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The synthesis, photophysics and photochemistry of a family
of molecular switches inspired by the green fluorescent pro-
tein (GFP) chromophore is presented. These compounds can
be synthesized in one step and good yields, their photophysi-
cal properties may be tuned by the substituents, solvent and
wavelength of irradiation, and they show very efficient and

fast photoisomerization. Furthermore, their high thermal sta-
bility and limited photodecomposition could allow these
switches to be used in a range of applications. Finally, oxa-
zolone photoswitches may be activated by the use of light
and deactivated by either heat or light of a different wave-
length.

Introduction

In recent years, the convergence of many different scien-
tific disciplines has led to the design and study of a number
of synthetic molecular devices that have been inspired, in
some cases, by biomolecular machines acting inside living
cells. Diverse types of molecular devices and machines have
been developed, but it is probably the field of molecular
switches that has been most widely studied. As a general
definition, a molecular switch is a bistable system in which
each state can be converted into the other by the effect of
an external stimulus.! Although many different types of
molecular switches have been reported, two main families
are clearly recognized; switches acting through the isomer-
ization of a double bond and through a cyclization process.
Among the switches based on isomerization, azobenzenes,
overcrowded alkenes, and retinal-based switches are the
most popular.’l Regarding the second type, fulgides,?! di-
arylethenes,™ spiropyran compounds,®! and dihydroazul-
enes have been used as molecular switches involving a pho-
tocyclization process.®! In both cases, light energy is a con-
venient stimulus with several practical advantages.] The
use of many of these photoswitches in different contexts has
allowed the development of interesting applications in fields
such as the control of wettability in polymers,®! color modi-
fication in liquid crystals,®! and reversible photocontrol of
peptide conformations,'% to mention some examples. Most
of the applications of photoswitches developed to date in-
volve the use of azobenzenes, and this type of compound is
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the best known photoswitch. However, the use of switches
in complex systems is usually hampered by the relatively
low number of systems capable of performing efficient
photoisomerization under different requisites of solubility,
wavelength of use, photostationary state and thermal sta-
bility.

We have recently reported!!'?l a new family of com-
pounds based on the green fluorescent protein (GFP;
Scheme 1) that are capable of efficient photoswitching be-
havior. The green fluorescent protein was first obtained
from Aequorea victoria jellyfish and was the first example
of intrinsically fluorescent molecules with optical properties
determined by a photoexcitable green-light emitter chromo-
phore.l'”) Beyond its emitting properties, several studies
have shown that the GFP chromophore may also undergo
other nonradiative processes, such as Z/E photoisomeriza-
tion. Although this contributes to reducing the lumines-
cence quantum yield,!'3! it also permits the photophysical
and photochemical properties of the chromophore to be
tuned through modifications of the imidazoline GFP moi-
ety. Accordingly, several modified GFPs have been reported
to show relevant photophysical and photochemical process-
es.[13%14] Oxazolone derivatives have been extensively used
as intermediates in the synthesis of GFP derivatives, but
their photophysical and photochemical properties have ra-
rely been explored,!'>! even though their photoisomerization
has long been known.!'®

Results and Discussion

Synthesis

Using classical conditions for the formation of aza-
lactones,'”! we were able to synthesize a range of com-
pounds with structures based on the GFP chromophore
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(Scheme 1). The main difference between the GFP chromo-
phore and the oxazolone analogues is the presence of an
amide function in the five-membered ring (dihydroimid-
azolone) in the GFP chromophore rather than the ester
function [5(4H)-oxazolones]. We were able to prepare a
number of derivatives with different substitution patterns
by using this methodology (Table 1). Interestingly, in all
cases, only the Z isomer was detected in the crude reaction
mixture. However, the use of certain benzaldehyde deriva-
tives, such as 2-carboxybenzaldehyde or 2-cyanobenzalde-
hyde, and most ketones (i.e., acetophenone, benzophenone,
2-hexanone, l-indanone, 9-0x0-9H-fluorene-4-carboxylic
acid and methyl 9-oxo0-9 H-fluorene-4-carboxylate), did not
lead to the final product. The configuration assignment was
made on the basis of X-ray diffraction data for several com-
pounds.Itl]

Serﬁs

0 ; Q
R1J\N OH R2CHO >:2¥JO\
H 5 NaAcO R? N7 R!
1 Acy)O 2 60-90%
e Only Z isomer
R! = Me, Ar
R?2 =Ar

Scheme 1. GFP chromophore (top) and synthesis for GFP-based
photoswitches 2.

To test the applicability of these compounds in different
contexts, a study of the stability of products 2 in diverse
solvents was undertaken. It had previously been reported
by Herbst et al. that related compounds undergo a hydroly-
sis reaction in boiling water and acetone for 4 h.['"® Thus,
samples of 2h were dissolved in several flasks with different
solvents, such as dichloromethane, acetonitrile, methanol,
and aqueous sodium hydroxide (1 M solution; 2h was not
soluble in water). All the solutions were stirred at room
temperature for two weeks. In the flasks with dichlorometh-
ane and acetonitrile, 2h was recovered unchanged. However,
in flasks containing methanol and sodium hydroxide, a new
product was found instead of the starting compound 2h. In
the case of aqueous sodium hydroxide solution, hydrolysis
of 2h to give the corresponding open acetylamino acid oc-
curred. Alternatively, when methanol was used as the sol-
vent, the acetamidoacetate derivative was identified on the

2 WWW.Eurjoc.org
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Table 1. Synthesized molecular photoswitches.

Entry R! R? Compd. Yield
1 Ph Ph 2a 85%
2 Ph p-Tol 2b 85%
3 Ph p-MeOPh 2c 60%
4 Ph 0-MeOPh 2d 87%
5 Ph p-BrPh 2e 72%
6 Ph 0-BrPh 2f 85%
7 Ph / \ N Zg [a]
Me Ph 2h 80%
9 Me p-Tol 2i 75%
10 Me p-MeOPh 2j 65%
11 Me 0-MeOPh 2k 82%
12 Me p-NO,Ph 21 90%
13 Me p-CNPh 2m 80%
14 Me p-CO,MePh 2n 60%
15 Me p-BrPh 20 72%
16 Me 2p 61%
=
17 Me 2q 74%
\_+
18  Me / \N 2r &
19 p-Tol p-Tol 2s 80%
20 Me 0-Br 2t 42%
21 Ph p-NO,Ph 2u 71%
22 Ph p-CN 2v 34%

[a] Could not be recrystallized from the crude material.

basis of MS (ESI*), and 'H and '3C NMR spectroscopic
data. Thus, it was concluded that these compounds are
stable in non-nucleophilic solvents and only moderately
stable in the presence of nucleophiles, which should be
taken into account when designing applications in complex
systems for these compounds.

UVIVis Spectra

Prior to the irradiation process, the UV/Vis spectra for
all the synthesized compounds were measured. The values
for the maximum wavelengths and the extinction coeffi-
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cients of the bands found for each compound in acetonitrile
are presented in Table 2. We can conclude that a batho-
chromic shift of the maximum wavelength of absorption
takes place when R! is changed from a methyl (2i; entry 8)
to a phenyl (2b; entry 2) group due to the extended conjuga-
tion. A redshift also occurs when R! = Me and R? varies
from Ph (2h; entry 7) to p-MeOPh (2f; entry 9), p-NO,Ph
(2I; entry 11), or 3-thiophene (2q; entry 16). Finally, it
should be highlighted that compounds with R! = Ph (2¢
and 2d) present absorption in the visible region (see UV/Vis
spectrum of 2¢, Figure 1). Depending on the applications,
this is a relevant feature in an efficient photoswitch, be-
cause, in this case, low-energy light could be used; this is a
required condition in biological media in which more ener-
getic light could damage the system.

Table 2. UV/Vis spectra for molecular photoswitches 2.

Entry R! R? Compd. Amax (nM)/2

M 'em™) in

CH;CN

1 Ph Ph 2a 360 /81673
2 Ph p-Tol 2b 367 /33333
3 Ph p-MeOPh 2¢ i

403 /32821
4 Ph 0-MeOPh 2d 385712354

403 /10704
5 Ph p-BrPh 2e 366 /37839
6 Ph 0-BrPh 2f 366 /10492
7 Me Ph 2h 3271726633
8 Me p-Tol 2i 336 /39091
9 Me  p-MeOPh 2j 355728261
10 Me  0-MeOPh 2k 363 /27900
11 Me p-NO,Ph 21 350/24769
12 Me  p-CNPh 2m 334 /39000
13 Me p-CO,MePh 2n 331/20909
14 Me  p-BrPh 20 333 /24407
15 Me 2p 342 /25490

A

16 Me —@ 2q 358720679
17 p-Tol p-Tol 2s 370/37273
18 Me o-Br 2t 330/18857
19 Ph p-NO,Ph 2u 376 /47450
20 Ph p-CN 2v 370 /45960
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The UV/Vis spectra of the compounds shown in Table 2
were measured in diverse solvents with different polarity,[!°]
acetonitrile (polarity 0.460) and chloroform (polarity
0.259), to establish whether there was any solvent effect. It
was found that the maximum absorption wavelength of the
band undergoes a slight redshift when changing from a po-
lar (acetonitrile) to a less polar (chloroform) solvent. How-
ever, in general terms, it can be concluded that the UV spec-
trum does not change significantly with the solvent.

Irradiation

From the analysis of the UV/Vis spectra it can be con-
cluded that for irradiating the different compounds, a Pyrex
filter can be used to avoid radiation below 290 nm (see Fig-
ure 1). Thus, a 125 W medium-pressure Hg lamp was used
as light source. The results obtained upon irradiation of
0.01 m solutions of several compounds in acetonitrile in an
immersion well reactor are shown in Table 3. The photo-
isomerization process was followed by 'H NMR spectro-
scopic analysis at time intervals until a photostationary
state (PSS) was reached. Integration of the '"H NMR signals
corresponding to each isomer provided the isomeric ratio
at a given irradiation time. Depending on the photoswitch
2, the irradiation took from 1 to 3 h to reach the PSS.

Some conclusions could be drawn from the data shown
in Table 3. When changing R' from methyl (2h; entry 5) to
phenyl (2a; entry 1), little noticeable change of the isomer
ratio at the PSS was observed. However, the values for the
isomer ratio at the PSS did depend on the substituents on
the phenyl group in R? Thus, when R! was kept constant
(Ph) and the substituent on the phenyl group in R? was
changed from a para (2c¢; entry 2) to an ortho (2d; entry 3)
methoxy group, it was observed that the percentage of the
E isomer increased. There was also an increase of the per-
centage of E isomer present at the PSS when maintaining
R! = Me and changing R? from a phenyl (2h; entry 5) to a
heterocycle such as 3-thiophene (2q; entry 14). Finally, the
E-isomer could be obtained as the main isomer in the PSS
in the case of 2v. Therefore, it can be seen that the isomer
ratio at the PSS can be controlled by the structure.

The two isomers (Z and E) produced after irradiation
could be purified by flash chromatography on silica gel
(hexane/ethyl acetate, 10:1) and individually characterized.
The isolated Z and E isomers could then be used to study
the kinetics of the isomerization reaction. For this purpose,
in two Pyrex NMR tubes, solutions of E- and Z-2k of the
same concentration were prepared in CDCl;. The isomer
ratio extracted from the 'H NMR spectra were then plotted
against irradiation time (Figure 2) for samples with 100%
Z-2k or E-2k isomer at the beginning of the reaction (¢;.q
= 0 min). From the linear relationship of In[Ay]/[A] vs. irra-
diation time for the first points of each graph of Figure 2,
the kinetic constant of each process was calculated and,
thus, the value of the relative kinetic constant that relates
the speed of both processes was determined. In this particu-
lar case, if k. ;= 1, then ky_ , = 3, which means that the
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Figure 1. UV/Vis absorption spectrum of Z-2¢ in acetonitrile.

E—Z isomerization process is three times faster than the
Z—F reaction. The values of the isomerization quantum
yield have only been calculated for the Z—FE and the E—Z
processes of compound 2h. These values have been pre-
viously reported.[''a]

The isomer ratio remained unchanged upon heating for
several hours (50°C in the dark), samples that had pre-
viously reached the PSS. Only when samples were heated
in refluxing toluene did the mixture slowly revert to the
thermodynamically more stable Z isomer. These results im-
ply a fast photoisomerization and a high thermal stability,
which is quite general for this family of compound.['!]

To gain deeper insight into the factors that control the
photoisomerization, we then undertook detailed study of
the photophysics and photochemistry of the oxazolone de-
rivatives. The excited state multiplicity of the electronic
states involved in the photoreaction were first explored. For
this purpose, three samples of the same switch were irradi-
ated simultaneously under different reaction conditions.
Three solutions of 2¢ in CDCl; (0.05 M) were prepared in
Pyrex NMR tubes; the first was deoxygenated and used as
reference, the second sample was saturated with O, (triplet
quencher) by bubbling air for 15 min, and the third sample
was deoxygenated and cis-piperilene (triplet quencher,
5 equiv.) was added. The three samples were simultaneously
irradiated for 20 min with a 125 W medium-pressure Hg
lamp. After irradiating, the '"H NMR spectra of the samples
were recorded to determine the isomer ratio at the given
irradiation time. In all three cases, the isomer ratio was
80=1)% Z and (20 £ 1)% E. Because the isomer ratio re-
corded after irradiating the samples for the same length of
time were similar, it is plausible that the progress of the
reaction took place through electronic states of singlet mul-
tiplicity, since the triplet quenchers had no effect on the
outcome of the reaction. However, the photochemical prod-
uct might be formed on a timescale that is too short for a

4 WWW.Eurjoc.org
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quencher to intercept the excited state responsible for the
photochemical transformation. In this case, the use of time-
resolved spectroscopy could afford complementary data.

Theoretical Calculations

As discussed above, one of the key aspects of these
photoswitches is their high thermal stability. Thus, we also
performed a detailed computational study of the thermal
reversion of the photoisomer. A deeper insight into this
process is relevant to check the efficiency of the photo-
switches in different applications as well as to allow for the
rational design of new modifications. For this purpose, den-
sity functional theory (DFT) was used; a detailed descrip-
tion of the computational methods can be found in the Ex-
perimental Section.

We started our computational study by exploring the rel-
ative stability of the different isomers, including the steric
and electronic factors introduced by the substituents R! and
R? that could affect the thermal isomerization. We com-
puted both isomers (Z and E) of several compounds to ex-
plore the effect of substitution. First, the effect of the
methyl vs. the phenyl groups (substituent R') in the ox-
azolone ring was examined by computing the relative ener-
gies of isomers of 2h and 2a (see Figure 3). The change in
substituent R! from methyl group to phenyl produces no
significant variation in either the geometry or relative en-
ergy. All four compounds are planar and the bond lengths
are very similar (only variations in the third decimal were
found), including the C=N bond close to the modified sub-
stituent. Moreover, the energetics are essentially the same
because their variations are below the theoretical threshold
for the method used. Thus, from a thermal reactivity per-
spective, the inclusion of Ph or Me should provide similar
results. However, the phenyl group should be relevant for

Eur. J. Org. Chem. 0000, 0-0
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Table 3. Photostationary state for molecular photoswitches 2. (@ o Y
i " )= /
Entry R! R? Compd. Ratio at PSS i " . Q\%)\
%NZ %E MeO, ove
Z2k E-2k
1 Ph Ph 2a 75 25 80 %,
..
2 Ph p-MeOPh 2c 83 17 2
£ 604
3 Ph 0-MeOPh 2d 65 35 8 —— Zisomer
g —e— Eisomer
4@ Ph p-BrPh 2e 75 25 2 40-
5 Me Ph 2h 85 15 ST . »
20 ¢
6  Me p-Tol 2 8 15 !
7 Me p-MeOPh 2j 85 15 0 v T T T T T v T T T
0 20 40 60 80 100
8 Me 0-MeOPh 2k 64 36 t (minutes)
ol Me p-NO,Ph 21 83 17
108 Me p-CNPh 2m 75 25 (b) :
0,
118 Me p-MeCO,Ph 2n 80 20 3 e .
7 N/>\ . N N/>\
124 Me p-BrPh 20 85 15 1004 Lo s
E-2k Z2k
80
S toot——¢——0——
13 Me 2p 83 17 © »
£ 60-q
£ —— Zisomer
2 1 —e— Eisomer
S 2
14 Me 2 60 40 higl \'\.
\ $ e — o o e
20
154 Me o0-Br 2t 60 40
0 T T T T T
16" Ph p-NO,Ph 2u 80 20 0 20 40 60 80 100
t (minutes)
17 Ph p-CN 2v 45 55

[a] Competing side reactions leading to partial photodecomposi-
tion were detected in the crude reaction mixture.

the photochemical reactivity because the extended conjuga-
tion leads to a redshift in the UV spectrum.

We next explored the effect of the electronic character of
the substituent in the phenyl group of substituent R? by
computing the energy-minimized structures of compounds
2v and 2¢, in which either an electron-withdrawing (cyano)
or electron-donating (methoxy) group is attached to the
phenyl ring. The results obtained are shown in Figure S1.
Again, the influence of the electronic character of the sub-
stituent in the phenyl group of substituent R? is limited.
Only a slight variation in the central C=C bond length was
found [1.358 A in the cyano-substituted compound (2v) vs.
1.361 A in the methoxy product (2¢)]. The same bond has
a length of 1.359 A in the parent, unsubstituted product
2a. This could be related to an increased energy barrier for
thermal isomerization in the former compound, although
the difference is very small. Finally, the effect of substitu-
tion in the ortho position in the phenyl group of substituent
R? was explored by computing the energy-minimized struc-
ture of compound 2f (Figure S2). In the case of ortho-sub-

Eur. J. Org. Chem. 0000, 0-0
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Figure 2. Isomer ratio vs. irradiation time starting from 100% Z-
isomer (a), and 100% E-isomer (b) of compound 2k.

¢ ¢

(0.0)

(0.0)

(2.80)

Figure 3. Z and FE isomers and relative energies [kcal/mol] for com-
pounds 2h (top) and 2a (bottom).

stituted compounds, two different isomers can exist, each
of them with two different conformers. For every central

C=C configuration (Z and E), two different conformers are
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possible due to the orientation of the substituent in the aro-
matic ring. In this case, however, due to the size of the bro-
mine atom, the two structures in which the Br atom is lo-
cated near the oxazolone ring are clearly more unstable,
presumably for steric reasons. This causes the molecule to
move away from the planar disposition that is common to
other compounds, especially when the Br atom is very close
to the carbonyl moiety. Moreover, in the other two species
with the Br atom located far from the oxazolone ring, a
similar behavior is found in the relative stability of the Z
and E isomers, the planar disposition of both molecules,
and the central C=C distance (1.359 A for the most stable
isomer).

We also checked the feasibility of thermal isomerization.
As shown above, only minor variations can be expected for
the thermal reaction because the three types of structural
modifications investigated experimentally had very limited
effect on the energy and structure of the isomers. Thus, we
explored the thermal isomerization path of 2a, which has
one of the simplest structures among this type of com-
pound. The transition structure that connects both isomers
is shown in Figure 4. This geometry is placed 61.9 kcal/mol
higher in energy than the most stable isomer. The geometry
features a twist of 87.5° between the rings that is consistent
with the E/Z isomerization process together with a slight
elongation of the central C=C bond (1.368 vs. 1.359 A) in
the most stable isomer, while the torsion angle between the
vinylic hydrogen atom and the oxazolone ring is only 39°.
Although the double bond character is maintained in this
transition structure, the deformation of the geometry
clearly points to a C=C isomerization, as shown by the pyr-
amidalization of the C atom next to the aromatic ring and
the dihedral angle between the rings. A frequency calcula-
tion on the transition structure allowed the transition vec-
tor to be obtained (Figure S3), with an imaginary frequency
of 182.7 cm™!. The main deformation associated with this

Energy
(kcal/mol)
70 4
60
50
40 4

30

vector is the hydrogen atom movement that connects the
transition structure to the two valleys in the potential en-
ergy surface relative to the £ and Z isomers.

| 9%

Figure 4. Transition structure for the ground-state isomerization of
2a.

As a final step for the transition structure characteriza-
tion, we performed an Intrinsic Reaction Coordinate (IRC)
calculation; the results are shown in Figure 5.

As discussed above, only slight modifications are ex-
pected for compounds with variations of the structure. The
high energy value computed for the transition structure is
in agreement with the thermal stability found for this type
of compound; these compounds were found to be stable to

Eisomer Zisomer
20 -
10 -
L 2
0 r T T T T T * 4 )
-4,5 -3,5 -2,5 -1,5 -0,5 0,5 18 25 35 4,5

Intrinsic reaction coordinate (a.u.)

Figure 5. IRC starting from the computed transition structure of 2a.
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tion was detected only after heating in toluene at 100°C.

Conclusions

We have presented a comprehensive study of the synthe-
sis and properties of a family of molecular photoswitches
inspired by the GFP chromophore. These compounds show
some features that make them promising candidates for use
as light-activated switches in different applications. Oxa-
zolone-based switches are easily synthesized in good yields
and several functional groups can be incorporated within
the basic structure. The choice of the substituents and sol-
vents can be made on the basis of the projected application
but also depending on the required photochemical features.
The high thermal and photochemical stabilities should pro-
vide these switches with desirable fatigue resistance. The
computational data allows an understanding of this key fea-
ture. The main drawback of oxazolones as photoswitches is
the nucleophilic ring opening, and this issue should be
solved before this type of compound could be used in bio-
logical applications. A detailed theoretical study of the
photoprocesses could provide the necessary data for the de-
sign of improved versions of these photoswitches and also
for tuning the switching properties to the requirements of
specific applications. Future work on these systems will
focus on the effect of light on these compounds once incor-
porated in complex systems.

Experimental Section

General Procedure for the Synthesis of Azalactones 2a—v: To a mix-
ture of amino acid 1 with the appropriate substituent R! (1 equiv.,
20 mmol) and sodium acetate (1 equiv., 20 mmol) in acetic an-
hydride (18.4 mL), was added the corresponding aldehyde with the
required R? group (1 equiv., 20 mmol). The resulting mixture was
stirred for 4 h at 100-110°C, then stirred overnight at 25°C. After
this time, the target azalactone precipitated and was separated by
filtration and washed with cold Et,O (100 mL). The resulting solid
was purified by flash chromatography on silica gel (hexanes/EtOAc,
2:1) to obtain the Z-isomer of 2a—v in 60-90% yield.

Theoretical Calculations: The common hybrid functional B3LYP
was used.[?” This is based on Becke’s three parameter scheme con-
sisting of the Slater exchange,?!! the exchange functional of
Becke88.?? and the HF exchange, as well as a mixture of the corre-
lation functionals of Vosco-Wilk—Nusairl>’l and Lee—Yang—Par.[>¥
The standard split-valence 6-31G* basis set!>’! was employed. Ge-
ometry was fully optimized without any symmetry constraint for
all model compounds. Optimized structures were characterized as
minima or saddle points by frequency calculations, which also al-
lowed the ZPE and thermal corrections with no scaling factors to
be obtained. For transition structures, intrinsic reaction coordi-
nates were also calculated at the same level of theory.?®l The
Gaussian 03 program package®”! was used for all calculations.

Supporting Information (see footnote on the first page of this arti-
cle): Synthesis, characterization data and copies of the 'H and '3C
NMR spectra for switches 2. Figures S1-S3. Cartesian coordinates
for computed structures.
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