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Modulation of the carboxamidine redox potential through 
photoinduced spiropyran or fulgimide isomerization. 

M. Crawford Andrews,a Ping Peng,ab Amit Rajput,ad Anthony F. Cozzolino*a 

Carboxamidines functionalized with either a spiropyran or fulgimides photoswitch were prepared on multigram scales. The 

thermal, electrochemical, and photochemical ring isomerizations of these compounds were studied and the results 

compared with related systems. The photochemical isomerizations were found to be reversible and could be followed by 1H 

NMR and UV-vis spectroscopy. The spiropyran/merocyanine couple was thermally active and an activation enthalpy of 116 

kJ/mol was measured for ring-opening. These measurements yielded an enthalpy difference of 25 kJ/mol between the open 

and closed states which is consistent with DFT calculations. DFT calculations predicted a charge transfer to the 

carboxamidine group upon ring closure in the fulgimide and a charge transfer from the carboxamidine group upon switching 

the spiropyran to the merocyanine form. This was confirmed experimentally by monitoring the change in the oxidation 

potential assigned to the carboxamidine group. The potential of these molecules to therefore act as a new class of 

photoresponsive ligands that can modulate the ligand field of a complex is discussed.

Introduction 

Stimulus-responsive molecules show promise in many fields, 

including data storage,1,2 drug-delivery,3,4 detection,5 and 

catalysis.6,7 Light is a particularly attractive stimulus because it 

can be easily tuned and varied, the stimulus can be applied 

instantaneously, and there are no by-products associated with 

it. Light has been used to produce chemical changes in a variety 

of ways, such as the oxidation of water or organic compounds 

by producing hydroxyl radicals over TiO2
8–10 or the reduction of 

water to produce H2 facilitated by [Ru(bpy)3]2+. In the 

[Ru(bpy)3]2+ complex, the ligands play a crucial role in the 

reduction of water, as this complex must undergo metal-to-

ligand charge transfer in order for the reaction to take place.11 

Alternatively, photoswitchable molecules can be used to affect 

the ligand field. Certain photoswitchable molecules undergo a 

concomitant isomerisation and change in π-framework upon 

irradiation. This, in turn, can affect the electronic structure of a 

pendant ligating group.12–14 Photoswitchable moieties have 

been used in combination with neutral σ-donor/π-acceptor 

ligating groups, particularly, N-heterocyclic carbenes (NHC)15–17 

and 1,10-phenanthrolines.18–23 Fig. 1 illustrates some examples 

where the photoswitchable ligand induces a measurable change 

in the ligand field. Fig. 1a illustrates the first example of a 

photoswitchable ligand, 4-styrylpyridine, being used to induce 

a change in spin state at the metal. Here, the change in the 

ligand field was too small for the effect to be observed at room 

temperature.24 Fig. 1b illustrates a more recent example where 

photoisomerisation of a diarylethene derivatised ligand induces 

room temperature spin-crossover.23 Fig. 1c shows a system 

where the changes in the carbonyl stretches are observed as a 

as a function of irradiation induced switching.18 Fig. 1d 

illustrates the use of a photoswitchable carbene ligand on 

rhodium that modifies the rate of hydroboration upon 

irradiation.16 Earlier studies on this ligand measured a change in 

the Tolman electronic parameter (TEP) upon switching of 6 cm-

1, which is equivalent to the change in donating ability from that 

of a carbene to that of some phosphines.15 Key to these 

advances is the ability of the photoinduced isomerization to 

push or pull electron density to or from the ligating group. The 

more pronounced the effect, the larger the response in the 

complex. 
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Fig. 1. Notable examples of complexes with photoswitchable ligands that have 

measurable effects on the ligand field.16,18,22,24 

Despite these exciting possibilities in the use of photochromic 

molecules to modulate the ligand field, most studies focus on 

varying pendant groups to modify the switching behaviour, 

rather than vice versa. As such, the degree to which a 

photoswitch can affect the electronic properties of a pendant 

group is not well established. In this study, carboxamidines (Fig. 

2a) were chosen as a pendant group around which to 

incorporate the photoswitches because they are well 

established as ligands in the field of coordination chemistry, 

they have not been explored as a pendant group on 

photoswitches, and they provide up to three opportunities to 

tune the molecule. The amidine moiety (Fig. 2a, blue) can 

support the photoswitchable moiety at either the amine or 

imine nitrogen (yellow and red, respectively). By varying 

substitutions at the other nitrogen, control can be exerted over 

solubility, sterics, and electronics.25,26 Variations at R3 (green) 

allow tuning of the bite angle, solubility and electronic 

structure. The photoswitchable moieties that we chose to start 

with are fulgimides (Fig. 2b) and spiropyrans (Fig. 2c). Upon 

irradiation with UV-light they undergo a ring-closing or -

opening. These events are accompanied by colour changes that 

are readily followed by UV–vis spectroscopy.27,28 

 

Fig. 2. (a)  Generic carboxamidine and graphical summaries of experimentally 

determined photochemical and electrochemical pathways staring from (b) 1(o) and (c) 

2(c). 

Herein we present the synthesis of two new photoswitchable 

molecules, one incorporating a fulgimide (1) and the other 

incorporating a spiropyran (2). Structures were elucidated by IR 

and NMR spectroscopies and supplemented with density 

functional theory (DFT) calculations. Photophysical and 

electronic properties and structural changes upon irradiation 

and subsequent photoisomerization were investigated by 

absorption spectroscopy (UV–vis), cyclic voltammetry (CV), 

photoelectrochemistry, and spectroelectrochemistry. DFT 

calculations were also used to understand and supplement 

experimental results. Fig. 3 and 4 summarize the various 

photochemical, thermal, and electrochemical processes 

observed for 1 and 2. The degree of charge-transfer to and from 

the carboxamidine is evaluated electrochemically by 

monitoring the oxidation potential of the carboxamidine as a 

function of irradiation. This is corroborated by DFT calculations. 

Results and Discussion 
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Synthesis and structural characterisation 

The target molecules and the photoswitched forms are shown 

in Fig. 2b and Fig. 2c Both photoswitches were prepared from 

the same imidoyl chloride precursor (Scheme 1).29 The open 

form of compound 1, 1(o), and the closed form of 2, 2(c), were 

prepared according to Scheme 1 in multigram scales. This 

follows our strategy to design these molecules in such a way 

that the photoswitchable moiety electronically integrates with 

the carboxamidine group, while utilizing a minimal number of 

simple/scalable synthetic steps. For 1(o), the E-isomer at the 

fulgimide (Efulg) was selectively isolated by starting from the 

pure (3E)-3-[(1,3-dimethyl-1H-indol-2-yl)methylene]dihydro-4-

(1-methylethylidene)-2,5-furandione.30 Both molecules were 

characterised by high-resolution mass spectrometry and IR, 1H 

and 13C NMR spectroscopies. 

 

Scheme 1. Synthesis of 1(o) and 2(c). (a) pivaloyl chloride, Et3N, DCM (b) PCl5, DMF (c) (i) 

tert-butyl(4-aminophenyl)carbamate, Et3N, toluene (ii) trifluoroacetic acid, DCM (d) 

1,3,3-trimethyl-2-methyleneindolin-5-amine, Et3N, THF (e) acetic anhydride, toluene. 

Solid and Solution State Conformations 

A crystal structure was determined for 1(o); however, the 

quality was only sufficient to allow connectivity and 

configuration to be determined (Tables S3-S5). The crystal 

structure shows only the Efulg-isomer which is consistent with 

the synthetic approach as well as the UV–vis absorption 

spectrum (the Zfulg-isomer would be expected to absorb at 

longer wavelengths).30 1H NMR spectra taken in d6-DMSO show 

that irradiation with UV light (350 nm) results only in 1(c) as no 

peaks associated with either the Efulg-isomer or the Zfulg-isomer 

are observed (Fig. S7). Subsequent irradiation with green (530 

nm) light leads only to the Efulg-isomer of 1(o). 

 

Fig. 3. Ball and stick representation of 1(o) from low-quality single crystal data. 

In this crystalline phase, the configuration in which the aryl 

groups are both trans- to the t-butyl group (Fig S47a) is 

observed. Furthermore, based on the markedly different bond 

lengths and deviations from planarity in the crystal structure, 

we can confidently assign the tautomer where the 

photoswitchable group is bound to the imine nitrogen of the 

carboxamidine (Fig. 4, boxed species). Because single crystals of 

1(c), 2(c), and 2(o) could not be isolated, DFT calculations were 

used to elucidate the relative energies of the different 

carboxamidine tautomers and configurations for each 

photoswitch in the gas phase. Several configurations were 

modelled (Table S6), but given the small differences in energy 

among most configurations, it is likely that all configurations are 

in dynamic equilibrium under experimental conditions, i.e., in 

solution at room temperature. In both tautomers, the Z-

configuration is the lowest or nearly the lowest energy 

confirmation for 1 and 2. We have chosen to use the Z-

configuration of Tautomer 1 (boxed species in Fig. 4) for all 

subsequent calculations discussed herein for consistency, which 

is also consistent with the crystal structure of 1(o). 

 

Fig. 4. Configurations of photoswitches around carboxamidine. “PS” represents the 

photoswitchable moiety. 

Photochemical Behaviour 

Functional groups are known to influence the switching 

behaviour of spiropyrans and fulgimides. It has been shown that 

electron donating groups on the indoline moiety of spiropyrans  

and electron withdrawing groups on the opposing phenyl ring 

result in a photostationary state that strongly favours one 

isomer while electron donating groups on the indoline moiety 

can influence the rate of thermal isomerisation to the point in 
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which it competes with (or dominates over) the photochemical 

processes.31–34 Recent computational studies show that the 

photocolouration of spiropyrans with an acceptor group on the 

pyran ring (refer to compound 4 in Scheme 2) proceeds by a 

triplet state for both CO cleavage and cis/trans isomerization. 

The rate-determining step for both thermal and 

photocolouration is the subsequent cis-trans isomerisation.35 In 

fulgides, the ability of functional groups to stabilize a highly 

zwiterionic excited state (charge transferred from the 

(hetero)aromatic group to the fulgide) plays a crucial role in the 

photochromism.36 Sterics can influence the ratio of isomers that 

make up the photostationary state of fulgides.37 Substituents 

also affect the absorption spectra of both spiropyrans31 and 

fulgimides, and therefore the wavelengths that lead to 

photoswtiching.27,38,39 We wanted to determine how the 

introduction of the carboxamidine functional group to the 

photoswitchable portion of the molecule would affect the 

photoswitchable behaviour. Furthermore, we wanted to probe 

the effect of switching on the carboxamidine group. 

Depending on the concentration, solutions of 1(o) and 2(c) were 

colourless to pale yellow, and irradiation with a UV light source 

resulted in vibrant purple solutions. UV–vis spectra are shown 

in Fig. 5, and the relevant transitions are summarised in Tables 

S1 and S2. Upon irradiation of a methanol solution of 1 with 350 

nm light, the peak at 368 nm diminishes as a peak at 531 nm 

grows in (Fig. 5, left). This is consistent with the behaviour of 

fulgimides upon ring-closing (1(o) to 1(c)).40 However, the 

substitution of the carboxamidine appears to have some effect 

on the relative energies of the frontier orbitals. The HOMO-

LUMO transition (associated with the peak at 368 nm) of 1(o) is 

higher in energy than similar unsubstituted fulgimides.41–46 For 

instance, the structurally related fulgimide 3(o) (Scheme 2) 

absorbs at 400 nm. 42 The HOMO-LUMO transition of 1(c) 

(associated with the peak at 535 nm) is lower in energy than 

some fulgimides but nearly identical to that of 3(c).42 

Solvatochromic effects could be responsible for the differences 

observed, but DFT calculations predict similar, albeit small 

(~0.06 eV), differences in orbital energies between the 

carboxamidine-substituted and unsubstituted fulgimides. 

The spectra are consistent with the time-dependant DFT 

(TDDFT) calculated electronic transition energies and oscillator 

strengths shown in Table S1. The HOMO-LUMO transition of 

1(c) is lower in energy than the HOMO-LUMO transition of 1(o), 

resulting in a red-shift in the peak of interest in the absorption 

spectrum. Relevant orbitals are shown in Fig. 6. 1H NMR was 

used to determine the speciation after irradiation. In d6-DMSO, 

quantitative conversion from 1(o) to 1(c) occurs upon UV-

irradiation (350 nm) as seen in Fig. S7. 

 

Scheme 2. Unsubstituted fulgimide (3) and spiropyran (4). 

 

Fig. 5. UV–vis spectrum of 25.0 μM fulgimide 1(o) in methanol before and after 15 

minutes irradiation at 350 nm to give 1(c) (left) and 25.0 μM spiropyran 2(c) in methanol 

before and after 15 minutes irradiation at 350 nm to give 2(o) (right). 

 

Fig. 6. Frontier orbitals of (a) 1(o) and (b) 1(c) (0.04 a.u. isosurfaces). 

The absorption spectra of 2(c) has a λmax of 316 nm in methanol 

which is consistent with other donor-substituted nitro-

spiropyrans.  For instance, a methoxy group in place of the 

carboxamidine in 2(c) has a λmax of 315 nm in ethanol.31 As 2(c) 

isomerises to 2(o) under UV irradiation (Fig. 5, right) a peak 

grows in at 537 nm which is consistent with the behaviour of 

nitro substituted spiropyrans with hydrogen or electron donor 

groups in the R position (Scheme 2, 4).31 No peak diminishes 

appreciably which is again consistent with the known 

isomerisations of spiropyrans to form merocyanines.31 As 

depicted in Table S2, TDDFT calculations predict similar 

behaviour. The HOMO-LUMO transition of 2(o) shifts to a higher 
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energy transition than that of 2(c). Experimentally, no band is 

observed in this region for 2(c). Upon irradiation, a new peak 

grows in as 2(o) is formed. TDDFT suggests that the HOMO-

LUMO transition for 2(c) has a negligible oscillator strength (f) 

and is therefore not observed experimentally. This is likely 

because the HOMO is largely localised on the indoline side of 

the spiro-carbon while the LUMO is entirely localised on the 

other side of the spiro-carbon and these rings are orthogonal to 

each other (Fig. 7a). Upon opening, the HOMO and LUMO 

become coplanar (Fig. 7b) which renders this transition far more 

efficient than in the closed form leading to an observable 

absorption at 537 nm for 2(o). The HOMO-LUMO transition (537 

nm) of 2(o) occurs at higher energy as compared to the related 

spiropyran 4(o) (Scheme 2) that lacks the carboxamidine 

group.47 This is consistent with TDDFT calculations which give 

an energy difference (transition of 2(o)-transition of 4(o)) of 

0.05 eV. Fig. 7 illustrates a significant reorganisation of the 

electron density associated with the HOMO at the 

carboxamidine group. Upon switching of 2, electron density 

appears to be pulled away from the carboxamidine as a result 

of electronically connecting the electron deficient nitro 

substituted ring to the rest of the molecule. This prompted us 

to probe for a measurable change in the electronic structure of 

the redox-active carboxamidine electrochemically (vide infra). It 

should be noted that absorption spectra were calculated 

without accounting for solvent effects. This may contribute to 

the differences in λmax observed between the calculated and 

experimental spectra as shifts in the λmax of up to 30 nm have 

been observed for related fulgides and fulgimides30,48 and up to 

100 nm for related spiropyrans depending on the solvent.33,49 

 

Fig. 7. (a) HOMO and LUMO of 2(c) and (b) HOMO and LUMO of 2(o) (0.04 a.u. 

isosurfaces). 

Photochemical Stability 

In order to determine how robust the photoswitchable 

behaviours of 1 and 2 are, solutions of the compounds were 

irradiated through ten cycles of UV and visible light. It was found 

that both compounds efficiently switched under a wide range 

of UV light (254, 350, and 378 nm in methanol). 1(c) could be 

converted back to 1(o) by irradiating with green light (530 nm). 

The left side of Fig. 8 shows the reversible photoswitchable 

behaviour of 1 by monitoring the absorbance at 531 nm during 

several cycles of alternating UV and visible light. Irradiation of 

the spiropyran 2(c) with 254 nm light led to ~25% 2(o) as seen 

in Fig. 8 (right), red triangles, but resulted in decomposition 

upon repeated cycling. Irradiation of 2(c) with 350 nm light 

resulted in a lower conversion (only ~11%) to 2(o) which can 

also be seen in Fig. 8 (right). Irradiation at 419 nm or 530 nm 

could convert 2(o) back to 2(c) as depicted for ten cycles in Fig. 

8 (right). 

 

 

Fig. 8. Absorbance of a solution of 1(o) (25.0 μM in methanol) measured at 531 nm 

before and after irradiation with 350 nm light, then alternating irradiation with 530 nm 

light and 350 nm light (left) and  a solution of 2(c) (25.0 μM in methanol) measured at 

537 nm before and after irradiation with 350 nm light (black circle) or 254 nm light (red 

triangle) , then alternating irradiation with 530 nm light and UV light (right). Dashed lines 

are provided as a visual aid. 

Thermochemical Behaviour 

As 2 was found to thermally isomerise, the activation energy 

(ΔG‡) for this was determined experimentally. The Eyring-

Polanyi equation was used to plot (Fig. S16) the temperature 

dependence of the rate constant for the thermal conversion of 

2(c) to 2(o), which followed first order kinetics in methanol and 

to determine the enthalpy (ΔH‡ = 116 kJ·mol–1) and entropy (ΔS‡ 

= 0.04 kJ·K-1·mol–1) of activation. Literature values for related 

systems are on the order of 75-108 kJ·mol-1, but may be affected 

by the solvent,50 donor/acceptor groups35 or presence of 

suitable nucleophiles.51,52 This slightly higher activation energy 

is in line with the findings of Leszczynski who determined that 

systems with small bond length alternation (BLA) values, and 

therefore a greater contribution from the zwiterionic form of 

the merocyanine, had higher cis/trans isomerisation had a 

higher activation energy than the C-O cleavage and is the rate 

determining step.35 The BLA value for 2(o) is 0.004; lower than 

the calculated value for 4(o) (BLA value = 0.019) which has an 

experimental activation energy for ring opening of 102 kJ/mol. 

The ΔH‡ (90.7 kJ·mol–1) and ΔS‡ (-0.02 kJ·K-1·mol–1) for the 

reverse reaction were also determined. This gives a ΔH of 25.3 

kJ mol-1 (Fig. 9) for the overall conversion of 2(c) to 2(o). This is 

consistent with DFT calculations, which give a ΔH of 22.8 kJ mol-

1 for this conversion. The absorption spectra of 1(o) and 1(c) do 

not change as a function of time at accessible temperatures (Fig. 

S35 and S36), so it is not possible to experimentally determine 

an activation energy or change in enthalpy. 
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Fig. 9. Energy diagram for the thermal conversion of 2(c) to 2(o). 

Electrochemical Behaviour 

The carboxamidine moiety is known to be redox active.53 If 

there is efficient electronic communication between this group 

and the photoswitch, then a change in the redox potential 

associated with the carboxamidine should be observed upon 

photoinduced isomerisation. Cyclic voltammetry (CV) was first 

performed on 5 (Fig. 10) to characterize the redox response of 

the carboxamidine group under these experimental conditions. 

Consistent with literature (1.24 V vs. Ag/AgCl54), the only redox 

response observed was an irreversible oxidative wave at 0.66 V 

vs. Fc/Fc+ (Fig. S37). The CV of 1(o) (Fig. 11, left) displays two 

redox processes: one oxidation at 0.67 V and one reduction at 

E1/2 = –2.11 V. The oxidative response is irreversible and 

attributed to the carboxamidine group. The reductive response 

is quasi-reversible in nature (∆Ep = 180 mV, ipc/ipa ≈ 1) and 

consistent with the reductive responses of fulgides which have 

been shown to induce cyclisation as determine by Fox and Hurst 

(Scheme 3).55 The voltammogram of an CH3CN solution of 2(c) 

(Fig. 11, right) shows three redox processes. There are two 

quasi-reversible oxidations at E1/2 values of –0.08 V (∆Ep = 180 

mV) and 0.65 V (∆Ep = 160 mV). The first oxidation is attributed 

to the oxidation of the indole nitrogen56,57, and the latter is 

attributed to the carboxamidine group. There is one irreversible 

reduction at –1.72 V associated with the reduction of the nitro 

group.57,58  

 

Fig. 10. Diphenyl carboxamidine CV reference (5). 

 

 

Fig. 11. CV (100 mV/s) of a 1.0 mM solution of 1(o) (left) and 2(c) (right) before and after 

UV-irradiation in CH3CN (0.1 M in Bu4NPF6) at a platinum working electrode. Indicated 

peak potentials are in V vs. Fc/Fc+. Time interval indicated is time of irradiation. Arrows 

indicate direction of scan. 

 

Scheme 3. First examples of reversible electrocyclisation in fulgides.55  

Photoelectrochemistry 

Given that the carboxamidine group is electrochemically active, 

photoelectrochemical experiments were performed to 

determine the extent to which the photoisomerisation would 

affect the oxidation potential of the carboxamidine group 

(oxidation event around 0.7 V) in 1(o) and 2(c). This would be an 

important measure of the ability of the photoswitch to 

influence the electronic structure of a ligating group and, 

ultimately, the ligand field in a manner analogous to redox 

switchable ligands.59–62 Solutions of 1(o) and 2(c) were 

irradiated with 254 nm UV light at 30-minute intervals. After 

each 30-minute interval, a voltammogram was recorded. 

Photoisomerisation of 1(o) to give 1(c), results in a cathodic shift 

of the oxidative wave to 0.44 V and an anodic shift of the 

reductive wave to –1.81 V (Fig. 11, left, Table 1). This implies 

that the carboxamidine group of 1(c) is easier to oxidize by 0.23 

V and would therefore be a more reducing ligand if bound to a 

metal than the open form, 1(o). This is consistent with the 

calculated change in the HOMO of 1, where the closed form has 

a HOMO that is 0.19 eV less stable than the open form. For 2(c) 

at t = 0, three redox responses were observed at 0.65, –0.08, 

and –1.72 V, respectively, but after 30 minutes of UV-irradiation 

to give 2(o), the redox responses shifted anodically to 0.76, 

0.01, and –1.62 V, respectively (Fig. 11, right, Table 1). Here, the 

implication is that the carboxamidine group of 2(o) is harder to 

oxidize upon switching to 2(o) as compared to 2(c) and would 

therefore be a more oxidizing ligand if bound to a metal than 

the closed form. Since this is the second oxidative wave, the 

same analogy to the changes in the HOMO energy levels cannot 

be easily made. It should be noted that 2(c) does not convert 

completely to 2(o) upon UV-irradiation (vide supra). The 

observed redox responses are, therefore, a convolution of both 

2(c) and 2(o) isomers. 

Samples of 1(c) and 2(o) could be isolated. Irradiation of a 

dichloromethane solution of 2(c) led to the precipitation of 2(c). 

Scale-up allowed the precipitate to be isolated and it was 

characterised as pure by 1H NMR. The removal of solvent from 

irradiated solutions of 1(o) in DCM allowed for the isolation of 

pure 1(c) as confirmed by 1H NMR. CVs were recorded for the 

isolated switched forms (1(c) and 2(o), Fig. S40 and S41 

respectively) and found to be virtually identical to the CVs that 

were recorded when the compounds were irradiated in situ. 

The similar results from both experiments on 2(o) are likely due 

to thermal equilibration that occurs upon dissolution. 
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Fig. 12. Charge distribution from summed Hirshfeld charges for photoswitchable 

molecules. The colour designates group of atoms to which the charge corresponds. 

Table 1. Redox potentials (V) of 1(o) and 2(c) before and after irradiation with 254 nm 

light for given time intervals. Calculations were done with B3LYP functional, TZV(d) basis 

set. 

1(o) 

 
Eox of 

carboxamidine 

(V) 

E1/2ox 

(V) 

E1/2red (V) 

t = 0 0.67  –2.11 

t = 30 min 0.44  –1.81 

Experimental Eox 

of 1(c) – Eox of 

1(o) 

–0.23   

Calculated* EHOMO 

of 1(c) – EHOMO of 

1(o) 

–0.19 eV   

2(c) 

t = 0 0.65 –0.08 –1.72 

t = 30 min 0.76 0.01 –1.62 

t = 60 min 0.80 0.01 –1.63 

Experimental 

E1/2ox of 2(o) – 

E1/2ox of 2(c) 

 0.09  

Calculated* EHOMO 

of 2(o) – EHOMO of 

2(c) 

 0.05 

eV 

 

To corroborate the idea of using the switching event to push or 

pull electron density from the carboxamidine group, the 

Hirshfeld charges were calculated and summed across various 

groups within each molecule to provide a measure of the overall 

change in electron density (or charge redistribution) upon 

switching. For 1, a net increase in electron density was 

calculated for the carboxamidine group following ring closing, 

while a net decrease in electron density was calculated for the 

carboxamidine group in 2 upon ring opening (Fig. 12). These 

results are both consistent with the changes observed by CV. 

For both 1 and 2, the implication is that the ligand field 

generated by the carboxamidine group could be modulated by 

affecting a cyclisation or ring opening event in a peripheral 

group. The extent to which this effect can be transferred onto a 

metal ion will be the subject of future investigations. 

While running multiple voltammetric cycles on 1(o) and 2(c), it 

was observed that the quasi-reversible events shifted anodically 

at slower scan rates. This is consistent with CV’s of 

photoswitched molecules 1(c) and 2(o), respectively. Figs. S42-

S48 show that for CV’s of solutions of 1(o) and 2(c) at slower 

scan rates, the voltammograms begin to resemble those of the 

photoswitched forms. 

Spectroelectrochemistry 

Potentials were held constant and UV–vis absorption spectra 

were recorded over time. Compound 1(o) shows a reversible 

reduction at –2.11 V, so the potential was held at –2.35 V to 

ensure reduction occurred. Fig. 13 (left) shows the absorption 

spectral changes during electrochemical reduction of 1(o). The 

resulting spectrum exhibits an absorption maximum at 521 nm 

as seen in Fig. 13 (left). This is consistent with the ring-closing 

observed from 1(o) to 1(c) via irradiation which gives rise to a 

new absorption band centred at 531 nm, so we propose that 

this reduction event leads to a ring closing to give [1(c)]•– similar 

to what has been previously reported for related fulgide 

switches.55 The calculated SOMO of [1(o)]•– (Fig. 14a) illustrates 

how this electrochemically induced ring closing mimics the 

photoinduced ring closing. Population of the LUMO of 1(o) gives 

a virtually identical SOMO with antibonding character at the CC 

double bonds involved which facilitates conrotatory ring closing 

as shown in Fig. 14b to give [1(o)]•–. 

 

Fig. 13. UV-vis spectra recorded during controlled-potential coulometry (–2.35 V vs. 

Fc/Fc+) of a 1 mM solution 298 K of 1(o) inCH3CN containing 0.1 M Bu4NPF6. Dashed grey 

line is a 25.0 µM solution of 1(c) in methanol scaled for comparison to 

spectroelectrochemical spectra (left) and 1(o) in CH3CN containing 0.1 M Bu4NPF6. 

Dashed grey line is a 0.1 mM solution of 2(o) in CH3CN scaled for comparison to 

spectroelectrochemical spectra (right). 

 

Fig. 14. (a) SOMO of [1(o)]•– and its rotamer (shown for clarification, 0.04 a.u. 

isosurfaces). (b) Conrotatory ring-closing mechanism for both 1(o) → 1(c) and [1(o)]•– → 

[1(c)]•–. 
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Compound 2(c) undergoes a quasi-reversible oxidation at –0.08 

V, so the potential was held at 0.20 V to ensure oxidation 

occurred. Fig. 13, right, shows the changes to the absorption 

spectrum during electrochemical oxidation of 2(c). A new peak 

is observed at 575 nm comparable to the new absorption band 

at 537 nm that appears upon thermal or photochemical ring 

opening. This is consistent with oxidation and concomitant ring 

opening to give [2(o)]•+ in acetonitrile (Fig. S34). Previous 

studies have proposed this type of electrochemically induced 

ring opening of spiropyrans.51,58,63 Oxidative C-C coupling can 

occur at the position that is para to the indoline nitrogen when 

that position is unsubstituted,56 but that position is substituted 

in 2 so no coupling is expected. 

Given that irradiation induces a measurable change in the redox 

properties of the carboxamidine group, the possibility that 

photoisomerization can influence the redox properties of a 

coordinated metal seem likely. Preliminary efforts to form 

isolable coordination complexes with either 1 or 2 have not yet 

been successful. Metalation strategies for these ligands are 

being actively explored. To aid this, the non-switchable aryl and 

alkyl groups can be modified to tune the solubility and 

crystallinity of the desired complexes, without changing the 

photoswitchable behaviour. 

Conclusions 

Two carboxamidine molecules with integrated photoswitchable 

groups have been prepared on multi-gram scales. In both cases 

the photoswitchable behaviour of the parent compound is 

maintained. Good thermal stability is observed for the 

fulgimide-modified carboxamidine (showing no thermal 

switching at or above room temperature) and reasonable 

thermal stability (taking 11 hours to reach thermal equilibrium 

at 303 K) is observed for the spiropyran-modified 

carboxamidine. Both molecules are electrochemically active; 

isomerisation can be induced by reduction of the fulgimide or 

oxidation of the spiropyran. The oxidation potential of the 

carboxamidine group changes in response to the light-induced 

switching of the pendant group. In the case of the fulgimide it 

becomes easier to oxidize while switching the spiropyran form 

to the merocyanine form causes the carboxamidine group to 

become harder to oxidize. This is consistent with DFT 

calculations that show that switching the fulgimide from open 

to closed pushes electron density towards the carboxamidine 

while switching the spiropyran to the merocyanine pulls 

electron density away from the carboxamidine. This suggests 

that the photoinduced switching of the pendant group can be 

used to modulate the ligand field of the corresponding 

amidinate when bound to a metal. Considering the good 

agreement between calculations and the experimental results, 

DFT should be a reliable tool in the design of new systems that 

show larger changes at the ligating group upon isomerisation of 

a pendant photoswitch. 
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