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Abstract: Employing a photoremovable protective group is a useful 

technique to achieve precise conditional control over a biological 

function. This contribution demonstrates the development of a 

photoremovable protective group for the nitrile moiety. In the process, 

O-(arylcarbonyl)oxime was photochemically converted to the 

corresponding nitrile in the presence of a carbazole photosensitizer 

via an electron transfer from the excited carbazole to the arylcarbonyl 

unit. A variety of alkyl and (hetero)aryl nitriles were generated from 

the corresponding O-(arylcarbonyl)oximes. Moreover, a self-

contained variant, in which O-(arylcarbonyl)oxime and carbazole units 

were covalently bonded, exhibited photochemical nitrile formation 

even in a highly diluted aqueous solution (0.1 mM), thus 

demonstrating that this molecular motif is potentially applicable in 

biological systems. 

In therapy or biological experiments, targeting, i.e., the 

quantitative administration of a molecule of interest (e.g., drugs or 

fluorescent probes) at a specific place and time, is an important 

technique. In this context, photoremovable protective groups 

(PPGs) are useful, where light, a non-remaining “reagent”, is used 

to easily control the release of molecules spatiotemporally by 

modulating its intensity, wavelength, and irradiation location.[1]  

Many types of PPGs have been hitherto reported and applied in 

the masking of various chemicals such as biologically active 

compounds. Most of these PPGs have been designed to 

photochemically release alcohols, carboxylic acids, thiols, and 

amines. However, PPGs for other functional groups remain to be 

explored.  

The nitrile (cyano) group is a functional group frequent in 

biologically active molecules, dyes, and luminophores (Figure 

1).[2] Due to its coordination ability, the nitrile group tends to play 

a central role in the expression of the molecule’s biological 

activity.[3] In addition, this valuable functional group also works as 

an electrophile that interacts directly with thiolates in the active 

sites of protein targets.[4] Moreover, the photophysical properties 

of nitrile-containing chromophores are often characterized by the 

nitrile group, due to its strong electron-withdrawing nature.[5] 

Therefore, PPGs for the nitrile group could find a wide variety of 

applications in biochemistry, biomedicine, and chromophoric 

probes.  

The nitrile ligands of certain transition metal complexes are 

known to dissociate from the respective metal center upon photo-

irradiation.[6] To the best of our knowledge, however, there has 

been hitherto no report on non-metal-mediated PPGs for this 

functional group. Herein, we report that O-(arylcarbonyl)oxime 

(ACO) moieties could be photochemically converted to nitrile 

groups by means of photosensitization by carbazole. For the 

purpose of its use under highly diluted conditions, e.g. biological 

media, we synthesized an ACO derivative that was covalently 

bonded by a carbazolyl unit. The nitrile group was released from 

this ACO molecule via a uni-molecular sensitization pathway, 

thereby demonstrating its potential applicability as a PPG for 

nitrile groups. Recent reports show elegant photochemical 

formations of the nitrile compounds from cyclobutanone oxime 

derivatives by means of a ring-opening reaction.[7] However, in 

these studies, the applicable substrates are rather limited. 

 
Figure 1. Nitrile-containing functional molecules. 

 

The working hypothesis of this study, i.e., for ACO to release 

the nitrile group, is delineated in Scheme 1a. Recently, our group 

has focused on carbazole-catalyzed photochemical electron-

transfers[8] that originated from Saito’s seminal works.[9] In our 

reports, we envisioned that the arylcarbonyl group of ACO 

accepts an electron from the photo-excited carbazole to generate 

a radical anion (Scheme 1). Then, a homolytic cleavage of the O–

N bond would take place to generate an iminyl radical.[10] The next 

step is considered to be the branch point of the product 

distribution. While the iminyl radical acts as a versatile reactive 

species to effect the various bond-forming reactions as reported 

by Yu et. al., we surmised that if a back electron transfer (BET) 

from the iminyl radical to the radical cation of carbazole takes 

place prior to the radical reaction, an iminyl cation would be 

formed. The thus-formed iminyl cation would then undergo a 

deprotonation, leading to the nitrile group. Previously, we have 

observed a fast BET from the carbon radical to the radical cation 

of carbazole derivative 1 (Scheme 1b).[11] Considering these 

previous findings, we expected that, in analogy to the carbon 

radical, the iminyl radical would undergo a BET with a suitable 

carbazole-based photosensitizer rapidly enough to compete with 

the other radical reactions involved with the iminyl radical. 
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Scheme 1. (a) Working hypothesis of photo-triggered nitrile formation. (b) 

Inspiring finding in our previous study (ref. [11]). 

 

As a substrate for our initial investigations we chose aliphatic 

aldehyde-derived ACO 2a, the synthesis of which is worth 

mentioning. ACO 2a was synthesized via a reaction of a nonanal-

derived aldoxime with benzoyl chloride in the presence of pyridine. 

Starting from a pure Z-configuration of the aldoxime,[12] both 

stereoisomers 2aE and 2aZ were observed in the crude material. 

During the aqueous work-up and chromatographic separation, 

2aZ was readily converted to nonanenitrile (5), while 2aE could 

be chromatographically isolated as a stable pure form.[13] The 

susceptibility of ACO with Z-configuration (Z-ACO) to the nitrile-

forming elimination reaction was probably due to the 

antiperiplanar geometry of the benzoate group to the eliminating 

imine proton. However, generally, a certain level of stability of a 

protective group is required for the purpose of practical application. 

Therefore, the stability of aliphatic ACO with E-configuration (E-

ACO) was further tested by treating 2aE with Et3N or 1,8-

diazabicyclo[5.4.0]undec-7-ene (DBU) in THF at room 

temperature (RT). Gratifyingly, after 1 h, no decomposition of 2aE 

was observed in either case. While the electron-rich ACO 3aE 

was as stable as 2aE, the electron-deficient ACO 4aE readily 

underwent an elimination reaction to form nitrile 5 during work-up 

and chromatographic purification processes, probably due to the 

better leaving ability of the electron-deficient benzoate group.[14] 

In contrast, in the synthesis of aromatic aldehyde-derived ACOs, 

E-ACOs were selectively obtained in high yields without any 

detectable formation of Z-ACOs or the corresponding nitriles.  

 

Therefore, E-ACOs with benzoyl or p-methoxybenzoyl groups 

were the substrates of choice for the following photochemical 

formation of both aliphatic and aromatic nitriles. 

Next, we examined the photochemical reaction of aliphatic 

aldehyde-derived ACO 2aE (Table 1). Based on the absorption 

spectra of the substrate and carbazole (Figure 2), UV-LED lamps 

with an emission maximum of 365 nm were used to selectively 

excite the photosensitizer (carbazole 1) without the excitation of 

substrate 2aE. To our delight, the desired photoinduced nitrile 

formation from ACO successfully took place (entry 1, Table 1). 

The starting substrate was consumed after a 1-h irradiation, and 

the desired nonanenitrile (5) was obtained in moderate yield. An 

identical yield was observed also with catalytic amounts (0.1 

equiv) of carbazole 1 (entry 2, Table 1), suggesting that 1 works 

as a catalyst in this reaction. Moreover, no reaction occurred 

without the use of light (entry 3, Table 1) or photosensitizer 1 

(entry 4, Table 1), which suggests that both the photo-irradiation 

and use of 1 are crucial for the transformation of 2aE to nitrile 5. 

Based on the susceptibility of 2aE to elimination reactions, there 

was a concern that the co-product, benzoic acid (7), may assist 

the nitrile formation as a Brønsted acid catalyst. Therefore, a 

control reaction was performed to address this concern, in which 

ACO 2aE was subjected to 7 both with and without photo-

irradiation (entries 5 and 6, respectively, Table 1). As a result, no 

reaction was observed in any of these cases, which essentially 

ruled out our concern.[15]  These results strongly suggest that the 

nitrile formation from ACO was photoinduced with the catalytic 

assistance of a photosensitizer, as per our expectation. 

Additionally, we employed other photosensitizers that generate 

an excited state with a high electron-donating ability (entries 7 and 

8, Table 1). To our delight, the reaction with carbazole 6 gave 

nitrile 5 in higher yield than that of the reaction with 1. The reaction 

with phenothiazine 8[16] also managed to give 5, albeit in lower 

yield. In contrast, triplet sensitizers such as benzophenone, 

 

Table 1. Photoinduced nitrile formation from ACO. 

 
Entry Reagent Irradiation[a] Time /h Yield /%[b] 

1 1 (1 equiv) yes 1 40 

2 1 (0.1 equiv) yes 4.5 40 

3 1 (1 equiv) no 1 0 

4 none yes 1 0 

5 1 (1 equiv) + 

7 (1 equiv) 

no 1 0 

6 7 (1 equiv) yes 1 0 

7 6 (1 equiv) yes 1 55 

8 8 (1 equiv) yes 1 38 

[a] Irradiation by two LED lamps (9 W in total, max = 365 nm). [b] Determined 

by 1H NMR analysis using dibenzyl as an internal standard. 
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Figure 2. Absorption spectra of 2aE (red) and 1 (blue), and luminescent 

spectrum of the employed LED lamp (black). 

 

acetophenone, and benzil afforded no products or negligible 

amounts of products. 

Next, we investigated the scope of photoinduced nitrile 

formation (Table 2). With regard to the substituents on the oxime 

carbon, 1o, 2o, and 3o alkyl groups were tolerated (2aE–2bE, 3aE–

3dE). Notably, aromatic aldehyde-derived ACOs were found to be 

good substrates under conditions identical to those for aliphatic 

variants. The electronic nature of aromatic rings had little effect 

on the reactivity (3eE–3gE).[13] Moreover, ACO substrates with 

heteroaryl ring systems also underwent photoinduced nitrile 

formation (3hE–3iE).  

 

Table 2. Scope of photoinduced nitrile formation from ACOs.[a] 

[a] Determined by 1H NMR analysis. PMP = p-methoxyphenyl. 

 

The tolerance of the developed reaction to chemical 

functionalities and of the chemical functionalities to the reaction 

conditions were examined using the robustness screening 

method proposed by Glorius et al.[17] In the process, the reaction 

of 3eE was chosen as a probe reaction (Figure 3). As a result, we 

found that most of the tested additives were compatible with the 

developed reaction conditions. However, thiol additives had 

considerable detrimental effects on the nitrile formation under 

these conditions (vide infra). 

 
Figure 3. Examination of the functional group compatibility. 

 

With the proof of concept for the photoinduced nitrile formation 

from ACO in hand, we then turned our attention to the design of 

the ACO structural motif concerning its application as PPG for the 

nitrile group. Given the highly diluted conditions and non-uniform 

compound distribution demanded for their application, e.g., in 

biological systems, it is required that a self-contained variant with 

carbazole and ACO units covalently bonded with each other is 

developed. Therefore, we designed 10, a polymethylene-linked 

carbazole–ACO dyad, in which p-tolunitrile was arbitrarily chosen 

as a target nitrile. N-Ethyl carbazole was selected as a 

photosensitizer, instead of an N-H variant, in view of the ease of 

synthesis. Compound 10 can be readily prepared in a modular 

manner from p-tolualdehyde oxime. The photoinduced nitrile 

formation from “all-in-one” ACO 10 was investigated under diluted 

conditions (Table 3). Gratifyingly, when a 1.0 mM THF solution of 

10 was employed in the reaction, full conversion was obtained 

after only a 10-s irradiation, and the desired nitrile 9 was afforded 

in 58% yield (entry 1). This nitrile formation reaction was also 

monitored at various irradiation times (Figure 4). The yield of the 

nitrile increased as a function of irradiation time, thereby 

demonstrating a high level of control over the nitrile formation with 

compound 10. The quantum yield of nitrile formation from 10 was 

determined to be 0.82 using a chemical actinometry method with 

o-nitrobenzaldehyde as a reference (see Supporting Information). 
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The reaction of a further diluted solution (0.1 mM) under otherwise 

identical conditions gave a similar yield of 9 (entry 2). The 

significant enhancement of the reaction rate observed in the 

reactions with 10, compared to those of ACO with a separated 

photosensitizer (e.g. Table 2), can be attributed not only to the 

dilution effect, which is typically observed in photoreactions, but 

also to the intramolecularity or proximity effect of the electron 

transfer. Based on this assumption, we surmised that the 

detrimental effect of thiol additives, which was confirmed in the 

aforementioned compatibility study (Figure 3), could be avoided 

by using an “all-in-one” system. To our delight, the nitrile formation 

from 10 in an aqueous media containing L-cysteine (5 mM) 

proceeded without any loss of product yield (entry 3), indicating 

that the herein developed system is potentially applicable to 

biological systems.[18] Lastly, no nitrile was formed from 10 without 

any photo-irradiation in THF or aqueous media (entries 4 and 5). 

 

Table 3. Photoinduced nitrile formation from carbazole–ACO dyad 10. 

 

Entry Conditions Yield of 9 /% 

1 1.0 mM in THF 58 

2 0.1 mM in THF 59 

3 0.1 mM in THF–H2O (1:1)  

with L-cysteine (5 mM) 

59 

4[a] 1.0 mM in THF 0 

5[a,b] 1.0 mM in THF–H2O (1:1) 0 

[a] No light. [b] For 72 h. 

 

 

Figure 4. Nitrile formation from 10 as a function of the irradiation time (Table 1, 

entry 1). Conditions: 24 C, 1.0 mM in THF, LED (max = 365 nm). Yields 

determined by HPLC analysis using toluene as an internal standard. 

 

To gain insight into the reaction mechanism, we conducted an 

intramolecular trapping of the transient active species. The photo-

irradiation of a THF solution of ACO 11 (0.05 M) in the presence 

of 6 (30 mol%) at room temperature afforded cyclized product 12 

(21% yield), thereby suggesting that the corresponding iminyl 

radical or iminyl cation derived from 11 was once formed. This 

result is in good agreement with the suggested reaction 

mechanism shown in Scheme 1a, and can rule out the possibility 

that the nitrile product was formed via a simple E2 elimination of 

the carboxylic acid from ACO, driven by an unexpected 

photochemical generation of a strong base.[19] Moreover, the main 

non-negligible byproducts were identified in the photoinduced 

nitrile formation from 3bE (reaction shown in Table 2). Along with 

the desired nitrile (55% yield), aldehyde 13 and oxime 14 were 

obtained in 15% and 23% yield, respectively. The same reaction 

conditions, but without photo-irradiation, gave neither 13 nor 14, 

thus revealing that the generation of aldehyde 13 and oxime 14 

was not due to the simple hydrolysis of 3bE by adventitious water 

contaminants.[20]  

 
 

In conclusion, we demonstrated that ACO operates as a 

photoremovable protective group for nitrile groups[21] with the 

photocatalytic intermediacy of the carbazole molecule. In 

particular, a single electron transfer occurs from the excited 

carbazole to ACO to afford the iminyl radical, which then gives up 

an electron to the radical cation of carbazole, eventually leading 

to the nitrile formation. Both alkyl and (hetero)aryl nitriles were 

found to be suitable for this chemistry, with various functional 

groups being compatible. Moreover, an ACO that was covalently 

bonded to a carbazole substructure had the capability of self-

contained photoinduced nitrile formation even under highly diluted 

conditions and in organic and aqueous media. This result 

demonstrated that the strategy presented herein is potentially 

viable in biological systems. Our ongoing research focuses on 

modifying the developed ACO with minute tuning of the 

substituents, in order to make it applicable to living systems. 
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In this work, a photoremovable protective group for nitrile moieties was developed. 

The reaction mechanism was based on the single electron transfer from the 

photosensitizer (carbazole) to O-(arylcarbonyl)oxime. A wide range of nitriles could 

be applied, with a variety of functional groups being well tolerated. This methodology 

was also successful in a highly diluted aqueous solution, thus demonstrating the 

potential applicability to biological systems. 
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