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Abstract The photoswitching behaviour of the green

fluorescent protein (GFP) chromophore and its analogs

opens up exciting horizons for the engineering and devel-

opment of molecular devices for high sensitivity in vivo

studies. In this work we present the synthesis and photo-

physical study of four GFP chromophore analogs belong-

ing to butenolide and pyrrolinone classes. These

chromophores possess an intriguing photoinduced cis–

trans isomerization mechanism. Stereochemical structural

assignment was unambiguously performed by 1D Nuclear

Overhauser Effect NMR measurements. The spectroscopic

properties of both cis and trans isomers were studied, and

photoconversion quantum yield for cis–trans isomerization

was assessed to be in the 0.1–0.4 range. Finally, the 3JC,H

coupling constant in the 13C–C=C–H motif was in excel-

lent agreement with theoretical DFT calculations, thus

providing a further confirmation of cis–trans photoiso-

merization of the structurally analog GFP chromophore.

Keywords GFP chromophore � Photoswitching �
Cis–trans isomerization � 3JC,H coupling � 1D-NOE

Introduction

Photoinduced alterations of physicochemical properties of

organic molecules are increasingly studied in view of

engineering new photoresponsive nanodevices tailored to

different applications. Among others, optically bistable

(referred to as photochromic or photoswitchable) mole-

cules are particularly promising for the real-time fluores-

cence imaging of biological samples at the nanoscale.

Indeed, a wide range of techniques (Betzig et al. 2006; Hell

2007; Hess et al. 2006; Rust et al. 2006) exploit the light-

driven saturable optical transitions between the two states

of a photochromic fluorescent probe [a process generally

denoted as RESOLFT (Schwentker et al. 2007)] to break

the light’s diffraction barrier and image living matter at the

nanoscale by means of optical microscopy setups (Hell

2009). Photoswitchable molecules can also be fruitfully

used as part of fluorescent indicators based on the reso-

nance energy transfer between two optically complemen-

tary molecules: photoswitching allows modulating the

energy transfer process temporally, thereby increasing the

measurement sensitivity (Bizzarri et al. 2010; Yan et al.

2011). Finally, reversible photoswitching can be used to

address sequentially different sample regions in fluorescent

microscopy (Ando et al. 2004).

Nature is a continuous source of inspiration for the

design of photoactive molecules, owing to the widespread

use of photoinduced processes in living organisms. Auto-

fluorescent proteins (AFP), originally derived from sea

organisms, constitute the family of the most popular fluo-

rescent probes for intracellular microscopy studies owing

to their genetic encoding of fluorescence (Stepanenko et al.

2008). Recently, the efficient cis–trans photoisomerization

of the internal chromophore has been described for several

AFPs, and it is the basis for the reversibly photoswitchable
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fluorescence of these fluorescent probes (Abbruzzetti et al.

2010; Ando et al. 2007; Andresen et al. 2007, 2008;

Bizzarri et al. 2010; Fernandez-Suarez and Ting 2008; Luin

et al. 2009). Actually, the cis–trans photoisomerization is

an intrinsic hallmark of the imidazolinone AFP chromo-

phore, as demonstrated by several groups including us

(Dong et al. 2008; Voliani et al. 2008). It is worth noting

that AFP synthetic chromophore analogs such as p-HBDI

[the chromophore analog of archetype wild-type green

fluorescent protein (Kojima et al. 1998; Niwa et al. 1996)]

are characterized by a striking photoswitching yield of 0.1

and above (1 out of 10 absorbed photons activate photo-

switching), whereas efficiencies two to three orders of

magnitude lower are found in the corresponding proteins

on account of the hampering effects of the protein tertiary

structure on the photoisomerization process. Thus, AFP

chromophore structures can be considered as a promising

starting point for engineering new photochromic molecules

working either in absorption or in fluorescence.

In this work, we focused on two butenolide (B1 and B2)

and two pyrrolinone (P1 and P2, Scheme 1) derivatives

that are related to AFP chromophores but contain an

additional phenyl ring linked to the five-member hetero-

aromatic ring (Scheme 1). B2 and P2 differ from B1 and

P1 by the presence of two electron-donating methyl ether

groups in this second phenyl ring. Besides their peculiar

electronic property, these groups are intended to mimic

lateral chains for further chemical functionalization. A

similar approach was recently followed by us in the design

and development of solvatochromic coumarin probes

(Signore et al. 2009, 2010).

The synthesis of these four compounds has been previ-

ously demonstrated to lead uniquely to the (Z)-isomer

(Bourotte et al. 2004); however, no data on photoisomer-

ization processes have been reported. Here, we demon-

strate that these four compounds all undergo very effective

cis–trans photoisomerization associated with photos-

witching yields comparable to AFP chromophore deriva-

tives. Notably, the configurational assignment was carried

out by structurally tailored NMR measurements and their

interpretation in view of theoretical calculations. This

strategy was indeed developed to allow for a prompt and

general identification of photoisomerization characteristics

in AFP chromophore analogs.

Materials and methods

Chromophore synthesis (Scheme 2)

The butenolide chromophores were synthesized according

to the reported procedure that involves the cyclization

of either 3-benzoylpropionic acid or 3-(3,4-dimethoxy-

phenyl)propionic acid upon reaction with stoichiometric

benzaldehyde by heating with acetic anhydride, in the

presence of sodium acetate. A mixture of 10 mmol of

benzaldehyde, 10 mmol of 3-benzoylpropionic acid,

10 mmol of sodium acetate and 5 ml of acetic anhydride

was heated under reflux until crystals separated. After

cooling, the reaction was poured into water, and the solid

product was filtered, washed with water and finally re-

crystallized from 95% ethanol. Pure products were easily

obtained by filtration. Yields: 51% (B1), 46% (B2).

The pyrrolinone chromophores were synthesized from

the butenolide analogs (0.7 mmol) in an MeOH suspension

(5 ml) with 2 ml of 30% ammonia solution and 0.2 ml of

glacial acetic acid, according the reported procedure. The

mixture was stirred and heated under reflux for 5 h. The

solution was evaporated to dryness, and CH2Cl2 (5 ml) was

added. The solid product was filtered and washed with

water. Yields: 31% (P1), 50% (P2).

Analytical data for the compound of butenolide class

(B1 and B2) are as follows: B1: 1H NMR (300 MHz,

DMSO) d 8.06 (bd, 4H, H3, H4), 7.81 (s, 1H, H1), 7.67

(bm, 6H, ArH), 7.57 (s, 1H, H2); 13C NMR (75 MHz,

DMSO) d 169.43, 156.71, 135.86, 131.94, 131.34, 131.27,

129.82, 129.67, 129.14, 128.45, 126.01, 125.32, 101.82.

B2: 1H NMR (300 MHz, DMSO) d 7.85 (bd, J = 7, 2H,

H3), 7.46 (bm, 4H, ArH), 7.44 (s, 1H, H1), 7.42 (dd,

JH4H5 = 11, JH4H40 = 2, 1H, H4), 7.30 (s, 1H, H2), 7.07 (d,

J = 11, 1H, H5), 3.85 (s, 3H, OCH3), 3.81(s, 3H, OCH3);
13C NMR (75 MHz, DMSO) d 169.67, 156.89, 151.81,

149.81, 135.34, 134.17, 131.12, 130.99, 129.81, 125.45,

120.98, 119.57, 112.46, 109.17, 100.02, 56.54, 56.36.

Analytical data for the compound of pyrrolinone class

(P1 and P2) are as follows: P1: 1H NMR (300 MHz,

DMSO) d 10.58 (bs, 1H, NH), 7.89 (bd, J = 7, 2H, H3),

7.83 (db, J = 7, 2H, H4), 7.45 (bm, 6H, ArH), 7.18 (s, 1H,

H1), 6.91 (s, 1H, H2); 13C NMR (75 MHz, DMSO)Scheme 1 Structures of chromophores B1, B2, P1 and P2
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d 171.58, 146.58, 136.09, 131.67, 130.97, 130.54, 130.35,

130.26, 130.08, 129.67, 129.44, 126.24, 97.95. P2:1H NMR

(300 MHz, DMSO) d 10.66 (bs, 1H, NH), 7.95 (bd, J = 7,

2H, H3), 7.59 (bm, 5H, ArH), 7.24 (s, 1H, H1), 7.18 (dd,

JH4H5 = 11, JH4H40 = 2, 1H, H4), 6.94 (s, 1H, H2), 4.00

(s, 3H, OCH3), 3.96 (s, 3H, OCH3).

Upon photoconversion of the cis form of the chro-

mophores, the following 1H NMR spectra were recorded

for the trans forms: B1 trans 1H NMR (300 MHz, DMSO)

d 8.30 (bd, 4H, H3), 7.90 (bd, 4H, H4), 7.64 (bm, 6H, ArH

and H1), 7.19 (s, 1H, H2); B2 trans: 1H NMR (300 MHz,

DMSO) d 8.11 (bd, J = 7, 2H, H3), 7.46 (bm, 4H, ArH),

7.34 (s, 1H, H1), 7.27 (dd, JH4H5 = 11, JH4H40 = 2, 1H,

H4), 7.06 (d, J = 11, 1H, H5), 6.94 (s, 1H, H2), 3.82

(s, 3H, OCH3), 3.80 (s, 3H, OCH3); P1 trans:1H NMR

(300 MHz, DMSO) d 10.58 (bs, 1H, NH), 8.33 (bd, J = 7,

2H, H3), 7.74 (bd, J = 7, 2H, H4), 7.42 (bm, 6H, ArH),

7.14 (s, 1H, H1), 6.39 (s, 1H, H2); P2 trans: 1H NMR

(300 MHz, DMSO) d 10.48 (bs, 1H, NH), 8.30 (bd, J = 7,

2H, H3), 7.30 (bm, 5H, ArH), 7.03 (s, 1H, H1), 7.01

(d, J = 1, 1H, H4), 6.28 (s, 1H, H2), 3.81 (s, 3H, OCH3),

3.78 (s,3H, OCH3).

Absorption spectroscopy and photoconversion

experiments

Ultraviolet-visible (UV-vis) spectra were measured on a

Jasco 550 spectrometer (Jasco, Tokyo, Japan) supplied

with a Jasco ETC-505T thermostat.

For photoconversion experiments, solutions of chromo-

phore in organic solvents were placed in 1,500 ll quartz

cells with a 1 cm path length. In all cases the solution optical

density ranged between 0.05 and 0.1 Steady-state photo-

conversion was carried out by adopting a front-face illumi-

nation geometry while the solution was stirred continuously.

Illumination at 405 nm was provided by a diode laser (FP-

40/7AF-AV-SD5, Laser Components, Chelmsford, Essex,

UK). An Ar laser (Stellar-PRO Select 150, Modu-Laser,

South Centerville, UT) provided excitation illumination at

458 nm. Illumination power was kept below 0.5 mW to

ensure photoswitching kinetics in the time scale of seconds.

Photoconversion of concentrated chromophore solutions

(1–10 mM) in deuterated solvents was carried out by using

an Ar-Kr laser (Beamlok 2060, Spectra Physics, Mountain

View, CA) at 70 mW illumination power for times ranging

between 10 and 30 min. Solutions at photosteady state

were then diluted in selected, non-deuterated solvents

down to an optical density of about 0.05–0.1 (usually 1/100

dilution) to obtain the absorption spectra of the photocon-

verted compounds.

NMR spectrometry

NMR spectra were collected by Varian Unity 300 spec-

trometer (Varian, Palo Alto, CA, USA) at room tempera-

ture on solutions in DMSO-d6, acetonitrile-d3 or CDCl3.
1H NMR spectra were collected at 300 MHz with the

following experimental conditions: 23,998 points, 6 kHz of

spectral width, 70� pulse, 2 s acquisition time and 200

transients. 13C NMR spectra were collected at 75 MHz

with the following experimental conditions: 72,008 points,

18 kHz of spectral width, 70� pulse, 2 s acquisition time

and (1–6) 9 105 transients. 1H NMR steady-state NOE

difference experiments were collected with the Cyclenoe

pulse sequence with the following experimental conditions:

23,998 points, 6 kHz of spectral width, 90�, 2 s acquisition

time and 200 transients, satpwr = -16, sattime = 5.

DFT calculations

DFT calculations were performed using the Gaussian 09

suite (Frisch et al. 2009). Molecular structures of the

(E) and (Z) isomers were optimised at the DFT-B3LYP/

6-31G(d) level. We adopted the small 6-31G(d) basis set only

for geometry optimisation; we verified that this choice is

reliable by comparing the results with those of larger basis

sets. For the coupling constants, we employed the

6-311 ??G(d,p) basis set. B3LYP is known to have good

performances for geometry optimisation of the kind of mol-

ecules studied in this work. NMR coupling constants were

calculated using the Gauge-Independent Atomic Orbital

(GIAO) method in the general framework of response theory

(Helgaker et al. 2000), under the Gaussian09 keyword

‘‘nmr = spinspin’’ and with a 6-311 ??G(d,p) basis set. The

reliability of the DFT/B3LYP approach for calculating cou-

pling constants is also well established (Tripathi et al. 2007).

Scheme 2 Synthetic strategy

for the preparation of B1-2,

P1-2
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In the calculated J couplings, the Fermi contact term

contributes more than 95%, the paramagnetic spin-orbit

(PSO) and the spin-dipolar (SD) terms being negligible

overall (\0.05 Hz), and the diamagnetic spin-orbit (DSO)

term being on the order of a few tenths of Hz. Inclusion of

implicit solvent effects through the polarizable continuum

method (PCM) (Cossi and Barone 2001), either in structure

optimisation or in the NMR calculations, resulted in dif-

ferences of only 3% on the J couplings.

Results and discussion

Chromophore synthesis

Butenolides B1-2 as well as their corresponding pyrroli-

nonic isosteres P1-2 were synthesized according to a pre-

viously reported two-step procedure (Scheme 2; Schueler

and Hanna 1951). Final yields ranged from 31 to 51%.

NMR spectroscopic characterisation (see below) confirmed

the pure (Z) stereochemical configuration of the synthes-

ised molecules, as expected from the synthetic method

(Bourotte et al. 2004). The presence of a sole Z isomer

suggests that the thermodynamic stability of the corre-

sponding E isomer is much lower and/or the energy barrier

for the isomerization process is relatively high (note that

the synthetic step was carried out at acetic anhydride

reflux, i.e. 413 K). Consistently, in the following we shall

show that the isomerization can be promoted by light

absorption, but the thermal reaction is almost inhibited at

room temperature. DFT calculations, by using B3LYP/

6-31G(d) in DMSO with PCM (implicit solvent), allowed for

the assessment of the relative stabilities of Z and E isomers.

We found DG(Z-E)
0 = ?2.23 kcal/mol and ?1.89 kcal/mol

for the B1 and P1 compounds respectively. These figures

indicate that the molar fractions of Z isomers are 2% (B1) and

4% (B2) at 298 K, too low to be detected by NMR.

For clarity, we hereafter shall refer to the (Z) and

(E) isomers as cis and trans, respectively.

Optical properties of the chromophores

The UV-visible absorption spectra of cis chromophores are

characterised by a broad band spanning the 350–500 nm

interval and by a further band below 300 nm (Fig. 1a, b,

blue lines). Analogously with the absorption spectra of

p-HBDI, we may identify the band at lowest energy with

the p-p* transition (Voityuk et al. 1998). This transition

appears the most relevant target for photoswitching

experiments, in view of the possible incorporation of these

chromophore units in fluorescent probes tailored to cell

microscopy. We shall henceforth consider only this tran-

sition, which will be referred to as S0 ? S1. Table 1 lists

the peak maxima and extinction coefficients of S0 ? S1 of

Fig. 1 a UV-vis spectra of cis (red) and trans (blue) isomers of B2,

b UV-vis spectra of of cis (red) and trans (blue) isomers of P1,

c photoconversion of P1 (red circles) upon irradiation at 405 nm, and

fitting of the experimental data according to the adopted photokinetic

model adopted (see text), d UV-vis spectra of pure cis B1 (black line),

of B1 at photostationary state after irradiation at 405 nm (blue line),

and at photosteady state after subsequent irradiation at 458 nm (red
line)
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cis chromophores in solvents with different polarity and

H-bond capability; yet, the scarce solubility of these

compounds in water prevented the investigation of such

strong H-donor medium. Note that in all cases S0 ? S1

was found to be associated to a significant extinction

coefficient, falling in the 10,000–40,000 M-1cm-1 inter-

val. S0 ? S1 of cis pyrrolinones was red-shifted by

20–30 nm in comparison to cis butenolides (Table 1). The

presence of electron-donating methyl ether groups in B2

and P2 further displaced S0 ? S1 by 10–20 nm on the red

side of the absorption compared to B1 and P1 (Table 1).

The presence of an additional phenyl ring causes a sig-

nificant red shift (about 15 and 40 nm for B1-2 and P1-2

respectively) of the S0 ? S1 absorption transition with

respect to the imidazolinone ring of p-HBDI. Taken toge-

ther, these findings indicate the significant role of carefully

selected groups in increasing electron delocalization over

the aromatic rings. Interestingly, only a negligible effect of

solvent polarity on peak wavelength could be observed,

although the nature of solvent strongly affected the

extinction coefficients. We may tentatively attribute these

changes to slight, solvent-dependent, conformational dif-

ferences in the chromophore structures that have an effect

on the oscillator strength of the S0 ? S1.

The absorption spectra of the pure trans isomers

(Fig. 1a, b, red lines) were obtained by deconvolution of

the spectra measured after photoconversion (see below);

details of trans S0 ? S1 in different solvents are also

reported in Table 1. For all molecules isomerization to

trans form led to a well-detectable red shift of the S0 ? S1

transition and to a decrease in its extinction coefficient.

These findings are consistent with those previously repor-

ted for p-HBDI and other GFP chromophore analogs

(Voliani et al. 2008). Notably, the S0 ? S1 transitions of

trans isomers showed a similar solvent behaviour as their

cis counterparts (Table 1).

Chromophore photoconversion

Similarly to GFP chromophore analogs in solution (Niwa

et al. 1996; Yang et al. 2008; Follenius-Wund et al. 2003),

P1-2 and B1-2 showed almost no fluorescence at room

temperature (QY \ 10-2) indicating the presence of very

efficient non-radiative deactivation channels of the excited

state. The presence of an optical photoconversion channel,

eventually identified as cis-trans photoisomerization by

NMR spectrometry (see below), was assessed in P1-2 and

B1-2 by means of laser illumination at 405 nm, i.e. near the

S0 ? S1 absorption maximum. The photoconversion

kinetics was followed either by absorption spectroscopy or

by 1H-NMR spectrometry in acetonitrile or d3-acetonitrile

respectively (Fig. 1c). Photoconversion led to an intensity

decrease and a detectable red-shift of the S0 ? S1 band.

The presence of one or more isosbestic points supported

the existence of a photoprocess between two optically

distinguishable chromophore forms. At long photoconver-

sion times, the absorption spectra displayed almost no

changes, suggesting that a photostationary state was

reached where the forward and reverse photoconversion

rates were the same. When the photosteady state mixture

was irradiated at longer wavelength (458 nm), selectively

addressing the photoconverted (i.e. the trans) form, back-

photoconversion took place (Fig. 1d). Back-photoconversion,

however, did not completely restore the native chromophore

spectrum because a new photosteady state took place. This

photosteady state was generated by the residual absorption

of cis isomer at 458 nm, which implied a non-negligible

forward rate.

Table 1 Photophysical properties of the S0 ? S1 absorption transition of B1-2 and P1-2

Acetonitrile Isopropanol CCl4 AcOEt

Cis Trans Cis Trans Cis Trans Cis Trans

B1

emax (M-1cm-1) 38,500 38,600 32,600 20,200 27,700 18,800 32,500 14,800

kmax (nm) 387.5 386 387 387.5 389.5 402 387.5 387

B2

emax (M-1cm-1) 25,200 20,600 28,300 – 26,900 21,000 23,600 29,400

kmax (nm) 403.5 406.5 403.5 – 405 416.5 404 404.5

P1

emax (M-1cm-1) 21,000 17,500 14,000 6,000 16,000 13,200 18,600 10,500

kmax (nm) 413.5 425 417 427 419.5 421.5 416.5 421

P2

emax (M-1cm-1) 28,300 22,700 22,300 40,700 18,500 12,000 33,600 nd

kmax (nm) 425.5 425.5 427.5 430 430 441.5 426.5 nd
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For each chromophore, the pure molar spectrum of the

photoproduct (the trans form, At) was calculated from the

photosteady-state absorption molar spectrum (A?), the molar

spectrum of the cis isomer (Ac), and the NMR-calculated

molar fractions of cis (xc) and photoproduct (trans, xt) isomers

at photosteady state according to the following equation:

At ¼
A1 � xcAc

xt
ð1Þ

Notably, the trans chromophores at photosteady state

were found to decay back negligibly to their cis counterparts

via thermal mechanisms even at very long times after

irradiation. Thermal recovery was monitored by NMR

measurements in the dark at 30�C; in all cases thermal

recovery kinetics were monoexponential with very long time

constants of about 4–5 days (1/s * 2–3�10-6 s-1) for B1.

Other chromophores showed comparable or even slower

conversion rates.

This photophysical behaviour is consistent with the

absence in the chromophores of ionisable residues, differ-

ently from p-HBDI and consistent with the observed

behaviour of T66F GFP chromophore analog (Voliani et al.

2008). Indeed, deprotonation of the phenol group in

p-HBDI further delocalises electrons over the molecule

reducing the energy barrier to the rotation around the

exocyclic double bond; removal of ionisable protons hence

stabilises the higher-energy trans configuration at room

temperature (He et al. 2003; Voliani et al. 2008).

Absorption measurements at different times in acetoni-

trile, together with the spectra of the pure forms, allowed

for the determination of the cis-trans photoconversion

quantum yields (uc, ut) by using a kinetic model previ-

ously described by us (Voliani et al. 2008). Briefly, the

model assumes the photoconversion between two ground

states with forward (cis ? trans) and backward

(trans ? cis) rate constants linearly dependent on illumi-

nation intensity and chromophore extinction coefficients.

Under the assumption of low optical density (\0.1 Abs) of

the solution at all times, the illumination intensity can be

considered as time-independent and easily measured after

crossing the solution volume. Additionally, in such con-

ditions the solution absorbance at illumination wavelength

follows an exponential time-decay law described by:

AðtÞ ¼ A0 1þ auc ec � etð Þ
k

expð�ktÞ � 1½ �
� �

ð2Þ

a ¼ ðln 10Þ � lP
V

; k ¼ a ecuc þ etutð Þ ð3Þ

where A0 is the solution absorption at t = 0, V is the

solution volume (the solution is irradiated in a rectangular

cuvette with l optical path), P is the illumination power (in

photon mole/s), and ec, et are the extinction coefficients of

the cis and trans isomers at the illumination wavelength

respectively. The reader is referred to our previous paper

for further details (Voliani et al. 2008).

Calculated switching yields are reported in Table 2. As

already demonstrated for GFP chromophore analogs

(Voliani et al. 2008; Yang et al. 2008), the S1 decay

channel associated with photoisomerization is particularly

effective, as uc, ut were found to fall in the 0.1–0.4

interval, with uc \ ut: hence out of every 10 absorbed

photons, 1–4 would promote photoisomerization. Yet,

somewhat surprisingly, the calculated photoswitching

yields did not provide evidence of appreciable dependence

on the chromophore structure (i.e. butenolide vs. pyrroli-

none). This finding adds to the relatively similar switching

yields observed for p-HBDI and analogs (Voliani et al.

2008; Yang et al. 2008). The presence of electron-donating

methoxy groups slightly depressed ut, but the effect on uc

was negative for B2 and positive for P2 (compare B1,P1

with B2,P2 in Table 2). These results should reflect some

minor influence of the electronic distribution over the

aromatic rings on the conical intersection connecting the

two isomerization states.

1H NMR analysis

Monodimensional 1H NMR spectra exhibited the most

interesting resonances in the 6.5–9.0 ppm aromatic region.

For cis chromophores, peak attribution was carried out by

considering the predicted chemical shifts and coupling

pattern as well as spectra collected on related structures

(Fig. 2a, 1H NMR). Protons and peaks were numerically

labeled according to the structures of Scheme 1; note that

H4 of B1 and P1 become chemically non-equivalent in B2

and P2, and they are denoted as H4 and H40.

By inspecting the 1H-NMR spectrum of each chromo-

phore in native cis condition and at photosteady state after

405 nm illumination, we found that the photoproduct was

inevitably associated with downfield shift of the H3 proton

resonance and a remarkable upfield shift of the H2 reso-

nance (Fig. 2a). This difference was particularly evident in

P1 and P2, where the downfield shift of H3 was about

0.4 ppm (0.2 ppm in B1 and B2) and the upfield shift of H2

Table 2 Photoconversion quantum yields

uc ut

B1 0.24 ± 0.08 0.38 ± 0.12

B2 0.09 ± 0.04 0.25 ± 0.1

P1 0.16 ± 0.04 0.39 ± 0.09

P2 0.40 ± 0.1 0.18 ± 0.06

p-HMDI (GFP chromophore)a 0.21 ± 0.08 0.18 ± 0.02

Y66F GFP chromophorea 0.10 ± 0.02 *1

a From Voliani et al. 2008
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was about 0.6 ppm (0.4 ppm for B1 and B2). Notably, we

found that all the other aromatic proton resonances were

only slightly affected by photoconversion.

The observed changes in the 1H-NMR pattern, particu-

larly at the level of H2, were exploited to investigate the

configurational structure of the chromophores by cyclenoe

experiments (Derome 1987). Cyclenoe is a peculiar steady-

state measurement of NOE (Derome 1987) based on the

subtraction between two monodimensional 1H-NMR

spectra. The first of these spectra (sp1) is collected after a

saturation pulse in resonance with the nucleus whose sur-

roundings have to be analysed; the second one (sp2) is a 1H

spectrum associated with off-resonance saturation pulse. In

sp1 the irradiated nucleus resonance vanishes, and NOE is

transferred to spatially close nuclei thus modifying their

signal intensity (an increase is usually observed in small

molecules). Accordingly, s1-s2 results in a spectrum

where the irradiated proton resonance is inverted and only

those signals belonging to proximal nuclei survive. In our

experiments we performed cyclenoe measurements on

native and photoconverted chromophores by selectively

saturating H2 resonance attributable to the cis or photo-

product structures, which we already described as well-

separated (Fig. 2b). We chose to observe the H2 saturation

and the consequent NOE effect on spatially proximal

protons because H2 fills a central position in the molecules

(Fig. 2b); hence, cyclenoe was meant to report on the main

configurational proton arrangement in the chromophores.

Note that cyclenoe measurements were performed in

appropriate solvents found to yield a large chemical-shift

separation between H2 resonance and the other protons.

This technique proved to be very useful to obtain NOE

spectra of the photoproduct even if it was at a low con-

centration in the mixtures at photosteady state.

In native cis structures, NOE was found to deeply affect

signals due to protons on the phenyl rings (H3, H4, H40)

whereas NOE between H1 and H2 was never detected.

Conversely, in the photoconverted mixtures, the H3 signal

disappeared, the H1 resonance (singlet, 7.1 ppm) became

visible, and the H4 and H40 remained detectable. These

findings can be rationalised by considering that in the

native cis configuration H2 is close to H3, H4 and H40,

whereas in the photoproduct the molecule assumes a dif-

ferent configuration as H2 is close to H1, H4 and H40. As

depicted in Fig. 2b, the trans configuration accounts

properly for the observed NOE effects in the photoprod-

ucts. The interaction of both cis and trans H2 with both H4

and H40 strongly suggests that the phenyl ring is freely

rotating. Indeed, in the 3,4 disubstituted ring of B2 and P2,

H4 and H40 proton resonances and spectral lines show dif-

ferent chemical shift and structure (H4 yields a double

doublet at 7.4 ppm, whereas H40 is associated with a tight

doublet at 7.25 ppm), and none of them disappears in

cyclenoe subtraction. This contemporary spatial interaction

is consistent with a fast free rotation of the aromatic ring

around its 1,4-axis.

13C NMR analysis

13C-NMR helped to unequivocably identify the photo-

product with the trans isomer. A great deal of data high-

lights that 3JC,H in the 13C–C=C–H motif is particularly

sensitive to the cis or trans configuration of the double

Fig. 2 a 1H NMR spectra (DMSO-d6) of B1 (black), B2 (red), P1

(blue), and P2 (green) with assigned peaks, b cyclenoe of B2 in

CDCl3, c coupled 13C NMR spectrum of pure cis and cis ? trans B1

(solvent: DMSO-d6)
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bond, with 3JC,H
trans [ 3JC,H

cis . In 1975, Vogeli et al. (Vogeli

and Philipsborn 1975) systematically investigated vicinal

C,H spin coupling in tri-substituted alkenes: for a,b-

unsaturated lactones they reported 3JC,H
cis = 7.5 and

3JC,H
trans = 14.3 respectively. Notably this stereospecific

effect on 3JC,H is enhanced whenever the carbon under

observation is unaffected by c-effect (e.g. a quaternary

carbon). Accordingly, we focused our attention on the

quaternary carbonylic carbon (resonance around 170 ppm),

which is present in all chromophores; this carbon will be

henceforth referred to as Cq.

In B1 and B2 we found that Cq coupled with both H1

and H2. Nonetheless, 3JC,H2 is quite similar for both the

native cis structures and the corresponding photoproducts,

being around 9 Hz (Table 3; Fig. 2c). On the other hand,
3JC,H1 was found to be very different in cis isomer

(3JC,H1
cis = 7.4 Hz) and in the photoproduct (3JC,H1

trans =

13.9 Hz) (Table 3; Fig. 2c). Under the assumption that

photoconversion corresponds to cis–trans isomerization,

we carried out GIAO/DFT calculations of the 3JC,H cou-

pling constants in B1 and P1, and we compared them with

the experimental data (Table 3). Our theoretical method

was also put to the test by calculating the 3JC,H for the cis

and trans isomers of p-HBDI and the analog of B1 where

the carbon atom in position 4 is replaced by a nitrogen

atom. The experimental values of 3JC,H for the latter

compounds in both cis and trans form are available from

previous reports (Prokofev and Karpeiskaya 1979; Voliani

et al. 2008). Excellent agreement between experimental

and theoretical values emerged for all compounds for both

configurations (Table 3). This finding allowed us to

identify the photoconversion process with cis–trans

photoisomerization; this attribution was also strongly

supported by our 1H-NMR cyclenoe measurements. Due

to the strict structural homology between the structures

examined in this work and the already reported GFP

chromophore, the present work is a conclusive validation

of the photoinduced conversion from cis to trans form in

GFP-like structures.

An interesting trend can be recognised from the data

reported in Table 3. Both cis and trans 3JC,H1 gradually

decrease upon increasing the substitution of the 5-term

ring with heteroatom (N, O). Theoretical calculations, in

agreement with experiments, indicate that this behaviour

is related to the density of positive charge on the het-

eroaromatic ring, which decreases with heteroaromatic

substitution.

Conclusion

In this work we synthesized four photoswitchable systems

sharing a close structural relationship with the GFP chro-

mophore. The selected structures were synthesized in high

yields by means of a flexible and straightforward procedure

that is insensitive to the nature of the reactants. Hence,

future functional derivatives will require only an appro-

priate choice of the starting reactants and only minor

changes of the reaction protocol will be required in order to

gain access to suitably functionalized photoswitchable

molecular probes. Accurate NMR measurements lead to

unambiguous determination of the configuration of the

chromophores in both native form and after photoirradia-

tion at absorption maximum. Notably, a precise attribution

of NMR signals was performed by means of 1D-NOE

experiments, both for the cis and for the trans isomer.

Coupled 13C NMR spectra were collected for selected

structures, and comparison with DFT calculations allowed

us to establish a strict correlation with the coupling con-

stants of the GFP chromophore. With this correlation, we

could further confirm the presence of a cis-trans photo-

isomerization mechanism for the GFP chromophore.

The photophysical examination of the synthesized

structures provided evidence of a major red-shift effect

(15–40 nm) of the additional phenyl ring on the absorption

spectrum compared with GFP chromophore analogs.

Indeed, these compounds can be photoaddressed by illu-

mination sources in the visible range of the spectrum, being

Table 3 Experimental and calculated 3JC-H (in Hz) coupling constant for four classes of GFP analogs

B1 P1 Oxazolone GFP chromophore

Cis Trans Cis Trans Cis Trans Cis Trans

Calculated

H1 7.7 12.8 7.38 11.12 5.39 10.71 5.13 9.41

H2 9.2 7.5 8.21 6.64 – – – –

NH – – 2.19 2.31 – – – –

Experimental

H1 7.4 13.9 7.0 12.7 5.5 12.5 4.4 8.8

H2 9.9 8.5 8.9 7.4 – – – –

NH – – nd nd – – – –
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therefore much more suitable for applications involving

living systems. In accordance with previous results on

similar structures, photoconversion quantum yields were

found to be usually very high (/[ 0.1). In contrast with

the GFP chromophore, however, the thermal decay channel

from the high energy trans isomer to the cis isomer was

nearly absent. Taken together these results point out the

remarkable purely optical switching control of these new

photochromic molecular systems. The absence of reactive

sites on the probe makes these structures insensitive to

usual physiologic conditions.

Overall, the reported photoswitchable structures possess

intriguing photophysical properties and represent promis-

ing tools in biophysical research. Further studies are in

progress in order to incorporate these structures as

switching units in more complex molecular devices for

high-resolution imaging of living samples.
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