.7 (C-6, C-6"), 20.9, 20.8, 20.7, 20.7,
20.7, 20.6, 20.6 (7 COCHj3) ppm; IR (ATR) v: 1743, 1213,
1032, 838 cm™!; ESIMS (m/z): [M + Na]" caled for
C33H44N2018, 839.3; found, 839.2.

(E)-p-(Phenylazo)phenyl 3-O-(a-D-mannopyranosyl)-a-D-
mannopyranoside (2). The acetyl-protected disaccharide 11
(50 mg, 61.2 pmol) was dissolved in dry MeOH (2 mL) and a
catalytic amount of solid NaOMe was added under N, atmos-
phere. The reaction mixture was stirred for 5 h at rt, and then it
was neutralized with Amberlite IR 120 ion-exchange resin. It
was then filtered and thoroughly washed with MeOH (2 x
20 mL), and the filtrate was evaporated to obtain the crude pro-
duct, which after purification by flash column chromatography
(CH;,Cly/methanol 9:1) gave the final mannobioside 2 as a pale
yellow solid (29.3 mg, 56.1 pmol, 92%). Mp 107-109 °C; R¢
0.08 (CH,Cl,/MeOH 9:1); [a]*%p +18.4 (¢ 0.48, MeOH);
TH NMR (500 MHz, D,0) & 7.81 (d, J = 8.2 Hz, 2H, H-9,
H-11), 7.75 (d, J = 7.4 Hz, 2H, H-14, H-18), 7.53-7.49 (m, 3H,
H-15, H-16, H-17), 7.24 (d, J = 8.3 Hz, 2H, H-8, H-12), 5.65 (s,
1H, H-1), 5.16 (s, 1H, H-1"), 4.29 (m,, 1H, H-2), 4.14 (dd, J5 3
= 3.1 Hz, J3 4 = 10.3 Hz, 1H, H-3'), 4.06 (m,, 1H, H-2'),
3.89-3.81 (m, 3H, H-3, H-4, H-4"), 3.79-3.62 (m, 6H, H-6a,
H-6b, H-5, H-5', H-6a’, H-6b") ppm; 3C NMR (125 MHz,
D,0) 8 158.2 (C-7), 151.3 (C-13), 148.2 (C-10), 131.4 (C-16),
129.6 (C-15, C-17), 124.4 (C-9, C-11), 122.2 (C-14, C-13),
117.3 (C-8, C-12), 102.4 (C-1"), 97.8 (C-1), 77.9 (C-3"), 73.8
(C-5), 73.5 (C-3), 70.5 (C-4"), 70.1 (C-2"), 69.5 (C-2), 66.9
(C-5"), 65.9 (C-4), 61.1 (C-6), 60.6 (C-6") ppm; IR (ATR) V:
3318, 2927, 1599, 1231, 1007, 685 cm™!; MALDI-TOFMS
(m/z): [M + Na]" caled for Co4H3oN,O1, 545.18; found,
545.17; UV, Aax: 339 nm, £ = 14776 £ 729 L x mol™! x em™!;
anal. caled for Cy4H30N,011 x 1.1 H,O: C, 52.11; H, 6.09; N,
5.07; found: C, 52.04; H, 5.79; N, 5.06.

NMR-spectroscopic data for (2)-2. 'H NMR (500 MHz, D,0)
8 7.32 (t,J=17.1 Hz, 2H, H-15, H-17), 7.24 (t, 1H, H-16), 7.00
(dd, J = 1.9 Hz, J = 8.9 Hz, 2H, H-9, H-11), 6.95 (dd, J =
1.9 Hz, J = 8.9 Hz, 2H, H-8, H-12), 6.91 (dd, /= 1.3 Hz, J =
7.8 Hz, 2H, H-14, H-18), 5.52 (s, 1H, H-1), 5.12 (s, 1H, H-1"),
4.22 (mg, 1H, H-2), 4.07 (m,, 1H, H-3"), 4.03 (dd, J; » = 1.7 Hz,
Ja3 = 3.2 Hz, 1H, H-2"), 3.85-3.82 (m, 2H, H-3, H-4),
3.79-3.59 (m, 7H, H-4', H-6a, H-6b, H-5, H-5', H-6a’, H-6b")
ppm; 3C NMR (125 MHz, D,0) & 155.3 (C-7), 153.5 (C-13),
146.9 (C-10), 129.2 (C-15, C-17), 128.2 (C-16), 123.4 (C-8,
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C-12), 120.3 (C-14, C-18), 116.9 (C-9, C-11), 102.4 (C-1"),
97.8 (C-1), 77.8 (C-3"), 73.7 (C-5), 73.4 (C-3), 70.4 (C-4"), 70.1
(C-2"), 69.4 (C-2), 66.8 (C-5"), 65.9 (C-4), 61.0 (C-6), 60.6
(C-6") ppm; UV, Apax: 429 nm, € = 1699 + 68 L x mol™! x

em L.
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Photoisomerization studies, UV—vis spectra, NMR spectra,
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Abstract

The article deals with coordination compounds of iron(II) that may exhibit thermally induced spin transition, known as spin
crossover, depending on the nature of the coordinating ligand sphere. Spin transition in such compounds also occurs under pressure
and irradiation with light. The spin states involved have different magnetic and optical properties suitable for their detection and
characterization. Spin crossover compounds, though known for more than eight decades, have become most attractive in recent
years and are extensively studied by chemists and physicists. The switching properties make such materials potential candidates for

practical applications in thermal and pressure sensors as well as optical devices.

The article begins with a brief description of the principle of molecular spin state switching using simple concepts of ligand field
theory. Conditions to be fulfilled in order to observe spin crossover will be explained and general remarks regarding the chemical
nature that is important for the occurrence of spin crossover will be made. A subsequent section describes the molecular conse-
quences of spin crossover and the variety of physical techniques usually applied for their characterization. The effects of light ir-
radiation (LIESST) and application of pressure are subjects of two separate sections. The major part of this account concentrates on
selected spin crossover compounds of iron(Il), with particular emphasis on the chemical and physical influences on the spin
crossover behavior. The vast variety of compounds exhibiting this fascinating switching phenomenon encompasses mono-, oligo-
and polynuclear iron(II) complexes and cages, polymeric 1D, 2D and 3D systems, nanomaterials, and polyfunctional materials that
combine spin crossover with another physical or chemical property.
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Introduction

Coordination compounds of transition-metal ions may, under
certain conditions, exhibit a switching phenomenon, whereby
the central metal ion changes the spin state upon a change of
temperature, application of pressure, irradiation with light, or in
a magnetic field. This phenomenon is known as spin transition
(ST) or spin crossover (SCO). The change of spin state is
accompanied by a change of electronic structure of the central
ion and the complex molecule on the whole, which changes
markedly the physical and chemical properties of the substance.
Most spectacular is the change of magnetic behavior and color,
which has made such SCO substances very attractive because of
their potential for practical applications, e.g., as switching
devices and sensors.

A thermally induced change of spin state (spin transition, spin
crossover) was first reported some eighty years ago by Cambi
and co-workers. They prepared a great variety of dithiocar-
bamato complexes of iron(I1l), by varying the substituents at the
dithiocarbamate ligands, and investigated their magnetic prop-
erties. From magnetic susceptibility measurements at room
temperature they found that some of the samples showed
magnetic moments corresponding to five unpaired electrons
(later on denoted as high-spin state, HS) and others with
different substituents showed magnetic moments corresponding
to only one unpaired electron (low-spin state, LS). A third class
of such complexes exhibited very unusual magnetic properties:
they showed HS behavior at room temperature, but changed
more or less gradually to LS behavior on cooling [1-6]. Many
more SCO complex compounds of iron(IIl) have been synthe-
sized thereafter and extensively investigated [7-13].

More than thirty years after the discovery of thermal ST by
Cambi et al. the first iron(II) coordination compound, viz.
[Fe(phen),(NCS),] (phen = 1,10-phenanthroline), was observed
to show also thermally induced ST between HS and LS states:
the spin transition takes place very abruptly near to 175 K
[14,15]. Since then, many further examples of iron(II) SCO
compounds have been published [7-13,16-28], and other coordi-
nation compounds of 3d transition elements such as cobalt(Il)
[29,30], and to a much lesser extent cobalt(III), chromium(II),
manganese(II), manganese(IIl), and nickel were found to ex-
hibit thermal ST phenomena [31-33]. But practically no
example of thermal ST with coordination compounds of the 4d
and 5d transition metal series has been reported up to now,
which is well understood on the basis of ligand field theory
[34,35].

The purpose of this article is to introduce researchers, mainly
from the vast field of organic chemistry, to the fascinating SCO

switching phenomenon occurring in inorganic coordination
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compounds of transition-metal ions. In the first part we shall
describe the principle of thermal spin crossover and methods of
physical characterization, and demonstrate with a selection of
typical examples, mainly SCO compounds of iron(Il), the
variety of chemical and physical influences on the spin tran-
sition behavior. The second part will be devoted to a brief
overview of selected SCO compounds of iron(Il) including
mono-, di-, oligonuclear and higher nuclearity complexes, poly-
meric 1D, 2D and 3D systems, 1D chain compounds and 2D
and 3D networks, SCO in nanomaterials, and soft matter, such
as metallomesogens, as examples for the main current objec-
tives in SCO research, viz. synthesizing so-called multifunc-
tional materials, which combine the SCO switching phenom-
enon with other functionalities. The limited scope of the present
account has not enabled us to present a rigorous quantitative
review aimed at researchers actively working in this field. We
extend our sincere apologies to all those who have contributed
and published excellent SCO work, which, because of limited

space, we were not able to include here.

The article concludes with an outlook, emphasizing on the one
hand the current activities in SCO research towards arriving at a
better understanding of the molecular processes and coopera-
tive interactions during the spin transition, which is of utmost
importance for eventual practical applications of SCO materials;
and on the other hand, the necessity and usefulness of close
cooperation between organic and inorganic chemists will be
pointed out in view of the nature and rich variety of SCO com-
pounds, where (often sophisticated) organic ligand molecules
are coordinated to transition-metal ions stimulating and control-

ling the electronic switching phenomenon.

Review

Occurrence of spin transition

The occurrence of ST in coordination compounds of transition-
metal ions is governed by the relationship between the strength
of the ligand field (the electrostatic field acting at the central
metal ion) and the mean spin-pairing energy [34,35]. Octahe-
dral complexes of d*~7 ions may be either HS or LS, depending
on whether the ligand field strength is weaker or stronger, res-
pectively, than the spin pairing energy. In order for thermally
induced ST to occur the difference in the Gibb’s free energies
for the two spin states involved must be on the order of thermal
energy, kgT [23]. An increase in temperature favors the HS
state, while lowering the temperature favors the LS state. The
condition for thermal ST to occur and the consequences of ST
are depicted in Figure 1 [23].

Thermal spin transition occurs nearly exclusively with coordi-

nation complexes of 3d metal ions. This is not expected for 4d
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Figure 1: Change of electron distribution between HS and LS states of an octahedral iron(Il) coordination compound exhibiting thermal spin
crossover. The orbitals eg* and tyg arise from splitting of the 3d orbitals in an octahedral ligand field. Depletion of charge in the antibonding eg* orbitals
during HS to LS transition shortens the metal-to-ligand bond distances and reduces the molecular volume. SCO is mostly accompanied by a color
change, e.g., in the present case, from white in the HS state to violet in the LS state. The condition to fulfil in order to observe thermal spin crossover
is AEy = kgT. Increasing the temperature favors the HS state, decreasing it favors the LS state [23]. (Reproduced with permission from [36]. Copy-

right 2012 Wiley-VCH Verlag GmbH & Co. KGaA).

and 5d transition element compounds on the basis of ligand
field theory, because the strength of the ligand field increases
notably (by ca. 50% from 3d to 4d and also from 4d to 5d) rela-
tive to analogous 3d compounds and is generally much greater
than the spin pairing energy; hence virtually all 4d and 5d tran-

sition metal complexes show LS behavior.

Spin transition seems to occur predominantly for six-coordinate
iron(Il) complexes with the following change of electron
configurations and ligand field states:

6,01 4 2(5
trele, ( Ay Ls) o tyle, ( Ty, Hs). (1)

SCO complexes of iron(I) have been most extensively charac-
terized and explored; the field has been reviewed many times
[7-13,16-28]. Most of the iron(II) SCO compounds known pos-
sess an [Ng] donor atom set, i.e., an [FeNg] chromophor with

N-coordinated ligands of variable denticity. A few examples

with other donor-atom sets, e.g., N4O, [37-40], P4Cl,, have also
been reported [41]. [FeNg] systems of iron(II) involve, for
instance, [Fe(diimine),(NCS),] complexes, among them the
classical complexes with 1,10-phenanthroline (phen) and 2,2'-
bipyridine (bipy) as bisdentate diimine ligands, which were
among the first SCO compounds of iron(II) reported in the
literature [14,15]. An example of [FeNg] complexes with tris-
dentate N-donor ligands is bis[hydro-tris(pyrazolyl-
borato)]iron(Il) [42,43] and related systems.

Thermal SCO has been observed with [Fe(diimine),(NCS),]
complexes employing a large variety of diimine ligands and
also with iron(IT) complexes containing derivatives of uniden-
tate pyridine [44], bridging diimine and bis(unidentate) ligand
components. The anionic groups X in [Fe(diimine);X5]
complexes, where X is directly coordinated to the central metal
ion, can be varied too, and SCO has been reported for
[Fe(diimine),X5] systems with X~ = NCSe™ [14,15], [NCBH3]~
[45], TCNQ™ [46], [N(CN),]~ [47], and 2X~ = [WS4]%™ [48].
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Many [FeN6]2+ systems are based on the cationic LS [Fe(2,2”-
bipyridine);]*" or [Fe(2,2":2',6'-terpyridine),]%" ions, where the
critical field strength to reach the crossover condition is fulfilled
by introducing sterically hindering groups adjacent to the donor
atoms or by replacing the pyridine rings by five-membered
heterocycles [25,26]. Examples are the SCO systems tris(6-
methyl-2,2'-bipyridine)iron(Il) and bis(2,4-bis(pyridin-2-
yDthiazole)iron(Il) ions [49]. The [FeNg] system can also ex-
hibit SCO behavior when six monodentate N-donating ligand
molecules are involved. The best known examples are the
[Fe(N-alkyl-tetrazole)s] X, complexes, which are nearly regular
octahedral [50]. Another possibility to fulfill the condition for
thermal spin crossover to occur is the coordination of a hexa-
dentate system, such as the mixed aliphatic/heterocyclic
tetrakis(2-pyridylmethyl)ethylenediamine) [51] or the
completely saturated, encapsulating hexadentate donor system
as described by Martin et al. [52].

Through extensive synthetic work one has learned that coopera-
tive interactions between the spin-state-changing complex
molecules are of utmost importance for the ST behavior in solid
SCO compounds. There are essentially three synthetic strate-
gies that have been developed to create and strengthen coopera-
tivity, i.e., (i) incorporation of a hydrogen-bonded network; (ii)
incorporation of m-stacking moieties; and (iii) coordination of

Beilstein J. Org. Chem. 2013, 9, 342-391.

bridging ligands. The thermal ST behavior is commonly
expressed in terms of the molar fraction of HS molecules,
yus(7), as a function of temperature denoted as the ST function.
Spin transitions have been categorized into the types depicted in
Figure 2, i.e., gradual (a), abrupt (b), with hysteresis (c), step-
wise (d) and incomplete (e). Gradual spin transitions (type a)
appear in solution, where practically no cooperative interac-
tions exist and the ST curve follows a simple Boltzmann distrib-
ution over all energy levels involved. In solid material,
however, the electronic and structural changes accompanying
the ST propagate throughout the solid through short and long
range interactions and influence markedly the ST function

yus(7).

Thermal spin transition in iron(ll) compounds:

Consequences and physical characterization

LS« HS conversions are accompanied by profound changes in
all properties that depend on the distribution of the 3d valence
electrons, predominantly optical, vibrational, magnetic and
structural properties. These molecular changes enable one to
detect the occurrence of thermal SCO and monitor the tempera-
ture dependence of a ST, as sketched in Figure 2, employing
various physical methods, primarily magnetic susceptibility
measurements, optical and vibrational spectroscopy, Mossbauer
spectroscopy, crystal-structure determination and heat-capacity

1.0

0.5

Ty T, T

Tus 1.0F 1 1.0F
0.5 0.5-
0 ot

Tus 1.0 0 ] 19,
0.5} 1 0.5t
0F . o+

T

Figure 2: Types of spin transition curves in terms of the molar fraction of HS molecules, yys(T), as a function of temperature [23]. (Reproduced with
permission from [27]. Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA).
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measurements [23,27,28]. In the following we shall briefly
discuss the main molecular changes that accompany LS«—HS
conversions in iron(II) compounds and their detection with suit-
able physical methods. As will be shown in many examples,
Maossbauer spectroscopy has proven to be a particularly elegant
microscopic tool for the characterization of iron-containing
SCO systems. It has been invaluable in detailed studies.

Magnetic susceptibility measurements

From the very beginning of experimental SCO research,
measuring the magnetic susceptibility of a sample as a function
of temperature, y(7), and, if required, deriving the magnetic
moment thereof has always been the main characterization
method. The different number of unpaired electrons in the HS
and LS states, e.g., in the case of iron(II) with four unpaired
electrons in the strongly paramagnetic HS state and no unpaired
electrons in the diamagnetic LS state, is readily signalized by a
drastic change in the magnetic susceptibility. y(7) can then be
calculated by using Equation 2:

2(T) =vus(T)*aus + A—=rus(T)* xis, 2

where yyg is the molar fraction of HS molecules, and ypg and
xLs refer to the magnetic susceptibilities of the sample in the
pure HS and LS states, which can be measured at sufficiently
high and low temperatures, respectively, in the case of a
complete spin state transition. The ST curve yyg(7T) can be
readily obtained with these quantities. One can also derive the
effective magnetic moment po= 2.83 \yT [34,53,54] and plot
it as a function of temperature. However, because of certain
complications, e.g., orbital contribution and zero-field splitting
effects, it has become common practice to study the ST behav-
ior by plotting the yyg(7) function rather than the magnetic

moment o T).

Techniques for magnetochemical studies of solid material
(Faraday balance, Foner type magnetometer, SQUID and AC
devices) as well as solutions (Evans’ NMR method) are
described in [55,56].

Optical spectroscopy

Thermochromism is a typical feature that goes along with
thermal ST in nearly all SCO compounds. The color change can
be easily monitored by temperature-dependent optical spec-
troscopy in the UV—vis region. The electric dipole (E1) ligand
field transitions (d—d transitions) involved are parity-forbidden
but spin-allowed and can give rise to rather intense coloration,
particularly in the LS state. For example, SCO complexes of
iron(II) with tetrazole and triazole ligands are generally weakly

colored or nearly white in the HS state but purple in the LS
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state. If such ligand field transitions are well resolved and not
hidden by more intense parity- and spin-allowed charge-transfer
bands, the optical spectrum recorded in the UV—visible region
distinguishes well the two spin states involved and can there-
fore be employed to follow the ST phenomenon qualitatively
and quantitatively. From the temperature-dependent area frac-
tions of the absorption bands one can construct the ST curve
yus(7). An example is displayed in Figure 3, where optical
spectra (UV—vis) of a single crystal of the SCO compound
[Fe(ptz)gl(BF4), (ptz = 1-propyltetrazole), recorded at 300 K
and 80 K, are shown [57-60].

HS

1.0 10 K
*>'green light

T,—3E

L

Figure 3: Single crystal UV-vis spectra of the spin crossover com-
pound [Fe(ptz)s](BF4)2 (ptz = 1-propyltetrazole). At 300 K, the crystal is
white and in the HS state. The spectrum shows a weak °T,—%E band
at ca. 12000 cm™1. At ca. 135 K, a spin transition takes place to the
deeply colored LS state. At 80 K the crystal is red—purple, and the
spectrum shows two spin-allowed d—d bands, 'A1—1T; and 1A1—1T,
above 20000 cm™". The LS state can be switched back to the long-
lived metastable HS state by irradiation with green light. The optical
spectrum recorded at 10 K shows the typical HS band again. This
observation, known as the LIESST effect, is described in more detail
below. (Reproduced with permission from [36]. Copyright 2012 Wiley-
VCH Verlag GmbH & Co. KGaA).

Vibrational spectroscopy
As discussed above and shown in Figure 1 for the case of SCO
in iron(Il) compounds, thermal spin state conversion from HS to

LS states is connected with depletion of charge in the anti-
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bonding e, orbitals and simultaneous increase of charge in the
lower lying slightly bonding t, orbitals on lowering of the
temperature. This results in strengthening of the metal-donor-
atom bonds and can be observed in the vibrational spectrum
recorded in the far-infrared (FIR) region between ~250 and
~500 cm™!, where the central metal-donor-atom stretching
frequencies of transition metal compounds generally appear
[61-63]. Detailed and often tedious band assignment is not
necessary. With temperature-dependent FIR or Raman spec-
troscopy, one can readily recognize the vibrational bands char-
acteristic of the HS and the LS species as those with decreasing
and increasing intensity, respectively, on cooling of the sample
[64-70]. Although not often practiced, one can also derive the
spin state conversion curve yys(7) (Figure 2) by plotting the
normalized area fractions of characteristic HS or LS bands as a

function of temperature.

A new method of studying vibrational properties has been
developed based on nuclear resonance scattering (NRS) with
synchrotron radiation, also denoted as Mdssbauer spec-
troscopy in the time domain in comparison to classical
Modssbauer spectroscopy in the energy domain [71-73]. NRS
experiments are carried out in two ways: nuclear inelastic scat-
tering (NIS) and nuclear forward scattering (NFS) of synchro-
tron radiation. The NIS technique has proven to be an excellent
tool to identify typical HS and LS vibrational bands. One recog-
nizes them as bands with temperature intensity arising in the
near neighborhood of Mossbauer-active nuclides (e.g., 3'Fe).
They give information on the local densities of HS and LS
vibrational states [74-76].

Spin state conversion can also affect certain ligand vibrations
and can therefore be used to trace the spin state conversion
curve yys(T). Examples are the N-coordinated ligands NCS™
and NCSe™, for instance in the “classical” systems
[Fe(phen),(NCS),] and [Fe(phen),(NCSe),] [61-63]. The C-N
stretching bands of NCS™ and NCSe™ are seen as a strong
doublet near 2060-2070 cm™! in the HS state. Upon cooling of
[Fe(phen),(NCS);] to below the transition temperature (175 K),
this doublet decreases in intensity, favoring the appearance of a
new doublet at 2100-2110 cm™!, which obviously stems from
the LS state [61-63]. One has also found that certain vibrational
modes of lattice constituents, such as non-coordinating anions
or solvent molecules, interconnecting the spin state changing
metal complexes via hydrogen bonds, van der Waals or other
interactions, can “feel” spin state changes at the metal centers
and can therefore be made use of to study ST phenomena. As
an example, one has found for the SCO compound
[Fe(ptz)g](BF4), that certain B-F vibrations of the tetrafluoro-
borato anion show temperature-dependent intensity in agree-

ment with results from magnetic measurements [59].
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Md&ssbauer spectroscopy

57Fe Mossbauer spectroscopy [36,77-81] has proved to be a
most powerful tool in probing the oxidation and spin states of
iron in coordination compounds. Two of the most important
parameters derived from a Mdssbauer spectrum, i.e., the isomer
shift 3 and the quadrupole splitting AEg, vary significantly
between iron(II)-HS and iron(II)-LS. The area fractions of the
resonance signals are proportional to the concentrations of the
coexisting spin states, and in most cases the ST curve yyg(7)
can be obtained by plotting the area fraction of one of the spin
states, usually the HS state, as a function of temperature. Exam-
ples are displayed in Figure 4 and Figure 5. >7Fe M&ssbauer
spectra of the SCO compound [Fe(ptz)s](BF4); recorded at
three different temperatures are displayed in Figure 4. The
quadrupole doublet shown in red is characteristic of the HS
state, being the only one present in the region above the critical
ST temperature T, at ca. 135 K; Ty, is the temperature where
both spin states HS and LS are present at 50% each. Below 77,
the compound is in the LS state, and the resonance signal (blue)
has changed dramatically. Details about the different isomer
shift values and the origin and size of the quadrupole splitting
of the two spin states of iron(Il) are explained elsewhere [36,77-
81].
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Figure 4: Thermal spin crossover in [Fe(ptz)s](BF4)2 (ptz = 1-propyl-
tetrazole) recorded at three different temperatures. The spin transition
temperature Ty is ca. 135 K. The 57Fe Mossbauer spectra demon-
strate the transition between the HS phase (quadrupole doublet shown
in red) and the LS phase (singlet shown in blue) at the spin transition
temperature Ty, of ca. 135 K [59] (Reproduced with permission from
[36]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 5: (a) MOssbauer spectra of the LS compound [Fe(phen)3]X; recorded over the temperature range 300-5 K. (b) Perspective crystal structures
of [Fe(phen)s]2* (top) and [Fe(phen)o(NCS),] (bottom). (c) Temperature-dependent Mossbauer spectra of [Fe(phen)(NCS),] indicating the thermally
induced HS«LS spin transition around 175 K [79] (Reproduced with permission from [36]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA).

Another instructive example is the study of the classical iron(II)
SCO compound [Fe(phen),(NCS),] with 37Fe Mossbauer spec-
troscopy, which was first reported by Dézsi et al. [82]. This
compound is derived from [Fe(phen);]X,, which displays LS
behavior over the entire temperature range from 300 to 5 K as
confirmed by temperature-dependent Mossbauer spectroscopy
(Figure 5a).

On replacement of one phen ligand by two weaker isothio-
cyanato anions the strength of the average ligand field acting at
the central iron atom is weakened such that the condition for
thermal SCO to occur is now fulfilled. This is corroborated by
the temperature-dependent Mdssbauer spectra presented in
Figure 5c. The quadrupole doublet (marked in red) observed at
room temperature, shows a large splitting of ca. 3 mm s/,
which is typical for HS Fe(Il) compounds [79,82]. Upon
cooling, a very abrupt spin state conversion (within a few
Kelvin) to the LS state takes place near the spin transition
temperature of ca. 175 K, signalized by the disappearance of the
HS doublet in favor of a new doublet (blue) with considerably
smaller quadrupole splitting energy of ca. 0.5 mm s~ !, which is

typical for LS Fe(Il) compounds. The very sharp ST agrees well

with data from magnetic susceptibility measurements [83].

It is worth noting that for iron(II) SCO compounds the HS—LS
fluctuation rate is on the order of <107 s™!. This estimate is
derived from the time window of >7Fe Mdssbauer spectroscopy,
which is determined by the mean life time 7 of ca. 140 ns of
the first excited nuclear state of >’Fe. Since the subspectra
arising from HS and LS states appear as sharp signals, their life
times must be longer than 7y, and thus, the spin state fluctua-
tion rate is 1/zy < 107 571,

Calorimetry

Studies of SCO compounds often require a knowledge of ther-
modynamic quanitities such as the changes of enthalpy AH =
Hyg — Hy s and entropy AS = Sy — Spg because of their valu-
able information regarding the ST properties, in particular
cooperative interactions and the order of the ST transition.
Enthalpy changes AH = Hys — Hygs are typically 10 to
20 kJ mol™!, and entropy changes AS = Syg — Sig are on the
order of 50 to 80 J mol™! K™! [22]. The thermally induced ST is
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an entropy-driven process because the degree of freedom is
much higher in the HS state than in the LS state, which is
schematically shown in Figure 1 by the narrower distances
between the vibrational levels in the HS state as compared to
the LS state. Approximately 25% of the total entropy gain on
going from LS to HS is of magnetic origin, viz., it arises from
the change in spin multiplicity, ASpag = R[In(2S + 1)ys —
In(2S + 1)rg], = 13 cal mol™! K71, and the major part originates
from changes in the intramolecular, and to a much lesser extent,

intermolecular vibrations [84,85].

The first precise heat capacity measurements on a SCO com-
pound were performed by Sorai and Seki on the classical
iron(II) SCO compounds [Fe(phen),(NCX),] with X = S, Se
[84,85]. Other SCO compounds of Fe(II) [86,87], Fe(III) [88]
and Mn(III) [89,90] have been studied down to liquid-helium
temperature. Such measurements are very tedious. For qualita-
tive information on enthalpy change AH, entropy change AS,
transition temperature 77/, and occurrence of hysteresis, DSC
measurements down to liquid-nitrogen temperatures are suffi-

cient in most cases [91-94].

Diffraction Methods

The rearrangement of the valence electrons among the anti-
bonding e, orbitals and the slightly bonding t;¢ orbitals (in the
case of octahedral symmetry) during thermal ST is always asso-
ciated with more or less strong changes in the crystal lattice.
Continuous spin transitions only ever show changes in
metal-ligand bond angles and lengths (displacive transitions),
but do not display changes in the space groups. Discontinuous
spin transitions with hysteresis in the ST curve ygs(7) curves
typically occur alongside a change in the space group, i.e., a
crystallographic phase change of first order with a major reor-
ganization of the lattice (reconstructive transitions). Thus, it is
obvious that the determination of crystal structure at various
temperatures around the ST temperature T/, is highly desirable
in studies of ST phenomena in solids. Even temperature-depen-
dent X-ray powder diffraction data from temperature-depen-
dent studies can be extremely useful in the characterization of
the type of ST (continuous or discontinuous) and for deter-
mining changes of the lattice parameters [95].

Extensive structural investigations have been carried out on
many SCO compounds, mostly by X-ray diffraction [18,22,96-
99]. As expected, one has found that in all cases the
metal-ligand bond length is longer in the HS state than in the
LS state due to the above-described charge reorganization. The
change of metal-ligand bond lengths is particularly large for
SCO compounds of iron(Il), viz. ca. 10% (Argy, = rys — 7L.s ~
200-220 pm). This generally causes a change of 3-4% in
elementary cell volumes [22,99,100]. For comparison, bond-
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length changes in octahedral iron(III) SCO compounds, also
with AS = 2 transitions, are less dramatic with only Aryp =
10-13 pm, because the LS state contains one electron hole in
the tp, orbitals as can be seen from the electron configurations
tagoes (*Tag, LS)ortrg e, (CAjg, HS). Aryy is even less
pronounced in cobalt(Il) SCO compounds (Argy < 10 pm) with
AS =1 transitions between the electron configurations tzgéeg1
(2Eg, LS)<—>t2gSeg2 (4T1g, HS), because only one electron is
transferred from antibonding eg* to tpg orbitals. The size of
Arygr is important for the build-up of cooperative interactions.

Structural investigations of SCO compounds at variable
temperatures are of outmost importance for the development of
theoretical approaches [23,24,101,102] to understand the
detailed steps in ST processes in solids. For this purpose it is
extremely helpful that with single-crystal structure studies one
can unravel the structures of existing networks of hydrogen
bonding or specific orderings of n-stacking. Although they are
not a prerequisite for thermal ST to take place, such features
take part or at least aid in the cooperative interactions involved
in the spin transition. This has been demonstrated experimen-
tally, e.g., by examining the effect of 'H/D or *N/!>N isotope
exchange on the properties of the yys(7) conversion curves
[103].

Other physical methods for spin crossover studies
The techniques described in the above sections are commonly
employed in most SCO studies. Other techniques are used in
special cases, e.g., where further valuable information about a
SCO phenomenon can be obtained, which is otherwise not
accessible, or where certain material properties (size, suscepti-
bility) require special instrumentation or sample handling. A
brief survey of such methods employed less frequently is given
in the following.

X-ray absorption spectroscopy (XAS) can help in obtaining
structural information in cases where the material under study is
highly dispersed and no single crystal is available. It is usually
carried out in two variants: X-ray absorption near edge struc-
ture (XANES) and extended X-ray absorption fine structure
(EXAFS). XANES provides information essentially about
molecular geometry and oxidation states. EXAFS yields infor-
mation about very local electronic and molecular properties,
such as coordination number, ligand denticity, and isomerism
[104]. In addition, structures have been derived from EXAFS
spectroscopy, e.g., for iron(II)-1,2,4-triazole polymeric chain
compounds [105-109], which, however, is possible in some
cases only by comparative studies of analogous Cu compounds.

Positron annihilation spectroscopy (PAS) was first applied to
investigate the SCO compound [Fe(phen),(NCS);] [110] and
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later on to study the SCO behavior of single crystals of
[Fe(ptz)g](BF4), and zinc-diluted mixed crystals thereof [111].
Although one has observed changes of specific PAS parame-
ters (Doppler broadening of the annihilation peak, lifetime of
the ortho-positronium) in different spin states, the technique
will probably not attain the status of a widely employed method
in SCO research.

Magnetic resonance spectroscopy (NMR, EPR). Proton NMR
measurements (Evans method) have been carried out to follow a
temperature-dependent ST phenomenon in solution [82,112-
117]. The paramagnetic peak changes position with varying
temperature relative to a standard reference signal, which in
favorable cases can be part of the SCO compound (e.g., the
anion) [113-118], and this reflects the ST process. In studies of
the solid state, however, the NMR spectrum of SCO com-
pounds has been of little value. The various different protons
typically present in the ligand molecules give rise to broad
lines, which are difficult or impossible to analyze.

EPR spectroscopy has been more successfully employed in
SCO research than has NMR. SCO compounds of iron(III),
iron(Il), and cobalt(Il), which are the 3d transition metal
elements most actively studied with EPR, typically reveal char-
acteristic spectra that are sufficiently well resolved in both HS
and LS states. There is no spin—orbit coupling in SCO com-
pounds of iron(IIT) in the HS (°S) state and, hence, the relax-
ation times are long. EPR signals appear at characteristic g
values and provide information about characteristic parameters
of the zero-field-splitting (ZFS), D for axial and E for rhombic
distortions. In the LS state of iron(III) (3T5) spin—orbit coupling
does occur, but at low temperatures the vibrations are slowed
down and electron—phonon coupling becomes weak and there-
fore relaxation times are long, and hence, the EPR spectrum of
the LS state of iron(III) exhibits a single line near to g ~ 2,
typical for the presence of one unpaired electron, for a polycrys-
talline sample. In a single-crystal study, anisotropy effects
usually play an important role and can be observed through the
g-value components gy, g, ;- EPR spectroscopy is a highly
valuable tool to decipher the structural information of a SCO
system, which is otherwise barely or not at all accessible.

EPR spectroscopy of paramagnetic iron(Il) is impossible at
higher temperatures, because spin—orbit coupling within the 5T,
state produces short spin-lattice relaxation times. EPR spectra
can only be measured at 20 K or lower, at which the relaxation
times are longer due to a slowing down of the vibrations. The
resolution of EPR signals can be improved significantly on
doping of the Fe(Il) SCO complex with appropriate EPR
probes, such as Mn(II) or Cu(Il), as was reported first by
McGarvey et al. [119] with [Fe(phen),(NCS),] and [Fe(2-
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pic)3]Cly-EtOH (2-pic = 2-picolylamine) doped with 1% Mn(II)
and later by Haasnoot et al. [120] with [Fe(btr),(NCS),]-H,O
(btr = 4,4’-bis-1,2,4-triazole) doped with ca. 10% Cu(Il).
Employing this technique, McGarvey et al. also measured
excellent quality EPR spectra of single crystals of
[Fe(ptz)gl(BF4), doped with 1% Mn(II) [121]. They deter-
mined the D and E values for both spin states and verified the
existence of two structurally different LS phases, which are
formed by fast or slow cooling. This method of doping SCO
systems with Cu(Il) and Mn(II) as EPR probes has proven to be
very informative and easy to apply to spin crossover studies
[122-126].

Muon spin relaxation (uSR) has only recently been applied to
the study of SCO in iron(II) complexes [127-140], while this
technique is widely used for the study of organic radicals
[141,142]. Spin-polarized positive muons u* implanted into a
sample act as probes of local magnetization. Information about
magnetic fluctuations is obtained in a time window covering the
range of 1079-1075 s, which complements the time windows of
other physical techniques for studying dynamic phenomena
[143-148]. The thermally induced SCO in [Fe(ptz)g](ClO04);
was followed by recording the temperature dependence of the
initial asymmetry in zero field, ay [129,130]. This measurement
reflected the fraction of muons interacting with unpaired spins
and, thus, the fraction of HS molecules at any temperature
[135,136]. The possibility of investigating spin fluctuation rates
was established with the classical iron(Il) complex
[Fe(phen),(NCS),], polymorph I [135,136]. In another case,
fast dynamics have been revealed in the HS regime of the ST
coordination polymer [Fe(NH,trz)3](NO3), (NHytrz = 4-amino-
1,2,4-triazole) [138,139].

Nuclear resonance scattering of synchrotron radiation (NRS)
began with the pioneering work of Gerdau et al. in 1985 [71-73]
who proposed an unconventional Mdssbauer spectroscopy tech-
nique based on the possibility of using synchrotron radiation for
nuclear resonance experiments in two ways, i.e., nuclear
forward scattering (NFS) and nuclear inelastic scattering (NIS)
of synchrotron radiation. Whereas conventional Mdssbauer
spectroscopy can be considered as “spectroscopy in the energy
domain”, NFS has been successfully employed as a time-differ-
ential technique. NFS allows one to study hyperfine interac-
tions to obtain the Mssbauer parameters isomer shift, electric
quadrupole and magnetic dipole splitting, as can be obtained by
conventional Mdssbauer spectroscopy, albeit with much smaller
samples and shorter measuring times. Of even greater impor-
tance, Mossbauer isotopes that have not been accessible with
conventional Mdssbauer spectroscopy can be used. NIS allows
the investigation of vibrational modes and the partial density of
states (PDOS) locally, i.e., in the close neighborhood of the
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Mossbauer probe nucleus. Compared, for instance, to Raman
spectroscopy, NIS allows measurements with higher resolution

without perturbation from surrounding vibrations.

Light-induced spin transition in iron(ll)
compounds

An unusual photophysical phenomenon was discovered with the
SCO compound [Fe(ptz)g](BF4), by the Mainz group [57] in
1984. [Fe(ptz)s](BF4), undergoes thermal ST as clearly demon-
strated by the temperature-dependent Mdssbauer spectra shown
in Figure 4 as well as the color change of a single crystal and
the optical spectra depicted in Figure 3. The phase change
occurs at a ST temperature 7/, of ca. 135 K with hysteresis of
ca. 7 K width [58,59]. In a temperature-dependent study of the
optical spectra of this compound it was observed for the first
time that a LS to HS conversion in a solid SCO compound can
also be induced by irradiating the crystals with (preferentially
green) light, leading to a metastable long-lived HS state, which
can have very long lifetimes on the order of days at tempera-
tures below ca. 20 K [57,59]. This photophysical phenomenon
has been termed Light-Induced Excited Spin State Trapping
(LIESST).

Figure 6 recapitulates the discovery of the LIESST phenom-
enon [60]. A single crystal of [Fe(ptz)g](BF4), (size ca. 3 x
3 cm?) was mounted in a cryostat for optical spectroscopy at
variable temperatures down to that of liquid helium. The crystal
is white in the HS phase and displays only a weak absorption
band at 12000 cm™! of the spin-allowed but parity-forbidden
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>T,—E transition. At 80 K, the crystal changed to the LS state
by thermal SCO and the >T,—7E transition is no longer observ-
able. In the LS state the crystal is red and absorbs (more
strongly than in the HS phase due to stronger oscillator
strength) at 18000 and 26000 cm™! arising from the spin-
allowed LS absorption bands 'A;—1T; and 'A;—1T,. Irradi-
ation of the crystal at ca. 10 K with green light (514 nm from
Ar" laser) leads to convertion of the LS state to the metastable
HS state. The optical spectrum of the white spot (ca. 1 mm in
diameter) is virtually identical to that measured at 300 K.

Maéssbauer spectroscopy is ideally suited to follow the light-
induced spin state conversion, as demonstrated for
[Fe(ptz)]BF4); in Figure 6. The advantage of using Mossbauer
spectroscopy is that the sample under study may be polycrys-
talline material; it does not require a single crystal as with
optical spectroscopy. The 37Fe Mdssbauer spectra shown in
Figure 6 were recorded with a polycrystalline sample of
[Fe(ptz)s]1(BF4),, which was first cooled to 15 K, at which the
sample is in the LS state (upper left). Irradiating the sample
with green light (ca. 500 nm from an argon ion laser) at 15 K
converts the LS state (resonance signal shown in blue) quantita-
tively to the long-lived metastable HS state (middle left,
quadrupole doublet shown in red). Thermal relaxation occurs at
50 K on a 15 minute timescale; the HS doublet disappears in
favor of the reappearance of the thermodynamically stable LS
state (lower left and upper right: the sample was heated for
15 minutes at 50 K and then cooled down quickly to the
measuring temperature of 15 K in two runs). As indicated by
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Figure 6: (left) Demonstration of light-induced spin state trapping (LIESST) in [Fe(ptz)s]BF4)2 with 57Fe Mdssbauer spectroscopy (for details see text).
(right) Jablonski diagram showing the photophysical processes of the LIESST and reverse-LIESST effects [23]; details are described in the text
(Reproduced with permission from [36]. Copyright 2012 Wiley-VCH Verlag GmbH & Co. KGaA).
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the spectrum shown in Figure 6 (middle right), thermal relax-
ation of the metastable HS (LIESST) state to the stable LS state
is complete at 100 K. Further heating to 150 K converts the
sample thermally at ca. 135 K from the LS to the HS state.

The LIESST phenomenon is well understood on the basis of
ligand field theory [23,149]. The photophysical processes
involved in the LIESST phenomenon are depicted in the
Jablonski diagram in Figure 6 (right). Note that the two poten-
tial wells for the LS and HS ground states are displaced due to
the fact that the metal-ion—donor-atom distance in the HS state
is weaker and therefore longer compared to the stronger and
therefore shorter bond distance in the LS state (Figure 1). Green
light (514 nm from an Argon ion laser) excites the LS state
(*A)) by the spin-allowed but parity-forbidden transition to the
IT, and 'T, ligand field states. These decay fast in two consec-
utive intersystem crossing processes, to the spin triplet states
3T1,2 and finally to the 5T, state. Two factors are favorable for
the occurrence of LIESST: (i) The spin triplet states 3T152 are
placed energetically lower than the !T; and !T, ligand field
states; (ii) The double intersystem crossing decay path is
favored by spin—orbit coupling and therefore faster than the
direct decay path back to 'A;. The decay of the 5T, state to the
A state is highly spin- and parity-forbidden; the long-lived
metastable HS state is trapped until radiationless thermal relax-
ation (heat is transferred to lattice vibrations) sets in by non-
adiabatic multiphonon processes [23,149]. Light-induced back
conversion (reverse-LIESST) of the metastable LIESST state is
effected by irradiating the sample with red light (820 nm from a
Krypton laser), whereby the metastable 5T, state (“LIESST
state”) is excited to the 5Eg state, which decays fast — again
favored by spin—orbit coupling — by double intersystem crossing
via 3T} ; states to the LS ('A/) state [149]. The LIESST effect
has mostly been observed with SCO compounds of iron(II), but
a few examples of SCO compounds of iron(IIl) exhibiting
LIESST have recently been reported [150].

The HS—LS relaxation kinetics of decaying metastable
LIESST states was examined experimentally by Hauser [151].
He interpreted the results on the basis of a nonadiabatic multi-
phonon relaxation model proposed earlier by Buhks, Jortner et
al. [152]. As an essential feature, it was found that the lifetime
1.0, i.e., the low temperature tunneling rate k0 = (5.0 7! of
the LIESST state, is governed by the energy difference AEgy”
between the lowest vibronic energy levels of the HS and LS
states involved; this has become known as inverse energy gap
law. The energy gap AEy; ? increases with increasing ligand
field strength. This means that, at comparable temperatures, the
metastable LIESST state lives longer the weaker the ligand field
strength is [149,151]. Typical lifetimes of photoexcited LIESST
states in SCO complexes have been found to be on the order of
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minutes to hours, or even days, below ca. 20 K. In the case of
LS complexes with considerably stronger ligand field strength,
LIESST states decay much faster (within micro- to nanosec-
onds). However, an exception was reported for which the
authors observed that in the case of the system
[Feg.02Mng og(terpy)»](Cl04),, where 2% of 7Fe enriched
[57Fe(terpy)2]2+ complex molecules embedded in the host
matrix of the corresponding Mn compound are in the LS state
even in the room-temperature region, the inverse-energy-gap
law was not obeyed. In this case mean lifetimes of the LIESST
state in photo-excited [>’Fe(terpy),]*" complex molecules with
LS behavior were expected to be roughly on the order of
microseconds at 20 K or below [153]. Surprisingly, the
measurements yielded lifetimes on the order of several days.
The authors have named this phenomenon the strong-field
LIESST effect.

Later it was found that photo-induced excited spin state trap-
ping similar to LIESST is also possible with hard X-rays as the
excitation source [154]. Moreover, light-induced perturbation
of thermal hysteresis (LIPTH) was observed as a possible
consequence of LIESST in a SCO compound of iron(II) [155].

Zarembowitch and Boillot et al. [156,157] have proposed and
successfully verified another strategy, denoted as ligand-driven
light-induced spin change (LD-LISC), to induce spin state
switching in iron(II) complexes. The primary step of LD-LISC
is a photochemical reaction on the ligand molecules, for
instance a photo-induced cis/trans-isomerization on
4-styrylpyridine (stpy) as a ligand, e.g., in
[Fe(II)(stpy)4(NCS);,], which modulates the ligand field
strength at the metal center and eventually leads to spin state
switching. The occurrence of the LD-LISC effect was observed
in several iron(II) and iron(III) complexes. On changing the
composition of the sample, the working temperature and excita-
tion wavelengths are modulated so that the effect may be
observed at room temperature upon irradiation of the sample
with visible light. Experiments so far were performed on com-

pounds either in solution or embedded in polymeric matrices.

Effect of pressure on thermal spin crossover

Application of pressure shortens the metal-donor-atom
distances of SCO complex molecules and increases the ligand
field strength at the metal center. It is therefore expected that
application of pressure favors the LS state. This was already
experimentally confirmed by Ewald et al. in their studies of
pressure effects on solutions of iron(IIl) complexes [158]. They
found that the temperature dependent thermal equilibrium
between 2T,«>%A | was shifted under pressure in favor of the LS
state 2T,. It is indeed the large difference in the metal-donor-
atom bond lengths, Argy = rys — r.s =0.1 and 0.2 A, for Fe(IIT)
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and Fe(II) SCO molecules, respectively, that stabilizes the LS
state under application pressure. Figure 7 schematizes the effect
of pressure on the SCO behavior in the case of SCO complexes
of iron(II).

Iis um r(Fe-L) >

Figure 7: Schematic representation of the pressure influence (p2 > p1)
on the LS and HS potential wells of an Fe(ll) spin crossover com-
pound (Reproduced with permission from [159]. Copyright 2005 Else-
vier B. V.).

Application of pressure (p, > p;) increases the relative vertical
displacement of the potential wells and thus stabilizes the LS
state; the additional minor decrease of the relative horizontal
displacement of the potential wells under pressure is neglected
in this picture. As a consequence, the zero-point energy differ-
ence AE%y; increases by the work term pA VO, which in turn
decreases the activation energy AW’y and finally favors the
LS state.

Extensive high-pressure experiments on SCO compounds by
using diamond anvil cells have been reported by H. G. Drick-
amer [160] and later by other research groups [161-163]. One
has realized that the SCO properties are very susceptible to the
application of pressure and that it is more favorable and mean-
ingful for studies of the mechanisms of thermal ST and LIESST
state relaxation in solids, to perform such experiments with
hydrostatic pressure cells working in relatively low pressure
regions (up to ca. 1.5 GPa). Such experiments were first carried
out by using hydrostatic gas pressure cells in conjunction with
Modssbauer spectroscopy [97,164] and optical spectroscopy
[165]. More recently, special hydrostatic pressure cells for
magnetic and Mossbauer measurements have been developed,
in which silicon oil is used as the pressure-transmitting medium
[166,167].
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The influence of pressure on SCO properties, for instance the
critical ST temperature and shape and position of hysteresis
loops (condition for bistability), has potential for practical
applications, e.g., as a pressure sensor in remote locations. ST
curves ygs(7) or, more often used, ym7 (yp = molar magnetic
susceptibility) are recorded as a function of the applied pres-
sure. From a series of such curves a calibration plot yys(p)T or
(xmI)(p)T can be constructed, preferentially at room tempera-
ture. The ST curves at different pressures may be recorded with
a convenient method, e.g., magnetic, optical or Mdssbauer
measurements. Although the primary focus here is on studies of
pressure effects on SCO coordination compounds, we should
like to point out that similar studies have been carried out by
several research groups on oxidic phases of transition elements
in natural materials, e.g., in the earth’s mantle, as well as in syn-
thetic materials, and it has been found that indeed SCO
phenomena may occur in such compounds under the influence
of pressure [168-172]. Of the many studies of pressure effects
on SCO compounds carried out so far [23,160,168-175], only a

few selected examples will now be discussed.

In Figure 8 are plotted the y\7 versus T curves of
[Fe(phen),(NCS),] (Polymorph II) measured at different pres-
sures [176]. Thermal ST at ambient pressure occurs near 175 K.
With increasing pressure the transition curves are shifted to
higher temperatures, due to stabilization of the LS state, and
become slightly more gradual. At the highest pressure applied
in this study, viz. 0.57 GPa, the paramagnetic HS state is nearly
suppressed in the room-temperature region. On release of pres-
sure, the ST behavior is practically the same as before under
ambient pressure.
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Figure 8: T versus T curves at different pressures for
[Fe(phen)2(NCS),], polymorph II. (Reproduced with permission from
[159]. Copyright 2005 Elsevier B. V.).
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Very similar results were obtained from a pressure-effect study
on the SCO compound [Cr(II)I>(depe),] (depe = diethylphos-
phino-ethane), which undergoes at ambient pressure a sharp
3T14 (S = 1) Eg (S = 2) thermal ST at 169 K [176]. In this
case, the ST curves become considerably more gradual with
increasing pressure than in the former case but are also shifted
to higher temperatures until, at the highest pressure applied, the
HS (S = 2) state has entirely been suppressed in the room-
temperature region (Figure 9).

Figure 10 shows the results of a pressure-effect study on
[Fe(phy),]1(BF4), (phy = 1, 10-phenanthroline-2-carbaldehyde-
phenylhydrazone) [167]. This system exhibits hysteresis during
the thermal ST. The occurrence of hysteresis is known to be a
prerequisite for bistability, i.e., within the hysteresis loop the
compound shows two different yyg(7) values at the very same
temperature, one each on temperature decrease and increase. It
is clearly seen that the hysteresis loop is sensitive to the applica-
tion of pressure.

In addition, polymeric SCO compounds of iron(II) have been
comprehensively studied [177-180]. An example is given by the
system [Fe(hyptrz);](4-chlorophenylsulfonate),-H,O, in which
hyptrz = 4-(3’-hydroxpropyl)-1,2,4-triazole, which displays a
very steep and complete ST around 180 K with thermal
hysteresis of 6 K in width as supported by magnetic suscepti-
bility measurements at ambient pressure (Figure 11b) [178].
Application of pressure causes a shift of the transition curve to
room temperature and even higher but retains the original steep-
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ness and shape. The sharp HS—LS transition is accompanied
by an easily detectable color change from white (HS) to deep
purple (LS). This material holds the potential for application as
a pressure sensor [181].

Selected spin crossover compounds of
iron(ll)

As stated above, SCO research began around 1930 with the first
observations of thermally induced spin state conversion in
iron(IIT) compounds [1-6]. Exploration of this field was intensi-
fied ca. thirty years later with the first documentations of
thermal SCO phenomena in iron(II) compounds [7-15]. With
the advent of Mdssbauer spectroscopy in the early sixties an
excellent microscopic tool became available for the characteri-
zation, predominantly of iron compounds, regarding their
valence electron structure and the resulting physical properties.
In many cases this hyperfine interaction technique has enabled
one to gain insight into details of SCO phenomena that are not
accessible with other techniques.

The early observations of thermal SCO phenomena were all
made on mononuclear compounds of iron(III) [1-6] and iron(II)
[7-13]. One had soon realized that the SCO behavior, i.e., the
shape of the ST function yyg(7), as sketched in Figure 2, may
change considerably from one compound to another and that
this may be largely caused by cooperative interactions between
the spin state changing complex molecules. From then on up to
the present stage, cooperative interactions have been one of the
most important aspects in SCO research. Questions concerning
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Figure 9: Molecular structure (a) and yys(T) curves at different pressures for [Crly(depe),] (b) (Reproduced with permission from [159]. Copyright

2005 Elsevier B. V.).
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Figure 11: Proposed structure of the polymeric [Fe(4R-1,2,4-triazole)3]?* spin crossover cation (a) and plot of yg versus T at different pressures for
[Fe(hyptrz)s](4-chlorophenylsulfonate), H20 (b). (Reproduced with permission from [159]. Copyright 2005 Elsevier B. V.).
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the creation, nature, strength and mechanism of cooperative
interactions have been the main objectives of nearly all experi-
mental and theoretical SCO projects. Work has been performed
on a large variety of SCO materials, from simple mononuclear
and oligonuclear compounds with zero-dimensional lattices, to
polymeric systems with 1D, 2D and 3D lattices. In the case of
mononuclear SCO compounds various influences on the SCO
behavior have been studied in detail. Examples will be

described in the next section.

Influences on SCO behavior in mononuclear SCO
compounds of iron(ll)

Mononuclear SCO compounds with zero-dimensional lattices,
such as the classical SCO compound [Fe(II)(phen),(NCS),], the
picolylamine complexes [Fe(II)(2-pic)3]X,-Sol (X = Cl, Br, I;
Sol = EtOH, MeOH, H,0, 2H,0) and the alkyltetrazole
complexes of iron(Il), e.g., [Fe(I)(ptz)¢](BF4),, have been
extensively studied regarding chemical and physical influences
on the SCO behavior ([23] and references therein).

Replacement of ligand: An example for the effect of replace-
ment of a ligand in the complex molecule is shown in Figure 5.
The compound [Fe(phen);]X; is in the LS state, because the
ligand field strength is too strong to meet the critical SCO
condition. Replacement of one bifunctional phen ligand by two
monofunctional NCS™ ligands weakens the ligand field strength
sufficiently to induce a thermal spin transition.

Intraligand substitution: A similar effect may be observed
when the ligand field strength is modulated by substitution
inside the ligand molecule. This has been illustrated with the
group of [Fe(Y-phen);]X, complexes [182]. Exchange of H for
CHj in either the 2- or 9-position of the three phen ligands
weakens the ligand field strength due to steric hindrance
(whereby the metal-donor-atom distance is elongated) and the
LS behavior of [Fe(phen)3;]X, turns to SCO behavior of the
tris(2-CH3-phen) complex. If both the 2- and 9-positions of the
three phen ligands are substituted by CHj the steric hindrance is
even stronger and weakens the ligand field strength further,
yielding HS behavior of the tris[2,9-(CH3),] complex down to
very low temperatures. It was found that a combination of steric
hindrance due to bulkiness and an electronic influence of the
substituent on the basicity of the coordinating N-atom is respon-
sible for the influence on the SCO behavior. The paramagnetic
property of the complex (given by the molar fraction of HS
molecules, yyg, at a given temperature), increases in the
order Y = H < CH30 < CHj3 < Cl. One has also found that a
change of the substituents at positions not adjacent to the coor-
dinating N-atom in the phen ligand does not influence the
spin state in comparison to the unsubstituted [Fe(phen);]X,

complex.
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Influence of metal dilution: The occurrence of thermal SCO in
the picolylamine complexes [Fe(I1)(2-pic)3]X,-Sol (X = CI7,
Br~, I"; Sol = EtOH, MeOH, H,0, 2H,0) was first reported by
Renovitch and Baker [183]. Determination of the crystal struc-
ture of [Fe(II)(2-pic)3]Cly-EtOH [96,97] above and below the
ST temperature pointed to the existence of hydrogen bonding,
which was believed to cause, through cooperative interactions,
the marked differences in the ST curves ygs(7) of the halides
[183] and, as found later with Mdssbauer spectroscopy [184],
also in the various solvates. A detailed study of the ST behav-
ior in the mixed-crystal series [Fe(II)xZn;_x(2-pic)3;]Cl,-EtOH
using Mdssbauer spectroscopy showed that the ST curve was
strongly influenced by substitution of Fe by Zn (Figure 12)
[185]. Zinc was chosen in this “metal dilution” study because it
has the same crystal structure as the analogous iron(Il) complex.
Most important is the result that, with decreasing iron concen-
tration, the ST curves become more gradual and are shifted to
lower temperatures, until at very high dilution the ST curve
resembles that of a SCO phenomenon occurring in liquid solu-
tion, where practically no cooperative interactions exist.
Clearly, the existence of cooperative interactions in solid SCO
compounds has been proven in this study. The effect of metal
dilution was later studied in other SCO complexes [23] and
supported the earlier results. These observations were most
important for the development of the so-called Mainz Model
[23,101,102], a theoretical approach based on a pure mechan-
ical “communication” mode between the spin state changing

complex molecules featuring elasticity and lattice expansion.

HS FRACTION

200

250
T /7K

Figure 12: Temperature dependence of the HS fraction yyg(T), deter-
mined from Mdssbauer spectra of [Fe(ll)xZn1_x(2-pic)3]Cly-EtOH for
different iron concentrations x. The ST curves become more gradual
with increasing x due to weakening of the strength of the cooperative
interactions. (Reproduced with permission from [27]. Copyright 2003
Wiley-VCH Verlag GmbH & Co. KGaA).
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Influence of noncoordinated anions: In the case of the SCO
compound [Fe(II)(phen),(NCS),] the NCS™ anions are coordin-
ated directly to the Fe2" center, i.c., the NCS™ anion is in this
case a direct codeterminant of the ligand field strength at the
metal center. In ionic lattices with cationic SCO complex mole-
cules and uncoordinated counterions in lattice positions remote
from the metal center, the anion can nevertheless exercise a
strong influence on the SCO behavior through cooperative
interactions. Examples are the halides of the series [Fe(II)(2-
pic)3]X,-EtOH for which the ST characteristics was found to
depend strongly on the nature of the anion X = Cl-, Br, I”
(Figure 13) [186,187].
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Figure 13: Influence of the noncoordinated anion on the spin tran-
sition curve yys(T) near the transition temperature Ty, in [Fe(Il)(2-
pic)z]X2-EtOH (X = ClI, Br). (Reproduced with permission from [27].
Copyright 2003 Wiley-VCH Verlag GmbH & Co. KGaA).

Influence of noncoordinated solvents molecules: The various
solvates of the SCO complexes [Fe(II)(2-pic)3]Cl, Solv with
Solv = EtOH, MeOH, H,0, 2H,0 were studied with Mossbauer
spectroscopy to explore the influence of the noncoordinated
solvent molecules on the SCO behavior (Figure 14) [184]. The
ethanolate shows a rather steep transition near 115 K; the
methanolate shows a more gradual ST near 150 K; the monohy-
drate exhibits a very broad hysteresis loop with transition
temperatures 7/, near 200 K and T,;! near 290 K; and the
dehydrated sample exhibits no ST at all but remains in the LS
state. This is clear evidence for the existence of hydrogen
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bonding as the communication pathways for the cooperative

interactions propagating through the lattice.
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Figure 14: Spin transition curves yys(T) for different solvates of the
SCO complexes. [Fe(ll)(2-pic)3]Cly-Solv (Solv = EtOH, MeOH, H,0,
2H,0) [184]. Differences in the hydrogen bonding network are respon-
sible for the different spin crossover behaviours in these solvates.
(Reproduced with permission from [23]. Copyright 1994 Wiley-VCH
Verlag GmbH & Co. KGaA).

Stepwise spin transition: In the early stage of SCO research the
observed ST curves have always been of the more or less
gradual, continuous type (Figure 2). In the case of the SCO
system [Fe(II)(2-pic)3]Cl, EtOH it was observed for the first
time that thermal ST may also proceed in steps [187]. Earlier
studies of this compound with magnetic and Mdssbauer
measurements always showed a continuous trend of the ST
curve ygs(7) curve in the region of 110-125 K (ca. 50% spin
state conversion). A detailed Mdssbauer effect study of this
region by Koppen et al. revealed that ST in this system occurs
in two steps, as is clearly seen in Figure 13 and Figure 15. It
was found later by low-temperature crystal structure determin-
ation that the stepwise ST in this SCO system is due to an
order—disorder phase transition with formation of an intermedi-
ate phase [188]. Such stepwise spin transitions have later also
been reported for a number of other SCO systems (e.g.,
[189,190]).

Isotope effects: A Mossbauer spectroscopy study was
performed to investigate the influence of deuteration, in various
positions of the solvent molecules, on the SCO behavior of
[Fe(II)(2-pic)3]Cly-Solv (Solv = EtOH, MeOH). Temperature-
dependent Mdssbauer spectra were recorded of the solvates
with Sol = C,D50H and C,H5O0D/ND; and compared with that
of the nondeuterated ethanolate [Fe(II)(2-pic)3]Cl,-C,HsOH.
The ST curves for the three solvates are displayed in Figure 15
[97].

The ST curve of the nondeuterated ethanolate shows the “two-

step” spin transition first observed in this system [103,191]. The
solvate with C;DsOH is only slightly affected by the deutera-
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Figure 15: ST curves yyg(T) of the deuterated solvates of [Fe(Il)(2-
pic)3]Cly-Solv with Solv = C,D50H and C,HsOD/ND, compared with
that of the nondeuterated solvate [Fe(ll)(2-pic)3]Cly-CoHs0H derived
from Mdssbauer spectra [103,191]. Deuteration affects the ST behav-
ior in those cases where isotope exchange occurs in positions that are
actively involved in the hydrogen-bonding network. (Reproduced with
permission from [23]. Copyright 1994 Wiley-VCH Verlag GmbH & Co.
KGaA).

tion. The reason is that the H/D isotope exchange takes place in
a position that is not a constituent of the hydrogen bonding as
can be seen from the crystal structure [95,96]. In the case of the
system denoted as CoHsOD/ND,, however, deuteration occurs
at the OH group, which is a building element of the hydrogen
bonding. Simultaneously deuteration occurs also at the acidic
NH, group, which is also directly involved in the hydrogen-
bonding chain [95,96]. As a consequence, deuteration affects
this system much more strongly than in the former case. This is
reflected in Figure 15 by a drastic shift of the ST curve to
higher temperature and the disappearance of the step. These
results clearly underline the importance of hydrogen bonding
for cooperative interactions between spin state changing com-
plex molecules. It also evidences that intra- and intermolecular
vibrations play an important role in the communication of spin
state changes through the lattice. Similar observations have
been made for the deuterated methanolate (Solv = CH30H)
[103] and also for [Fe(II)(2-pic)3]Cl,-C,HsOH with H/D
exchange in the CD,NH, substituent and at the 3,4,5-positions
of the pyridine ring [191]. An isotope effect study was also
performed with 1¥N/13N exchange at the amino group [191].
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Despited the fact that the coordinating N atom is an important
constituent of the hydrogen-bonding chain, the ST curve main-
tained the step in this case and was shifted only slighty to higher
temperature, very similar to the effect observed on the C;DsOH
system. A minor influence on the SCO curve is expected in the
case of 14N/!IN exchange because of the relatively small
change of reduced mass as compared to that of H/D exchange.

Influence of a magnetic field: Since different spin states with
different magnetic properties are involved in ST phenomena,
one should expect that the SCO behavior responds to an applied
magnetic field and indicates a change of the ST curve yys(7).
An estimate using a simple formula [192] shows that the effect
on the ST temperature 7/, is expected to be very small. An
experiment with a sample of [Fe(phen),(NCS);] placed in a
magnetic field of 5 Tesla showed indeed a small effect; T/, was
shifted by —0.11 K [192]. Later, similar experiments were
carried out with samples placed in high magnetic fields
[89,90,193]. The results were in agreement with those of the
earlier study [192], though correspondingly larger because of
the six-times higher magnetic field used in the latter case.

Influence of sample preparation: It was found that the way of
treating an SCO compound may influence strongly the SCO
behavior. For instance, ball milling or crushing crystals in a
mortar often increases the residual HS fraction in the low-
temperature region and tends to make the ST curve more
gradual [194,195]. The explanation is still rather speculative. It
has been proposed that these effects are mainly caused by
crystal defects introduced by mechanical treatment (ball
milling, crushing in mortar) or by rapid precipitation. The
particle size has also been reported to play a role [196]. In any
case, the sample preparation for physical characterization of a
SCO compound is very crucial and should be done with great

care.

Dinuclear systems

The possibility of combining two properties such as magnetic
coupling and SCO in the same molecule was the original moti-
vation for undertaking the study of such Fe(Il) dinuclear mole-
cules [197], as well as the possibility of investigating new
cooperative behavior through covalent bonding of active sites
compared to mononuclear complexes dealt with in the previous

section.

Dinuclear SCO molecules can adopt three different spin-pair
states: A fully diamagnetic state, [LS-LS], with both iron(II)
atoms in the LS state; a paramagnetic mixed spin-pair state
[LS—HS]; and an antiferromagnetically coupled [HS—HS] state.
Stabilization of the [LS—HS] state depends on a subtle balance

between intra- and intermolecular interactions in the solid state
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[198]. Consequently, the thermal dependence of the physical
and structural properties can present one-step or two-step spin
transitions. The former case involves the [LS-LS]«<>[HS-HS]
transformation, while in the latter case the intermediate stage re-
sponsible for the plateau, at 50% conversion between the two
steps, is observed. This may be due to the formation of a 50%
mixture of [HS—-HS] and [LS-LS] or to the existence of 100%
[LS—-HS] species. In some cases, switching between the three
spin-pair states has been observed upon the action of tempera-
ture, pressure or light, which implies competition between
magnetic coupling and SCO phenomena (Figure 16).

{[Fe(bpym)(NCS),],bpym}(bpym = 2,2’-bipyrimidine) [199]
was the first example of a series of compounds designed to this
end. Its magnetic behavior is that of two iron(Il) atoms in the
HS state displaying intramolecular antiferromagnetic (AF)
coupling (J=—4.1 cm™}). In the search for new dinuclear SCO
complexes the ligand field strength was fine-tuned by varying
the peripheral ligands. Thus, the formal substitution of the
peripheral bpym ligands with organic ligands such as
bromazepam (bzp) [199], 2,2’-bithiazoline (bt) [200,201],
dipyridylamine (dpa) [202] and 6-methyl-2,2-bipyridine
(Mebipy) [203] and phen [204] afforded the first evidence of
spin crossover. The ligand field strength could also be tuned by
changing the coordinated pseudohalide, namely NCS™ and
NCSe™. The crystal structures of the centrosymmetric
{[Fe(bpym)(NCS)z]obpym}, {[Fe(bt)(NCS);],bpym} and
{[Fe(Mebipy)(NCS);],bpym} derivatives are known [197].

bzp and dpa derivatives undergo smooth spin conversions,
being rather incomplete in the case of the bzp derivative, while
the Mebipy derivative is HS. The most interesting observations
have been made with the compounds {[Fe(L)(NCX),],bpym},
where L = bpym or bt and X =S or Se, which have been exten-
sively investigated. The magnetic behavior of these four com-
pounds is depicted in Figure 17. The derivative with bpym and
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NCS™ as peripheral ligands (denoted [bpym, NCS™]) seems to
fulfill the necessary conditions to observe SCO, however, as
mentioned above, this derivative remains in the [HS—HS] state
and displays intramolecular AF coupling but not SCO. The
substitution of the NCS™ with an NCSe™ group increases the
ligand field strength around the iron atoms and the resulting
dinuclear species [bpym, NCSe™] undergo a sharp ST around
120 K, which involves 50% of the iron(Il) atoms. The [bt,
NCS™] compound, formally derived from the replacement of
bpym with the stronger ligand bt, displays two spin transitions
separated by a plateau at 50% conversion and centered at
175 K. The first and second steps take place at ca. T}! = 163 K
and T,% = 197 K, respectively. Finally, when the NCS™ group
is replaced with the NCSe™ group in the latter compound, the
ligand field increases and the resulting [bt, NCSe™] derivative
shows a similar two-step ST at higher temperatures,
T1' = 223 K and 7,2 = 265 K.

Because the SCO ion is larger in the HS state than in the LS
state, an alternative way to induce SCO is to pressurize the
sample at constant or variable temperature. Applying external
pressure is also an efficient way to tune the ligand field strength
in HS complexes that are not far from the crossing point of the
HS and LS states. Figure 18 displays the thermal variation of
the magnetic susceptibility, recorded at constant hydrostatic
pressure at different increasing/decreasing pressures, for the
dinuclear systems [bpym, NCS™] and [bpym, NCSe™]. Between
ambient pressure (103 hPa) and ca. 0.4 GPa the compound
[bpym, NCS™] does not undergo SCO [205]. However, for pres-
sures higher than 0.6 GPa this compound shows the onset of a
very incomplete SCO, which coexists with the magnetic
exchange. At 0.9 GPa the compound undergoes a ST involving
50% of the iron(II) atoms with 77, = 150 K. A further increase
of pressure up to 1.1 GPa does not alter the spin transition; it is
similar to that observed for [bpym, NCSe™] at ambient pressure
[206]. In addition, the latter dinuclear species experiences a

B e

» HS—HS

HS <
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Figure 16: Sketch of the two-step spin transition; [LS—-LS] pair is diamagnetic, [LS-HS] is paramagnetic and the [HS-HS] pair is antiferromagnetically

coupled.

359



g
o
£ ; e
= f [bpym, NCSe")
F-
-1
=
1- [bt, NCS-] J
mes s am ; [, NCSe]
] T T T 1
0 0 (1] 150 200 250 30
'k

Beilstein J. Org. Chem. 2013, 9, 342-391.

Figure 17: (left) Temperature dependence of T for {[Fe(L)(NCX),]obpym}(L = bpym or bt and X = S or Se). (right) Crystal structure of

{[Fe(bpym)(NCS)2]2bpym}.

two-step ST for pressures higher than 0.45 GPa (Figure 18
right). This behavior resembles that observed for [bt, NCS™]
and [bt, NCSe™] at ambient pressure.

The existence of [HS—-HS], [LS-HS] and [LS-LS] spin-pair
states and the nature of plateaus in ST curves was the subject of
conjecture for a long time. However, their unambiguous identi-
fication was achieved by using Mossbauer spectroscopy. Stan-
dard zero-field Mdssbauer spectroscopy reflects the total
amount of LS and HS species but cannot distinguish between
the spin pairs involved. As an example, Figure 19a shows the
zero-field Mossbauer spectrum of [bpym, NCSe™] measured at

74 103 hPa

100 150 200
TIK

250

4.2 K. From the area fractions of the quadrupole doublet of
HS-Fe(Il) (outer two lines) and that of the LS-Fe(Il) (inner two
lines) one arrives at an estimate of 50% each in the HS and LS
state. No distinction can be made between the presence of a
mixture of [HS-HS] and [LS-LS] spin-pair states on the one
hand, and 100% of [LS—HS] on the other hand. However, it was
realized that at sufficiently low temperature, Mdssbauer spec-
troscopy could identify them by placing the sample in an
intense magnetic field [207,208]. The Mdssbauer spectrum of
[bpym, NCSe™] measured at 4.2 K in a magnetic field of 5 T
(50 kOe) is shown in Figure 19b. The analysis of the spectrum
[207] yields the presence of three components. One corre-
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Figure 18: Temperature dependence of x T for [ppym, NCS™] (left) and [bpym, NCSe™] (right) at different pressures (Reproduced with permission

from [206]. Copyright 2001 American Chemical Society).

360



g 100 . h i
5 0T
B 98 F 1]‘
K2
£ | |
m k1]
S . t'li
Yo L )
o 94
i i i i i
-4 -2 0 2 4
v [mms~1]

Rel. Transmission [%]

Beilstein J. Org. Chem. 2013, 9, 342-391.

100
5T
98
97 ¢
9%

95

6 4 -2 0 2 4 6
v [mms~1]

Figure 19: 5'Fe Mossbauer spectra of [bpym, NCSe™] measured at 4.2 K at zero field (a) and at 5 T (b) (see text) [207,208] .

sponds to LS-Fe(II) (52%, grey component) assignable to
[LS—-LS] and [LS—HS] pairs. The second component [dark grey]
is minor, ca. 4%, and arises from [HS—HS] pairs. The third
component (light grey), 44%, corresponds to the magnetically
split Mdssbauer sextet spectrum of an uncoupled iron(II) atom
in the HS state. Clearly, the two major components represent
the uncoupled paramagnetic [LS—-HS] spin pair state (88%)
while the remainder corresponds to 8% and 4% of [LS—LS] and
[HS—HS] spin pairs, respectively.

Observation of the LIESST effect in dinuclear compounds has
been limited for a long time to the [bpym, NCSe™]
[205,209,210], [bt, NCS™] [201,209] and [bt, NCSe ] [211]
derivatives. These experiments showed, for the first time, the
interplay between SCO and antiferromagnetic coupling in the
same molecule. The combination of magnetic-field Mdssbauer
with the LIESST effect has given deeper insight into the
dynamics of conversion between the different spin-pair states
and at the same time has given support to the hypothesis of the
occurrence of three spin-pair states and their transformation by
means of temperature, pressure or light [212,213].

Once the existence of the [LS-LS], [LS-HS] and [HS-HS] spin
pairs had been proven, the next important step in this research
concerned the possibility of photo-switching between them
selectively. Initial evidence arose from photomagnetic experi-
ments performed on the [bt, NCS™] compound by using
different wavelengths [214]. Raman studies have confirmed that
the nature of the plateau in the two-step transition of [bt, NCS™]
is not a 1:1 mixture of [LS—LS] and [HS—HS] species but corre-
sponds to the mixed-spin species [214]. Furthermore, the
[LS—LS] state can be selectively switched at low temperatures
to the [HS—HS] state and to the [LS—HS)] state by using red light
(647.1 nm) or infra-red light (1342 nm) [212,213].

The series of new dinuclear iron(II) SCO compounds reported
recently by the groups of Real, Giitlich, Murray, Brooker,
Kaizaki, Matouzenko, and Garcia, among others, have added

new interesting results to this topic [215-235].

The triple helicate dinuclear iron(Il) complex,
[Fer(L)3](Cl04)4:2H,0 [217], presents an unusual two-step
spin conversion on cooling, proceeding very smoothly at T; (1)
~ 240 K and T;,® ~ 120 K (Figure 20). This thermochromic
material does not switch its spin state on cooling further below
20 K, as demonstrated by zero-field Mdssbauer spectroscopy
despite the steep decrease of yy7, which is due to both weak
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Figure 20: Temperature dependence of x T for [Fea(L)3](ClO4)4-2H20
showing a complete two-step spin conversion from 100% [HS-HS]
pairs to 50/50% [HS—HS] and [LS-LS] pairs as discussed in the text.
The triple helicate dinuclear unit with intramolecular CH---1r interac-
tions is shown in insert [230].
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AF coupling and zero-field splitting of HS Fe(Il) ions [230]. As
revealed by applied-field >’Fe Mossbauer spectroscopy carried
out at 4.2 K, the thermal spin conversion for one half of the
Fe(Il) active sites is complete. The existence of a plateau
tracked in the spin conversion curve at ~200 K and identified
through the variation of hyperfine parameters of an uncoupled
iron(Il) site indicates the presence of an [LS—-HS] intermediate
spin state [230]. Interestingly, spin pairs can also be revealed
without the need for an external magnetic field [221]. Very
recently, the first crystal structures in the HS and LS states of a
dinuclear iron(II) complex with three N1,N2-1,2,4-triazole
bridges, which is considered as a structural model of 1,2,4-tria-
zole iron(Il) 1D chains, was reported. The abrupt change in the
magnetic properties of [Fe,(Hsaltrz);(NCS)4]-4MeOH (Hsaltrz
= N-salicylidene-4-amino-1,2,4-triazole), at 7;,, ~ 150(1) K,
from [HS—-HS] to [LS-LS] pairs results from the cooperative
manifestation of the ST process thanks to intra- and intermolec-
ular interactions mediated by 1,2,4-triazole and supramolecular
interactions, respectively (Figure 21) [235]. A similar coopera-
tive situation was found within the pentanuclear assembly
[Fey(totrz)s(NCS)4],[Fe(totrz),(NCS),(H,0),]-nH,0 with totrz
= 4-(p-tolyl)-1,2,4-triazole, which also includes similar binu-
clear iron(II) entities that are linked to a non-SCO mononuclear
unit by hydrogen bonding [236]. As a result, a very sharp ST is
observed. However, the cooperativity is not sufficient to induce
a hysteretic effect.

Such investigations have pointed out two different SCO
processes occurring in dinuclear iron(II) units, namely stepwise

a)
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[LS-LS]«<>[LS-HS]«~[HS-HS] and direct [LS-LS]<>[HS-HS]
transformations. Moreover, it has been evidenced that the
plateau observed between two separate spin transitions can be
associated with the existence of the mixed spin state [LS-HS],
or with a 1:1 mixture of the [HS—HS] and [LS-LS] states
[197,213]. In addition, the mixed spin state [LS—HS] has been
structurally characterized for dinuclear entities of different
chemical coordination sphere. Considerable progress has been
made in understanding both SCO processes, although the
factors that determine the preference of each SCO mechanism
have not yet been elucidated.

Systems with higher nuclearity and cages

Ranging between dinuclear units and coordination polymers, a
few systems of higher nuclearity have been reported. The series
of iron(II) linear trinuclear complexes of formula [Fe3(4-R-
1,2,4-triazole) 12—y (HO)y](anion)gnHyO have revealed gradual
spin conversions, as expected with the switch of a single iron
atom isolated from its two counterparts [98,237-246]. Indeed,
their crystal structures reveal a central FeNg SCO site, which is
bridged by three 1,2,4-triazole ligands to peripheral HS iron
sites, which are coordinated by water molecules, as shown, for
instance, for [Fes(hyetrz)s(Hy0)6](CF3S03)¢ (hyetrz = 4-(2°-
hydroxyethyl)-1,2,4-triazole) (Figure 22) [98]. Interestingly,
this complex presents a 50% LS/HS spin population at room
temperature (7, = 290 K), with pale mauve, thermochromic,
hexagonal crystals. This material was suggested for the purpose
of imaging spin domains at the nanoscale using a coating layer
by AFM [239].
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Figure 21: (a) View of the dinuclear unit in the crystal structure of [Fey(Hsaltrz)s(NCS)4]-4MeOH. (b) Temperature dependence of yy T versus T
revealing a steep spin transition from [HS—-HS] to [LS-LS] pairs. The tubes show the color change from yellow at room temperature to burgundy at
liquid nitrogen temperature. The DSC response, shown in the inset, confirms that a first-order phase transition takes place on cooling and warming

[235].
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Figure 22: (left) AFM pattern recorded in tapping mode at room temperature on hexagonal single crystals of [Fez(hyetrz)s(H20)g](CF3SO3)s. A
domain size of ~10-20 nm was identified [239]. The insert shows the crystal structure of the trinuclear unit as well as the noncoordinated anion [98].
(right) xp T versus T showing a gradual spin conversion from [HS—-LS—HS] trimers below ~250 K to [HS—-HS-HS] trimers above ~350 K. The color of
the crystals is shown as well as ATgp, which represents the temperature interval for which 80% of ions have switched [98].

More recently, the first triangular SCO trinuclear complex,
[FesLo(NCS)4(H,0)] with L = 1,3-bis[(2-pyridyl-
methyl)imino]propan-2-ol, was reported [247]. The magnetic
behavior is similar to the 1,2,4-triazoles trinuclear complexes
discussed above with two external HS iron(II) ions and one
central SCO center, but with a different donor set (N4O5) [247].
While an iron(Il) trinuclear complex with three SCO sites is still
awaited, several tetranuclear iron(I) complexes have been
communicated.

Compartmental polypyridyl ligands are considered as key
components to induce the formation of grid-type complexes by
self assembly [248]. The first iron(II) tetranuclear complexes,
[FeqL4]A4 (A = BF4, ClO4, PFg ™) with pyrimidine-derived
compartmental ligand strands were described by Lehn et al.
[249-251]. [FeqL4](BF4)4 exhibits a continuous and incomplete
SCO between three magnetic levels [249]. Interestingly,
intramolecular cooperative effects, which were expected from
the tetranuclear arrangement of spin carriers, are not evident
from temperature-dependent magnetic measurements, which
revealed a very smooth spin conversion (Figure 23, right).
However, Mossbauer measurements under permanent green-
light irradiation revealed hidden cooperative effects thanks to
the detection of a light-induced thermal hysteresis (LITH) loop
(Figure 23, left).

Supramolecular [2 x 2] grid-type complexes constructed from

the same ligand system and arranged either in a 1D columnar

superstructure or in a wall-like 2D layer, also exhibit a gradual
spin conversion [252], which was also found for another grid
based on a pyrazolate binucleating bpy ligand [248].

Cyanide bridged ferrous tetranuclear squares exhibiting smooth
spin conversion have attracted recent interest. The spin state
switching of [Fe4(u-CN)4(L)4(tpa)>](PFg)4 (tpa = tris(2-pyridyl-
methyl)amine) occurs in two steps at ~160 K and ~380 K for
the L = bpy derivative [253,254] and around room temperature
for the L = phen complex [255]. Above room temperature, spin
state conversion is reached for the tetranuclear [Fe4(p-
CN)4(bpy)4(bpym)4](PF¢)4-6CH30H-4H,0 [256]. Other
tetranuclear square iron(II) complexes constructed on tpa and
dca [257] or with oxo bridged ligands were also reported
[258,259]. DFT studies of these systems, which all display
gradual spin state conversion, have just started [260,261].

SCO complexes with higher nuclearity have not yet been
reported except for a heptanuclear mixed valence iron(III) com-
plex [262] and a discrete porous iron(Il) nanoball made on
Cu(I) building blocks presenting a gradual spin state conver-
sion, which can also be switched by light irradiation at liquid
He temperatures (Figure 24) [263,264].

Polymeric 1D, 2D and 3D systems
The number of polymeric iron(Il) SCO compounds has rapidly
increased in the context of the booming interest on coordina-

tion polymers (CPs) [265] and metal organic frameworks
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Figure 23: (right) Stepwise SCO in an Fey4 [2 x 2] grid, which reveals a smooth magnetic profile under ambient and applied pressure. 5”Fe Méssbauer
spectra are also shown. (left) This material is also switchable by light (LIESST). A LITH loop is observed during continuous irradiation with green light.
The ligand system used for the self assembly process is also depicted [249].
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Figure 24: (left) View of the discrete nanoball made of Fe(ll) SCO units as well as Cu(l) building blocks. (right) xp,T versus T for the nanoball cluster
showing both a thermally induced spin state conversion with T4, ~125 K as well a thermal HS to LS relaxation after LIESST [263]. (Reproduced with
permission from [263]. Copyright 2009 Wiley-VCH Verlag GmbH & Co. KGaA).
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(MOFs) [266]. Most of these materials incorporate multiden-
tate N-donor heterocyclic bridging ligands, such as 1,2,4- or
1,2,3-triazole, 1-R or 2-R-tetrazole, and polypyridine-like
derivatives, as well as tetra- and dicyanometallate, polynitrile
anions, and tetradentate Schiff bases [13,267-271]. These coor-
dination complexes usually exhibit thermally induced spin
conversions of a gradual nature. In certain cases, abrupt spin
transitions with hysteresis effects, whose width is strongly
dependent on the type of molecular bridge between iron(II) sites
as well as on crystal packing considerations, are observed. A
few examples of iron(IIl) and cobalt(Il) SCO CPs have also
been described [272-275]. In this section, we review prototype
materials as well as highlight recent examples of CPs and

MOFs constructed from ligands based on organic molecules.

1D chain compounds: 4-R-1,2,4-triazole based iron(Il) chain
compounds have been widely studied, due to their tremendous
potential for practical applications based on their ther-
mochromic effect (memory devices, displays, sensors) [276-
280], and are currently the topic of intense miniaturization
efforts [281-287]. [Fe(4-R-1,2,4-triazole)3]A,-Solv are
composed of linear chains in which the iron(II) ions are
connected by three N1,N2-1,2,4-triazole ligands (Figure 11a).
Noncoordinated species, such as counteranions (A) and solvent
molecules (very often water) are confined between the chains.
The coordination linker in these polymeric compounds is rigid
enough to allow an efficient transmission of elastic cooperative
effects leading to a hysteresis loop of width ranging from
~2-20 K [268]. Inspired by the systematic parallel shift of ST

350 T T T
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curves under hydrostatic pressure that is discussed above
[177,178,180], several synthetic approaches have been success-
fully developed to reach the room temperature region by
making use of internal pressure provided by anion (Figure 25),
solvent and ligand substitution in the crystal lattice
[159,268,288]. In a few cases, the hysteresis width could be
increased up to ~35-50 K, when noncoordinated anions were
connected to 1D chains by hydrogen bonds [139,180,289-293].
Consequently, abrupt spin transitions with broad thermal
hysteresis loops along with a color change from pink/purple
(LS) to white (HS) have been observed (Figure 25, right) [276-
280]. Remarkably, a few examples of this family of materials
can also be switched by light [181,294-297].

[Fe(1,2-bis(tetrazol-1-yl)propane);](ClOy4), represents the first
SCO chain whose crystal structure has been determined by
X-ray diffraction, both in the HS and LS states (Figure 26).
Despite its polymeric nature, the spin conversion is very
gradual. The virtual absence of cooperativity, also noted in the
isostructural tetrafluoroborate derivative, has been attributed to
the flexibility of the bridging network, as well as the absence of
intermolecular contacts between 1D chains that cannot transmit
efficiently the structural changes associated with the spin
change in the crystal lattice. This compound exhibits, in addi-
tion, the LIESST effect, which was observed for this substance
class for the first time [298]. A similar gradual SCO behavior
was revealed for other 1D iron(II) chains with triply [299,300]
and doubly bridging bis-tetrazole ligands [301]. The situation
differs for [Fe(p-btzmp),(btzmp),](Cl0y4);, (btzmp = 1,2-

~
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Figure 25: (left) Linear dependency between T4/, in the heating (A) and cooling (/) modes versus the anion volume for the series [Fe(NHatrz)s3]A,.
The circle highlights the case of the nitrate derivative that displays a larger hysteresis width. (right) x»/T versus T of [Fe(NH2trz)3](NO3), showing a
hysteretic ST slightly above the room-temperature region. The nitrate anion is hydrogen-bonded to NHytrz (in pink) coordinated to two metal centers,
thus acting as a supramolecular link in addition to the bridge made by triple N1,N2-1,2,4-triazoles [293].
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Figure 26: (left) View of the linear chain structure of [Fe(1,2-bis(tetrazol-1-yl)propane)s]?* along the a axis. (right) xy/T versus T showing a gradual

spin conversion for the perchlorate derivative, with Tq» = 130 K [298].

bis(tetrazol-1-yl)-2-methylpropane), which displays a steep and
hysteretic spin transition, partly attributed to an anion order/
disorder phenomenon [302]. Other 1D iron(Il) chains made of
two bridges that cushion elastic interactions [303] were also
reported [304-307].

Noticeably, numerous examples of 1D chains made of flexible
single bridge spacers systematically reveal a gradual spin
conversion as noted for 1,2-bis(4-pyridyl)etha(e)ne [308], 4,4’-
bpy [309,310], substituted triazine/pyrimidine [307,311-313],
pyrazine [314], dca [315] and tcpd anions [316]. Some other
very interesting 1D chains were recently prepared by Weber et
al. using tetradentate Schiff bases allowing them to set up a
N40; core and to observe a variety of magnetic behavior
including gradual, hysteretic, complete, incomplete and even
double-step spin conversions [317-324]. We anticipate that
further 1D SCO chains will be reported with both rigid linkers
as well as with predesigned modules suitable for supra-
molecular contacts to enhance communication between spin

centers throughout the crystal lattice.

2D and 3D networks: A crystal-engineering strategy towards
obtaining polymeric systems of higher dimensionality makes
use of multidentate organic ligands (that are suitable for SCO)
connected by different spacers, which boosts the possibilities to
increase the dimensionality. The first ones can potentially co-
ordinate several metals whereas the second ones can increase
the degrees of liberty/flexibility of the coordinating groups in
order to promote coordination in several directions [27].

[Fe(btr),(NCX),]-H,O (X = S, Se) represent the first 2D ST
compounds [325,326]. The sulfur derivative displays on cooling
a square-shape hysteresis loop of width 21 K, associated with
an extremely abrupt and completely thermally induced ST, free
of any structural phase transition (Figure 27). Its crystal struc-
ture consists of iron(Il) ions linked by btr in two orthogonal

directions establishing a grid. The isothiocyanate anions, co-

ordinated in the trans position, prevent the formation of a 3D
lattice. The layers are connected by means of van der Waals
forces and weak hydrogen bond bridges involving the water
molecules, which are also H-bonded to peripheral nitrogen
atoms of the triazole. In fact, the water molecule is crucial to
maintain spin state switching [325]. The Se derivative displays,
as expected with the increase of ligand field strength, a ST at
higher temperature but with a narrower hysteresis (~6 K) [326].
A similar 2D ST grid was found for [Fe(baztrz)(pyz)-
(NCS);]-4H,0 (baztrz = trans-4,4'-azo-1,2,4-triazole) with the
replacement of one btr by pyrazine [327]. Using only one
bridging bis-tetrazole afforded another 2D SCO grid but with a
less cooperative behavior [328,329].

Several complexes of formula [FeL,(NCS),]-Solv show a
similar layered, stacked structure with bis-monodentate pyri-
dine-like ligands instead of btr [267-270]. This includes
bispyridylethylene (bpe, Solv = MeOH) [331], trans-4,4’-
azopyridine (azpy, Solv = MeOH, EtOH and PrOH) [332,333],
and 1,4-bis(4-pyridylbutadiyne) (bpb, Solv = 0.5 MeOH) [334].
The larger size of bpe and azpy allow interpenetration of two
equivalent sets of layers, whereas for the bpb a framework
made up of three different arrays of mutually perpendicular,
interlocked 2D networks was obtained (Figure 28). A gradual
and incomplete SCO behavior is observed due to the flexible
link between the iron(II) ions within a single layer, despite the
interlocked character of the material.

The first ST grid with a 1-R-tetrazole was discovered for
[Fe{N(entz)3},](BF4), with a tripodal ligand, N(entz)3 = tris[2-
(tetrazol-1-yl)ethylJamine by Rudolf et al. [335,336].

The coordination occurs through the N4 nitrogen atoms of the
tetrazole rings that are brought by N(entz) (Figure 29)
[335,336]. An extremely abrupt ST with thermal hysteresis was
observed (71,1 = 176 K and T ¢ = 167 K). Recently, a honey-
comb-like pattern with cages occupied by disordered anions
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Figure 27: (left) View of the 2D layered structure of [Fe(btr),(NCS),]-H,0 (at 293 K). The water molecules (in violet) are located between the layers
and H-bonded to triazole ligands [325]. (right) xmT versus T showing a square-shaped hysteresis loop on cooling. The structural distortion parameter
2 remains the same in the HS and LS states revealing that the local symmetry is not modified by the spin state change [330].

300

Figure 28: (left) Three interpenetrated square networks for [Fe(bpb),(NCS),]-MeOH. (right) x/T versus T plot shows a gradual and incomplete spin

conversion [334].

was discovered for [Fe{C(mtz)3},]A,, (A = ClO4~, BF4") built
from another spider-like ligand, C(mtz); = tris(tetrazol-1-
ylmethyl)methane. These 2D materials both display a sharp ST
at T1p = 193 K (BF47) and T/, = 176 K (ClO47) [337].
[Fe(trptrz),](BF4),-5H,0 with trptrz = tris-3-[1,2,4]triazol-4-
ylpropyl phloroglucinol, obtained thanks to a Mitsonubu
coupling, is another example of 2D SCO CP based on a tripodal
ligand. It reveals a gradual spin conversion due to the flexible
propyl group attached to the triazole ligand, which cushions
elastic interactions [338]. [Fe(bbtr)3]A,, where A = ClO4"
[339,340] or BF4 ™ [340,341] (bbtr = 1,4-di(1,2,3-triazol-1-
yl)butane), are other 2D CPs with a (3,6) network topology

presenting a hexagonal sheet structure. While the perchlorate
derivative displays an abrupt hysteretic ST around 100 K, the
tetrafluoroborate stays in the HS state. Both materials are
currently the topic of extensive optical investigations [342-345].

Very recently, highly robust 2D neutral Fe(II) MOFs have been
reported for [FeL,] with L = 3-(2-pyridyl)-5-(3-pyridyl)-1,2,4-
triazole or 3-(3-methyl-2-pyridyl)-5-(3-pyridyl)-1,2,4-triazole.
These materials display two-step SCO at remarkably high
temperatures (the highest step is above 500 K) [346], which
would make them good candidates for CVD deposition of thin
films.
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Figure 29: Part of the crystal structure of [Fe{N(entz)3}](BF4)2 (T = 293 K) [335,336]. (Reproduced with permission from [23]. Copyright 1994 Wiley-

VCH Verlag GmbH & Co. KGaA).

[Fe(btr)3](ClOy); is the first 3D ST compound [347]. Its crystal
structure (Figure 30) is made of iron(II) ions connected by btr
ligands at the nitrogen atoms that occupy the 1 and 1” positions.
The noncoordinated perchlorate anions are to be seen in the
voids of the 3D architecture. A spin conversion proceeding in
two steps was detected by magnetic susceptibility, Mossbauer
spectroscopy, and differential scanning calorimetry upon
cooling. Temperature-dependent 5'Fe Mssbauer spectroscopy
and a detailed single-crystal X-ray analysis have together
demonstrated that the formation of a plateau around ~200 K
was due to a consecutive spin conversion occuring at two crys-
tallographically inequivalent iron sites [347]. The narrow
hysteresis that can be seen in the lower branch of the spin
conversion curve by magnetic susceptibility measurements (not
shown in Figure 30), is free of any crystallographic phase tran-
sition, and is associated with a higher variation of the dihedral
angle & between the triazole moieties, compared to the higher
branch of the SCO curve, which is smoother (Figure 30). A
similar 3D network was observed for [Fe(1,3-bis(tetrazol-2-
yl)propane)3](Cl04),-2EtOH that revealed a smooth spin
conversion again caused by the flexibility of the spacer between
tetrazole molecules [348].

A 3D coordination network constructed from two interlocked
cube units was observed for the complexes
[Fe(baztrz);]A,-2H,0 (A = ClO4~, BF4 "), which both display
an abrupt transition around room temperature [328]. Such an
interlocked architecture was first reported for the 3D CPs
[Fe(btzb)3]A,-Solv, (A = ClO4~, PFg; Solv = MeOH, H;0)
(btzb = 1,2-bis(tetrazole-1-yl)butane) [349-351]. An abrupt
SCO behavior is observed in contrast to the 3D bis-tetrazolate
SCO polymer [Fep(Hg 7bdt)3]-13H,0 with Hybdt = 5,5'-(1,4-
phenylene)bis(1H-tetrazole) [352,353]. Another bidentate
ligand based on a pyridine conjugated Schiff base, afforded a
CP with a diamond-like 3D network made of FeN4O, sites and

displaying a gradual spin conversion [354].

An alternative strategy to bis-organic ligands makes use of
cyanometallates [270], and to a minor extent cyanide [267],
which afforded a large series of fascinating single or interpene-
trated 2D and 3D lattices of various topologies and which are
covered in review articles from Real et al. [267-270]. Porous
materials based on this category as well as Hofmann-like
cyanide compounds and other systems are reviewed below. At

this stage, many more examples of bis-triazole iron(II) SCO
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Figure 30: (left) Projection of the crystal structure of [Fe(btr)3](ClO4)2 along the ¢ axis revealing a 3D structure with Fe1 and Fe2 sites. The perchlo-
rate anions occupy the voids. (right) HS molar fraction determined by °”Fe Méssbauer spectroscopy. Note the variation of the dihedral angle &
between triazole moieties accompanying the spin conversion, which is greater in the lower branch that shows the steeper spin conversion. The space

group is also given at three temperatures [347].

CPs are anticipated after the communication of a revised one-
step synthesis of btr and derivatives thanks to a simplified
transamination method reducing the reaction time, increasing
the yield and avoiding tedious chromatographic separations
[355] and which has already afforded numerous CPs and MOFs.

SCO in nanomaterials

A rational control of the growth of SCO materials at the nano-
metric scale and the study of the size-dependent SCO prop-
erties is crucial for their successful integration in functional
devices [356-358]. In fact, determination of the critical particle
size or film thickness that preserves a complete ST with
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hysteretic behavior is a vital factor in the nanominiaturization of
a SCO material. Recent studies have involved the preparation of
nanocrystals [359,360] and thin films [361,362] of the 3D coor-
dination polymer [Fe(pz)Pt(CN)4] (pz = pyrazine) [363] ex-
hibiting size-dependent ST characteristics. Bulk microcrys-
talline samples undergo very cooperative ST with T} ,} =285 K
and Ty/," =309 K. The corresponding nanocrystals of average
dimensions 200 x 200 x 60 nm and 60 x 60 x 30 nm display
practically complete spin transitions, demonstrating a decrease
of the critical temperatures and hysteresis widths with
decreasing size of the crystallites (Figure 31) [359]. This effect
is even more pronounced for 10-20 nm sized nanoparticles,

Figure 31: Size-dependent SCO properties in [Fe(pz)Pt(CN)4] (left), change of color upon spin state transition (middle) and image of the nanocrys-

tals (right) [359].
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where only around 1/3 of the Fe(Il) ions undergo ST character-
ized by a very narrow thermal hysteresis loop [360]. A similar
situation was found for [Fe(pz)Ni(CN)4] nanoparticles of about
4 nm coated with Chitosan polymer [364].

The 2D coordination polymers [Fe(3-Fpy),M(CN)4] M(1I) =
Ni, Pd, Pt), and 3-Fpy = 3-fluoropyridine) [365] have also been
the subject of study. Surfactant-free nanocrystals of average
dimensions 400 x 400 x 30 nm were synthesized from water-in-
oil microemulsions (w/0) and nanoparticles of 200 x 100,
100 x 60, and 70 x 30 nm were prepared by using the coating
polymer poly(vinylpyrrolidone) (PVP). The nanocrystals ex-
hibit virtually complete first-order spin transitions centered in
the interval 200-225 K, while PVP-coated nanoparticles
undergo a continuous second-order ST at much lower tempera-
tures (ca. 160 K) [366].

The dependence of the hysteresis width on particle size in these
polymers corresponds well to the behavior predicted by Monte
Carlo simulations for cubic or spherical SCO nanoparticles
[367]. However, these simulations predict a much weaker
(almost negligible) dependence of the transition temperature on
particle size than that observed. This discrepancy may reflect
the oversimplified nature of the model employed, in which only
short-range elastic interactions [368] have been taken into

Beilstein J. Org. Chem. 2013, 9, 342-391.

account. Indeed, a significant influence of long-range interac-
tions on the cooperativity of the SCO process was inferred from
infrared and Raman studies of the [Fe(pz)M(CN)4] and
[Fe(pyridine)M(CN)y4] series [369,370].

A different behavior was observed for surfactant-coated
nanoparticles of the triazole-based 1D SCO polymers
[Fe(Htrz),(trz)|BF4 (Htrz = 1,2,4-4H-triazole) and [Fe(4-
NH,trz);]Br,. Twenty-nanometer size nanoparticles of the
former display a strong cooperative ST with a large hysteresis
loop just like the one observed for the bulk material [281],
while in the latter, the abruptness of the ST and the hysteresis
width diminish as the particle size decreases with minimal dis-
placement of Ty,,! [371-373].

The puzzling results reported for 1D triazole based SCO
nanoparticles makes difficult any comparison with those results
found for 2D and 3D Hofmann Clathrate analogue SCO
nanocrystals/nanoparticles.

Thin films of SCO materials were first obtained by using the
Langmuir—Blodgett [374] technique or by evaporation of solu-
tions on substrates [375-377]. More recently deposition by
sublimation under high vacuum [378-381] or layer-by-layer
epitaxial growth techniques were employed (Figure 32)
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Figure 32: Schematic showing the epitaxial growth of polymer {Fe(pz)[Pt(CN)4]} and the spin transition properties of thin films studied by Raman

spectroscopy [361].
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[361,362,382,383]. The ST dependence on film thickness was
investigated as well as the LIESST effect in several 3D

Hofmann-like polymers and mononuclear compounds.

A bio-inspired approach was recently introduced to produce
[Fe(ptz)g]l(BF4), thin films on a Alium cepa membrane [384].
The size of the deposited crystals ranges from nano- to micro-
meters, and can be controlled depending on nucleation and
growth rate, as shown by scanning electron microscopy, which
also revealed morphogenesis. The thin films show a ther-
mochromic SCO, which was detected by both UV—vis and 57Fe
Mossbauer measurements [384,385]. Most interestingly, printed
membranes could be used as a natural stencil in soft lithog-
raphy to produce nanodots of the SCO complex of 30-55 nm
size on a Si-wafer and glass supports (Figure 33). This transfer
method opens perspectives to study nanoparticles awayfrom
their natural confinement and directly on selected supports
[384].

Polyfunctional SCO materials (SCO
combined with other functions, e.g., LC, gel
and porous properties, electrical conductivity

and fluorescence)

In recent years research on solid-state SCO materials has also
been directed towards the combination of SCO with other func-
tions, e.g., liquid-crystalline (LC) behaviour, gel and porous
properties, electrical conductivity, fluorescence, etc. The idea is
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to make use of spin state switching in combination with another
physical or chemical property that eventually opens pathways to

a new generation of multifunctional materials.

Spin crossover in Fe(ll) metallomesogens
Metallomesogens are metal-containing-liquid crystals [386]. A
number of advantages in practical applications may be realized
through the combination of SCO and liquid-crystalline behav-
ior, for example, switching and sensing in different temperature
regimes, the achievement of thermochromism or
photochromism in liquid crystals, external electric- and possibly
magnetic-field-based modulation of the SCO properties, and the
facile processibility of materials into thin films. In the field of
liquid crystals, color change is certainly a phenomenon of
interest due to the necessity of color change in a number of
applications of liquid crystals, such as laser-addressed devices,
passive blocking filters, polarizers based on dichroic effects, or
the use of thermochromism.

An initial step aimed at achieving a material combining SCO
and LC properties has led to an iron(III) metallomesogen in
which both properties are not simultaneously apparent but are
seen in different temperature intervals [387]. Subsequently,
Co(1II) and Fe(II) metallomesogens were synthesized displaying
similar properties [388-390]. Recently, the synchronization of
spin state and liquid-crystal transitions in Fe(II) metallo-
mesogens was shown to be achievable by selecting a suitable
parent SCO system and attaching it to the liquid-crystal moiety,

Figure 33: Microcontact printing (WCP) of nanodots on Si-wafer of [Fe(ptz)s](BF 4)2 after deposition of crystals on Allium cepa membrane [384,385].
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with the aim of reaching the LS state or SCO properties at the
temperature where the solid—liquid-crystal transition is expected
(275-400 K) [391].

Although the number of examples of Fe(Il) metallomesogens
reported so far is small, the interplay/synergy between ST and
liquid-crystal phase transitions has been seen to be very rich and

the behaviors may be summarized as follows [358]:

1. systems with coupled phase transitions, subdivided into
three groups: (a) where the structural changes associated
with the Cr<>LC phase change drive the spin transition;
(b) where the structural changes influence the spin state
of the metallic centers but are not the driving force for
the spin state transition; (c) where the vitrification of the
material inhibits the SCO properties [375,392-394];

2. systems where both transitions coexist in the same
temperature region but are not coupled [375,394,395];

3. systems with uncoupled phase transitions [358,394].

Presented below are some of the most representative examples
of the Fe(II) metallomesogens where the Cr—~LC phase change
drives the spin state transition (type 1) [394] and those metallo-
mesogens for which the preparation of thin films was possible
[375].

The ligand tris[3-aza-4-((5-C,)(6-H)(2-pyridyl))but-3-
enyl]amine (C,-trenH) has been reacted with FeCl,-sH,O salts
to afforded a family of complexes with the general formula
[Fe(C,-trenH)]Cl,-0.5H,0 where n = 16, 18 and 20 [394]. A
similar structure to that found for the derivative [Fe(Cg-
trenH)](C104), was obtained from analysis of the XPRD
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patterns at 293 K. Figure 34 (left) illustrates the molecular
structure of this system. A pseudo-octahedral symmetry is
adopted by the iron atoms, and they are surrounded by six
nitrogen atoms belonging to imino groups and pyridines of the
trifurcated ligand C,-trenH. Self-assembly to a bilayered
composite results due to the amphiphilic nature of the alkylated
molecules, with one layer being made up of polar head groups
together with perchlorate anions (Figure 34 right). The nonpolar
chains from oppositely oriented molecules meet together
forming a hydrocarbon layer. The almost fully stretched alkyl
chains are only distorted by the gauche conformation of some
of the methylene groups and are tilted towards the ac plane, but
they do not intertwine with chains of adjacent layers.

As a consequence of the melting between 340 and 350 K for
[Fe(Cyg-trenH)]Cl,-0.5H,0 the temperature variation of the
interlayer distances d presents an abrupt increase (Figure 35a).
For derivatives with n = 16, 18 and 20 the melting was found at
296, 311 and 328 K, respectively. DSC and optical polarizing
microscopy (OPM) further confirmed the temperature of
melting. A smectic mesophase S has been identified based on
these findings, with layered structures similar to [Fe(Cg-
trenH)](C104), [394].

Figure 35c displays the ym7 versus T plots for [Fe(C,-
trenH)]Cl,-0.5H,0 (n = 16, 18 and 20). Also shown is the
Maéssbauer spectrum measured for the derivative with n = 16 at
80 K (Figure 35b). The compounds are in the LS state in the
temperature range of 4.2-290 K in which the Méssbauer spectra
highlight the presence of a small residual HS fraction. For each
of these derivatives a variation accompanied by a narrow
hysteresis is seen in the y\7 versus 7 between 400 and 296 K

Figure 34: (left) Projection of the two independent cations of [Fe(Cg—trenH)]2* with atom numbering scheme (150 K). (right) Projection of the molec-
ular packing of the same complex along the ¢ axis. Displacement ellipsoids are shown at 50% probability level. Hydrogen atoms and perchlorate
anions are omitted for clarity. (Reproduced with permission from [394]. Copyright 2008 American Chemical Society).
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Figure 35: (a) xmT versus T for [Fe(C4g-trenH)]Cl,-0.5H,0 and varia-
tion of the distance d with temperature (T) deduced from XPRD
profiles after following the sequence 310-410-230-410 K. (b)
M@ossbauer spectra of [Fe(C1g-trenH)]Cl,:0.5H,0 measured at 80 K
(HS doublet: light grey; LS doublet: dark grey). (c) xmT versus T for
[Fe(Cp-trenH)]Cl>-0.5H,0 (n = 16, 18 and 20), arrows indicate the
temperatures at which the heating and cooling curves diverge. The
black areas indicate the hysteresis loops. (Reprinted with permission
from [394]. Copyright 2008 American Chemical Society).

(Figure 35¢). Below 296 K, y\T stays almost constant up to
10 K at which point it sharply decreases due to the zero-field
splitting of the Fe(II) ions that remain in the HS state [394]. The
thermally induced ST in [Fe(C,-trenH)]Cl,-0.5H,0 begins
immediately after the onset of the first-order phase transition
(Cre>Sp). One can conclude that, since the ST is blocked below
the temperature at which the compounds solidify, the spin tran-
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sition is driven by the melting process in these metallo-
mesogens. The hysteresis accompanying the ST in the Sy
mesophase is due to the reorganization of the metallomesogen
structure upon CreSp transition. It is worthy of mention that
the ST temperature is dependent on the melting temperature,
which is higher for the derivatives with longer alkyl chains
(Figure 35¢). In the LS state these compounds are dark purple,
becoming light purple-brown in the HS state.

An interesting and important feature is the possibility to obtain
these materials in the form of thin films by exploiting their fluid
nature. Thin films of a few micrometers thick have been formed
by solvent evaporation for metallomesogens that exhibit Colh
mesophase at room temperature. Examples are [Fe(C,,-tba);]A;
[C,-tba = 3,5-bis(alkoxy)-N-(4H-1,2,4-triazol-4-yl)benzamide,
A = CF3S037, 4-MeC¢H4SO3™ and n = 8, 10, 12] [375,392].
Reversible color change of the films by heating or cooling
around 300 K, between violet (LS state) and white (HS state),
was observed without fatigue (Figure 36).

SCOin gels

The transfer of SCO properties into a soft-matter phase, such as
a gel, has been accomplished by functionalizing the polymeric
Fe(II)/4-R-1,2,4-triazole system with long alkyl chains on the
4-substituent [396-399]. By dissolution of these SCO materials
in organic solvents, hybrid gels have been obtained, and their
thermo-reversible magnetic, optical and rheological properties
could be studied. It was shown that Ty,1¢ and T/, can be tuned
by using mixtures of solvents and by changing the counter-
anions, respectively (Figure 37) [396].

Compared to references dealing with nongelling aromatic
solvents, a quick thermal response is characteristic of SCO
physical gels, due to a rapid restoration of the H-bonding
network, possibly a result of dynamic structural ordering
through an enhanced lipophilic interaction of the self-assem-
bling components in hydrocarbon solvents [397].

Spin crossover in porous coordination polymers

Porous coordination polymers (PCPs), also known as MOFs,
represent a new class of functional molecular materials [400-
407], which are able to mimic and even improve the functions
of zeolites [408], i.e., storage [409,410], separation [411,412],
sensing [413] and catalysis [414-416]. The vast majority of their
applications are related to pore sizes, shapes, flexibility and
structures/environments. Particularly interesting are those PCPs
where the solid-state properties of the framework (magnetism
[417], luminescence [418], conductivity [419,420], charge
transport [421], etc.) change upon sorption/desorption of guest
molecules. This new generation of PCPs acts in a sensory way

expressing the host—guest interactions.
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Alkyl mantle

Coordination core

Figure 36: Schematic illustration of the structure of compounds [Fe(Cp-tba)z]X, adopting a columnar mesophase (top). Change of color in the SCO
LC films around 60 °C (bottom). (Reprinted with permission from [375]. Copyright 2006 American Chemical Society).
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Figure 37: Temperature dependence of the magnetic moment (M) at 1000 Oe and DSC profiles (inset; 5 °C/min) of a 5 wt % of [Fe(Il)(4-octadecyl-
1,2,4-triazole)s](tosylate),-2H,0 in decane gel. The dotted line corresponds to the T4, = 44 °C deduced from DSC and magnetic measurements. The
anomalies observed on the magnetic moment curve below 25 °C correspond to the solid—liquid first-order transition in pure decane [279]. (Repro-
duced with permission from [396]. Copyright 2004 Wiley-VCH Verlag GmbH & Co. KGaA).

Among PCPs incorporating both porous and magnetic prop-
erties, it is noteworthy that these porous polymers are made up
of bi-stable Fe(Il) building units. The guest inclusion in the
SCO framework can provoke the stabilization of the Fe(II) ions
in the HS or LS state or has no effect at all. The resulting effect

relies on the chemical nature and size of the guest molecules
that occupy the pores. Detection of the sorption/desorption of
guest molecules in the framework is performed by analyzing
magnetic and optical outputs (the temperature dependence of
the magnetic susceptibility and/or by the change of color at a
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given temperature). In principal, a fingerprint in the form of a
magnetic response pattern may be attainable for distinct

analytes.

Examples of Fe(II) SCO-PCPs reported up to date are still
scarce. The first report on a microporous coordination polymer
was based on the ligand dpe (1,2-di(4-pyridyl)ethylene)(¢rans
isomer) [331] and dates back to 1995. Almost a decade later, a
detailed investigation was published of the guest influence on
the SCO properties in analogous frameworks with composition
[Fe(L)(NCS),]'G (L = azpy and bped (1,2-bis(4-pyridyl)-1,2-
ethanediol)) [227]. In these SCO-PCPs the adsorption of guest
molecules induces some stabilization of the framework in the
LS state. Typically they show gradual SCO in the temperature
region 10-200 K.

More recently a drastic influence of the guest inclusion on 77,
and cooperativity has been reported for the 3D Hofmann-like
SCO-PCPs {Fe(L)[M(CN)4]}-G [L = pz [363,422-425]; azpy
[382]; bpac (bis(4-pyridyl)acetylene) [426]; dpe (¢rans isomer)
[300] M(II) = Ni, Pd, Pt)]. This type of framework provides two
guest interactive sites, one between the organic bridges (site A)
and another between the four-coordinate M centers (site B)
(Figure 38).

Particularly interesting are the results obtained with the SCO-
PCP {Fe(pz)[M(CN)4]}. In fact, this represents a new genera-
tion of functional materials responding to their environment
since the framework can allow reversible control of the
magnetic and optical outputs through the chemical response at
room temperature [363,422-425]. The reversible spin state tran-
sition at the Fe(II) sites occurs concomitantly with the uptake of
guest molecules. Hydroxy solvents, five- and six-membered
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aromatic molecules, stabilize the HS state (yellow color) while
CS, (for M = Pt) [422] or CH3CN (for M = Ni) [423] favor the
LS state (red color). Desorption of guest molecules under
vacuum produces the guest-free framework in the induced spin
state. The initial HS or LS state is not recovered by the system
after release of the guest molecules within the bistable tempera-
ture region. Information about adsorption of the guest mole-
cules in the form of the spin state, magnetism, color, and struc-
ture are retained by this memory function; information that can
be erased by using the appropriate operator (i.e., by applying
either AT — AT or —AT + AT, from room temperature)
(Figure 38).

Moreover, the occurrence of coordinative unsaturated metal
centers M(II) provided enhanced adsorptive selectivity for
dihalogen molecules. Indeed, an associative oxidation of Pt(II)
to Pt(IV) and reduction of the dihalogen to the corresponding
halide to give {Fe(pz)[Pt(CN)4(X)]} (X =CI7, Br and I") has
been demonstrated (Figure 39) [424]. Particularly, successful
control of the T/, value from 300 to 400 K while maintaining
bistability (25 K wide thermal hysteresis) has been achieved for
{Fe(po)[PUCN)y(Dy]} (n = 0-1) [425].

Inclusion of thiourea molecules capable of interacting with the
organic pillar ligands and the unsaturated metal coordination
sites through weak intermolecular interactions leads
to the clarthrate compounds formulated as {Fe(pz)-
[Pt(CN)4]}-0.5(CS(NH>),) and {Fe(pz)[Pd(CN)4]}-1.5H,0-
0.5(CS(NH;),) [428]. These 3D porous coordination polymers
exhibit unprecedented ST accompanied by large thermal
hysteresis cycles of ca. 60 K wide. Apparently, this strong
cooperative ST arises from the fact that multiple significant
intermolecular interactions have to be reorganized upon the
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Figure 38: Porous structure of the SCO-PMOFs {Fe(pz)[M(I1)(CN)4]} (left), representation of the host—guest interaction (middle) and change of the
spin state upon guest adsorption (right) [paramagnetic, yellow (CgHg); diamagnetic, red CS5]. (Reproduced with permission from [422]. Copyright

2009 Wiley-VCH Verlag GmbH & Co. KGaA).
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Figure 39: Porous structure of the guest-free SCO-PMOF’s {Fe(pz)[M(II)(CN)4]} (left), magnetic properties of the {Fe(pz)[Pt(CN)4(X)]} (X = CI7, Br~
and |I7) compounds (middle) and crystal structure of compound {Fe(pz)[Pt(CN)4(I)]}. (Reproduced with permission from [424]. Copyright 2009 Wiley-

VCH Verlag GmbH & Co. KGaA).

SCO process, since the dimensions of the pores are different in
the LS and HS states (Figure 40).

Current development of this topic points at increasing the pore
size and inner pore functionality of the SCO-PCPs. The goals
are twofold: (i) develop novel SCO-PCPs for sensing the
uptake/release of aromatic guest molecules in solution or air;
and (ii) to study selective adsorption and separation of aromatic
molecules on SCO-PCPs. In comparison with gas storage
investigations on PCPs, systematic studies of guest adsorption

and separation on PCPs for which single-crystal information is
available are scarce, particularly for aromatic molecules [425].
However, the separation and capture of aromatic molecules is
very important in industry and for the development of green
environments [415,416].

In this respect, a novel Hoffman-like 3D CP
{Fe(dpe)[Pt(CN)4]}-0.5(dpe) (3) based on the organic pillar
ligand dpe (1,2-di(4-pyridyl)ethylene) (trans isomer) has been
recently reported. This compound is commonly crystallized in
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Figure 40: (left) The 3D porous structure of {Fe(pz)[Pt(CN)4]}-0.5(CS(NH3)2) (1) and {Fe(pz)[Pd(CN)4]}-1.5H20-0.5(CS(NH2)2) (2) in a direction close
to [101]. Atom code: Fe (orange), Pt (pink), N (green), and C (grey). (right) Magnetic properties of 1 and 2 in the form of T versus T. (Reproduced

with permission from [428]. Copyright 2012 Royal Society of Chemistry).
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its monohydrate form {[Fe(dpe)[Pt(CN)4]}-0.5(dpe)-H,0 (4).
The water molecule can be reversibly sorbed/desorbed while
maintaining crystallinity. The guest-free framework undergoes
strong cooperative ST located at Tyt = 135 K and T5" =
150 K while the water-containing framework exhibits a two-
step ST in the interval of 275-240 K. Interestingly, clathrates
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formulated as {Fe(dpe)[Pt(CN)4]}'nG (n = 1; G = phenazine
(5), anthracene (6) and naphthalene (7)) are obtained when the
guest molecules are present during the crystallization process
(Figure 41) [427]. Detection of the phenazine, anthracene or
naphthalene encapsulation in the framework can be done by
recording the magnetic susceptibility at a given temperature
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Figure 41: Top: The 3D porous structure of {Fe(dpe)[Pt(CN)4]}-phenazine in a direction close to [101] emphasizing the guest inclusion in the frame-
work. Bottom: Magnetic properties of {Fe(dpe)[Pt(CN)4]}-0.5(dpe) (3), {[Fe(dpe)[Pt(CN)4]}-0.5(dpe)-H20 (4), and {Fe(dpe)[Pt({CN)4]}nG (n=1; G =
phenazine (5), anthracene (6) and naphthalene (7)) in the form of x\ T versus T. (Reproduced with permission from [300]. Copyright 2008 Wiley-VCH

Verlag GmbH & Co. KGaA).
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since the magnetic properties of the clathrate compounds are
very different. The fact that the clathrates present abrupt,
incomplete or two-step ST or paramagnetic behavior is related
to their size, shape, location and interaction with the framework.
In general, it is observed that clathration of phenazine,
anthracene or naphthalene leads to the stabilization of the
frameworks in the HS state. In the case of 6 and 7 the guest
molecules would be most probably located between the dpe
pillar ligands in analogy with 5. However, the particular stabi-
lization of the HS state seems to be regarded with a possible tilt
of the guest molecules with respect to the pillar ligands dpe, as
observed for the clathrate {Fe(pz)[M(CN)4]}-pz [422]. This par-
ticular location of guest molecules prevents the intrinsic
contraction—expansion of the framework associated with the

spin transition.

Combination of SCO and electrical conductivity

In molecular science, the fundamental property of electrical
conductivity is currently being investigated. Spurred on by
finding of electrical conductivity in perylene bromide,
researchers have been working hard to produce high 7, super-
conductors based on organic and organometallic charge-transfer
complexes and radical-ion salts [429]. Currently, the field of
molecular conductors tends towards the design of hybrid ma-
terials in which a second interesting physical property is incor-
porated.

Two different synthetic approaches can be outlined with regard
to the combination of SCO and electrical conductivity prop-
erties. First, a recently proposed strategy is the assembly of
switchable molecular SCO building blocks with radical ionic
salts, to tune (switch on/off) the conducting properties by acting
on the bistable cation. A separate strategy involves the covalent
linkage of paramagnetic metal ions to redox-active ligands. By
associating redox-active moieties and heteroatom-based ligands
capable of coordinating to the metallic center, a novel approach
toward the modulation of the collective electronic properties of

the resulting bifunctional material is realized.

The former strategy has led to the compounds {[Fe(sal,-
trien)][Ni(dmit),]3} [430], [Fe(gsal),][Ni(dmit),]3-CH3CN-H,O
[431] and [Fe(gnal);][Pd(dmit);]5(CH3),CO [432]. These ma-
terials exhibit a structural arrangement typical of [M(dmit),]*
(M = Ni, Pd) fractional-oxidation-state compounds, where the
[Ni(dmit),]™ or [Pd(dmit);]* units interact through S-S short
contacts, defining layers, which alternate with layers of [Fe(L)]*
(Figure 42). The cationic units undergo cooperative SCO
behavior and the layers of [M(dmit),]* enables the occurrence
of electronic transport. At room temperature the electrical
conductivity of these hybrid complexes is in the range of

0.1-2.0 S cm™ . Interplay between SCO and electrical conduc-
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tivity has been observed for [Fe(qnal),][Pd(dmit),]5-(CH3),CO
[432]. The cooperative SCO phenomenon is considered to in-
duce a chemical uniaxial strain effect on the conducting layer.
Such a cooperativity based on supramolecular interactions is
crucial for controlling or switching the electronic properties of a
molecular solid by external stimuli.

The second approach has as yet been less developed due to the
difficulties implicit in the organic synthesis of ligands
containing redox-active moieties and heteroatom-based ligands.
Figure 43 illustrates two examples of Fe(II) coordination com-
pounds derived from this approach [433,434]. In both cases, the
magnetic and electrical resistivity measurements suggested an
interaction of ST and electrical conductivity, since the elec-
trical conductivity shows an anomaly around the critical ST

temperature.

Combination of SCO and fluorescence properties
Combining SCO and fluorescence in a single material dates
back to the first report on a Ni(Il) tetraaza-macrocyclic com-
plex [435] followed by iron(IT) SCO complexes studied as thin
films [436]. In general, fluorescence quenching was observed in
one spin state, as found for the heterodinuclear triple helicate
iron(Il) complex including a luminescent ion (Eu) [437] or for
the 1D-1,2,4-triazole iron(1l) chain including pyrene [438].
When this later fluorophore was decorated on a ligand of an
Fe(II) mononuclear complex [439], temperature-dependent
studies of the photophysical properties did not reveal any
obvious correlation between the fluorescence of the pyrene
group and the spin state of the Fe(II) ion.

The celebrated 1D polymeric iron(Il) chain system provided
hybrid materials showing fluorescent properties tuned by the
spin state transition. Hybrid nanoparticles containing SiO, and
[Fe(Htrz),(trz)|BF4 were coated with the fluorophore 3-(dansyl-
amido)propyltrimethoxysilane (dansyl) [286]. The hybrid
nanoparticles preserve the magnetic bistability and, as a new
property resulting from the hybrid material, the luminescence is
coupled with the spin state transition showing bistability as
well. Similar synergy between spin state transition and lumines-
cence has been observed in solution in nanoparticles of
[Fe(NHjtrz)3](tos), coated with rhodamine-110 chloride (9-(2-
carboxyphenyl)-3,6-diamino-3 H-xanthylium chloride). This
multiproperty material has been proposed as a prototype for

fluorescent thermometry [440].

The first observation of the tracking of a ST by fluorescence in
the crystalline state has recently been made for the dinuclear
Fe(Il) complex [Fe,(Hsaltrz)s(NCS)4]-4MeOH [235]. In this
complex, a fluorophore tag whose fluorescence is due to

different prototropic forms of a N-salicylidene aniline (enol*
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Figure 42: View of the segregated stacking of [Ni(dmit),]~ and [Fe(salo-trien)]* in [Fe(gsal),][Ni(dmit),]3-CH3CN-H,0 (left) and in
[Fe(gnal)o][Pd(dmit),]5-(CH3),CO (right) together with magnetic and resistivity plots. [430]. (Reproduced with permission from [431] and [432]. Copy-

right 2006 & 2008 American Chemical Society).

and cis-keto* forms) [441] was directly grafted on to the 1,2,4-
triazole ligand (Figure 21). The wavelength emission maximum
of the enol* band (Ayax enol*) could be used as a marker to
track the SCO event by fluorescence spectroscopy. As shown in
Figure 44, a drastic jump of 20 nm was observed over the
temperature range of 135-179 K, from ~395 nm below 150 K to
415 nm above 200 K. Remarkably, such a dramatic increase in
the wavelength precisely follows the temperature dependence of
yus derived by SQUID measurements, and the transition
temperature, 77, = 157(1) K, is in good agreement with the one
obtained by DSC [7"** = 155(1) K] [235].

Conclusion

In this article we have described a special class of molecular
switches based on a dynamic electronic-structure phenomenon
known as spin crossover. The principle of the molecular
switching is a change of the spin state of a transition metal ion
that is located in the center of complex molecules and coordin-
ated to ligand atoms or molecules. Depending on the strength of
the ligand field, i.e., the electrostatic field exerted at the central
metal ion, the valence electron configuration of the metal can
switch between two stable electron arrangements, one with
maximum spin multiplicity, known as the high spin (HS) state,
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Figure 43: Thin films based on Fe(lll) compounds coordinated to Terthienyl-substituted QsalH ligands [434] together with magnetic and resistivity
plots. (Reproduced with permission from [434]. Copyright 2009 American Chemical Society).
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Figure 44: Left: Temperature-dependent emission spectra for [Fe,(Hsaltrz)s(NCS)4]-4MeOH at A®X = 350 nm over the range 80-259 K. The inset
shows the fluorescence at 293 K produced by continuous irradiation at 254 nm. Right: Temperature dependence of Ay« enol* in the emission spec-

trum (m), which follows yys derived from SQUID data (solid line) [235].

and one with minimum spin multiplicity, the low spin (LS)
state. This switching can be stimulated by variation of tempera-
ture, application of pressure, light irradiation, and other external
stimuli. The two phases involved have drastically different
magnetic and optical properties, which provide the means for
detection of the spin state phases. The spin crossover phenom-
enon occurs in numerous classes of coordination compounds;

by far the majority of them are coordination compounds

containing iron(Il), iron(III) or cobalt(Il). We have presented a
selection of spin crossover compounds of iron(I) classified as
mono-, di- and oligonuclear systems as well as 1D, 2D and 3D
coordination polymers. As the latest developments in this area,
preparation and studies of materials on the nanoscale have been
illustrated. Likewise, systems combining spin crossover and
other physical or chemical properties, such as liquid-crystalline

and gel behavior, electric conductivity, fluorescence and porous
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properties, have been covered. In nearly all these classes of spin
crossover compounds it is important and necessary to go
beyond the borderline of classical coordination chemistry and
make use of strategies for the synthesis of new organic ligands
and of organic synthesis techniques that would provide novel
systems and functionalities.

Spin crossover compounds bear the potential for practical appli-
cations. Molecular electronics, data storage, display devices and

sensors are objectives currently under consideration.
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