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Kento Nakamura,a Masaru Kondo,*ab Chandu G. Krishnan,a Shinobu Takizawa,a Hiroaki Sasai*a 

An azopyridine-based oxazoline was developed for utilizing azo 
group coordination and isomerization as a photoswitchable ligand. 
The ligand coordinated to rare-earth metal (RE) catalyst underwent 
efficient E/Z photoisomerization, suggesting tri- and bidentate 
coordination switch. The photoisomerization of the ligand enabled 
to modulate the enantioselectivity of RE-catalyzed aminal forming 
reaction. 

Structural modification of ligands can modulate the electronic or 
steric property or coordination sphere1 of a metal complex to 
promote a specific organic transformation.2 Recent studies have 
described that modulating steric effect and coordination number of 
a ligand have a considerable impact on the regio-3,4 or 
stereoselectivity.5,6 As such, ligands with the above outlined 
properties are synthesized separately for each specific purpose. In 
contrast, the structural modification with external stimulus could 
rapidly provide insight into the suitable ligand for a reaction, or 
ultimately modulate reaction outcomes with a single ligand-metal 
catalyst. To this end, stimuli-responsive ligands7,8 whose functions 
can be reversibly tuned have been extensively investigated. In 
particular, the use of a photoswitchable ligand8 is an attractive 
method because light is a non-invasive stimulus to a target chemical 
process.   

In the variety of unique photoswitchable ligands, N-heteroaryl azo 
compounds9 are ideal photoresponsive molecules owing to their 
inherent coordination ability. Herges developed 3-azopyridine 
derivatives as photoswitchable ligands for the spin-state tuning of a 
metal porphyrin complex by manipulation of the pyridine-metal 
distance.10a Steric control of the 3-azopyridine coordination was also 
realized to be an effective approach (Fig. 1a).10b-d Alternatively, 2-
azopyridines are inherently bidentate ligands that chelate metals 
with pyridine and azo groups. However, as metal ligands, they are 
difficult to transform from E to Z isomer probably due to strong 
chelation to a transition metal (Fig. 1b).11 Additionally, the redox-
active nature of the azo group can hamper photoisomerizaton.12 
Hence, it is a formidable task to design a photoswitchable ligand with 
an azo group coordination site. The combination of the azo group-
assisted chelation and photoisomerization may pave alternative

ways for controlling coordination mode, leading to actuate their 
catalytic functions.8,13,14,15 Moreover, to the best of our knowledge, 
N-heteroaryl azo compounds have not been explored as ligands for 
chiral metal catalysts despite their several intriguing 
applications.8b,9,10

To incorporate 2-azopyridine chelation into photoswitchable 
catalysis, we designed azopyridine-based chiral oxazolines, inspired 
by oxazolinyl pyridine-type ligand (e.g., Pybox, Pyox, or 
Quinox).3,4,6,16 We also envisioned a flexible coordination sphere of 
the rare-earth (RE) metal17,18 that would allow ligand 
photoisomerization after azo group coordination, supported by a 
chiral oxazoline: the E/Z isomerization of the azo group can enable 
an interchange between tri- and bidentate coordination in response 
to photoirradiation (Fig. 1c). The RE complex consisted of only 
nitrogen atom coordination would also render ejection of azo group 
feasible during E to Z photoisomerization process without a 
predominant coordination of oxygen donors.17a,18c

Fig. 1 Azopyridine-based ligands: (a) 3-azopyridines, (b) 2-azopyridines, (c) 
this work: oxazolinyl 2-azopyridines.

In this study, photo-modulation of the catalytic activity of a RE 
catalyst with the chiral photoswitchable ligand was explored in 
enantioselective cyclic aminal synthesis.

To commence our study, we established the synthesis of (S)-2 
(Scheme 1). Commercially available 6-amino picolinic acid was 
subjected to the Mills reaction under basic condition10c,12c,19 to give 
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azopyridine carboxylic acids 1. Subsequently, the condensation of 1 
with (S)-phenyl glycinol followed by oxazoline cyclization provided 
the desired products, chiral 2a–b (Scheme 1). 

Scheme 1 Synthesis of (S)-2 (for details, see ESI).

 Initially, we examined the coordination of (E)-2 to La(OTf)3 (Fig. 2, 
S5 and S11). When (E)-2a was mixed with one equivalent of La(OTf)3, 
a homogeneous solution was obtained, and all the 1H-NMR peaks of 
pyridine (Ha–c), aryl azo moiety (Hd–f), and oxazoline (Hg–i) were 
shifted (Fig. 2a and 2b). These observations suggest that three 
nitrogens on pyridine, azo group, and oxazoline participate in the 
coordination to form the 1:1 complex, (E)-2a-La(OTf)3. Additionally, 
we presumed the ligand coordination is quite similar to that of Pybox 
on the basis of the analysis of L2-RE(OTf)3 (L = Pybox) reported by 
Aspinall.20a From APCI-MS analysis of a solution of (E)-2a:La(OTf)3

 

Fig. 2 Coordination and photoisomerization studies of 2a: 1H-NMR of (a) (E)-
2a and (b) (E)-2a-La(OTf)3 (8 mM in CD3CN). UV-vis spectra of (c) 2a and (d) 
2a-La(OTf)3 before and after photoirradiation (250 μM in CH3CN).  

(2:1), we observed the L2-La(OTf)2
+

 (L = (E)-2a) cationic species (Fig. 
S17).20b 

The photoisomerization of the ligand was evaluated by obtaining 
UV-vis spectra in CH3CN. Irradiation of (E)-2a at 365 nm decreased 
the absorption of E isomer, instead of enhancing the absorbance 
corresponding to Z isomer (Fig. 2c). The absorbance in the UV-vis 
spectra would be attributable to π-π* and n-π* transition, 
respectively. Upon illumination with 448 nm LED, the initial 
absorption was recovered, indicating the reversible 
photoisomerization of the ligand. The addition of La(OTf)3 to (E)-2a 
clearly led to a red-shifted absorbance (λmax = 317 nm to 339 nm) and 
broadening of the longer wavelength, suggesting more feasible 
isomerization from E to Z complex by 365 nm irradiation (Fig. 2d). 
Indeed, irradiation of the complex at 365 nm immediately increased 
the absorbance of Z isomer, and 448 nm irradiation recovered E 
isomer. An identical absorbance shift upon photoisomerization was 
also observed for 2b-(LaOTf)3 (Fig. S7 and S9). A photostationary 
state (PSS) of 2 was achieved after 365 nm or 448 nm irradiation for 
30 min in CD3CN (Table 1). For 2a, the ratios were 56:44 (E/Z) and 
83:17 (E/Z) at 365 and 448 nm, respectively, based on 1H-NMR 
analysis (entry 1 in Table 1 and Fig. S2). On the other hand, 2b had a 
higher proportion of the Z isomer (E/Z = 24:76) than 2a under UV 
irradiation (entry 2 in Table 1 and Fig. S8). This trend agrees with that 
reported by Herges for the 3-azopyridine ligand.10c In contrast, 448 
nm irradiation of 2b resulted in an almost identical E/Z ratio (E/Z = 
84:16) to that of 2a (E/Z = 83:17). There was no significant 
enhancement of isomerization efficiency in other solvents (Table S1). 
The half-life (T 1/2) of the Z isomer was 433 h for 2a and 193 h for 2b 
at 20 °C (entries 1 and 2 in Table 1).

Table 1 E/Z ratio and half-life (T 1/2) of Z isomer in the photostationary state 
(PSS).a

a Determined by 1H-NMR after photoirradiation for 30 min (8 mM in CD3CN).

Fig. 3 Photoisomerization of 2a-La(OTf)3 monitored by 1H-NMR (8 mM in 
CD3CN). (a) (E)-2a-La(OTf)3 before photoirradiation. (b) After 365 nm 
photoirradiation for 30 min. (C) After 448 nm photoirradiation for 30 min.

Entry Compounds
PSS 

365 nm
E/Z

PSS 
448 nm

E/Z

T1/2 of Z 
isomer at 
20 °C (h)

1 2a 56:44 83:17 433

2 2b 24:76 84:16 193

3 2a-La(OTf)3 8:92 77:23 10.5

4 2b-La(OTf)3 8:92 77:23 7.7
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The photoisomerization of the 2-La(OTf)3 complex was also 
monitored by 1H-NMR in CD3CN. After 365 nm irradiation of (E)-2a- 
or (E)-2b-La(OTf)3, PSS was attained in E/Z = 8:92 (entries 3 and 4 in 
Table 1 and Fig. 3a, 3b, and S10). The proportion of the Z isomer is 
therefore higher than that of before coordination. This feasible 
isomerization agrees well with the absorption shift in the UV-vis 
spectra, ensuring the La complex has photochemical properties 
different from those of the free ligand.  Subsequently, we confirmed 
reisomerization of the 2-La(OTf)3 complex with 448 nm irradiation to 
recover the initial complex with E/Z = 77:23 (entries 3 and 4 in Table 
1, Fig. 3c and S10). These observations indicate that N=N bond 
remains intact during isomerization. T1/2 of Z isomer was shortened 
to 10.5 h for (Z)-2a-La(OTf)3 and 7.7 h for (Z)-2b-La(OTf)3 by 
complexation (entries 3 and 4 in Table 1). These drastic changes in 
T1/2 indicate that ligand dissociation from La is minimal during 
isomerization. Furthermore, comparison of the 1H-NMR spectra of 
(Z)-2-La(OTf)3 and free (Z)-2 shows that there is no obvious shift in 
the peaks of the aryl azo group (Fig. S6 and S12), supporting the 
absence of N=N bond coordination to La in the Z state.

Both coordinating and photoswitchable functions of 2 encouraged 
us to examine a photocontrol of catalytic enantioselective reaction. 
Since (E)-2 is expected to have Pybox-type tridentate feature, we 
selected the enantioselective intermolecular cyclization of 
sulfonamide 3 and aldehyde 4a as a model reaction (Table 2).

Table 2 Catalytic activity of rare-earth (RE) complexes as Lewis acids.a

 
a Reaction conditions: 3 (0.07 mmol), 4a (1.0 equiv.), (S)-2 (5 mol%), RE(OTf)3 

(2.5 mol%), and MS4A (17 mg) in toluene (0.7 mL). b Determined by HPLC 
analysis using an OD-H column. Racemization of 5a did not proceed during 
the reaction and HPLC measurements (Table S2 and Fig. S20). The absolute 
configuration of 5a was determined by comparison with the reported 
retention time.21

After identifying the suitable reaction conditions and RE salts 
based on previous reports (Tables S3–S5),21 we compared the 
catalytic activity of the Z (365 nm) and E isomers (under dark) of 2-
La(OTf)3

22 in the reaction at –10 °C. With 2a as a ligand, the reaction 
provided 5 in 62% yield and 29% ee under UV irradiation (entry 1). In 
contrast, the reaction in the dark gave the desired product 5 in 71% 
yield and 68% ee (entry 2), indicating that the (E)-2a-La(OTf)3 catalyst 
is preferable over its Z isomer for the higher enantioinduction. The 

methyl-substituted 2b as a ligand also provided moderate to good 
yield in 51% under UV and 70% yield under dark conditions (entries 
3 and 4). The enantioselectivity exhibited the same trend with regard 
to photoisomerization of the catalyst (43% ee vs. 78% ee). 
Replacement of La with Eu, which has a higher Lewis acidity, 
improved the conversion of 3, affording the product 5a in 88% yield 
with UV irradiation and 95% yield under dark conditions (entries 5 
and 6). This Eu catalyzed reaction also modulated enantioselectivity 
by photoisomerization of the catalyst (32% ee vs. 72% ee).23 The 
same trend in the enantioselectivity was observed for the products 
from different aldehydes 4b-4d with good to moderate yields (54-
95%< yields, Scheme 2). From the α-branched aldehyde 4b, the 
aminal 5b was formed in 80% ee under dark conditions despite the 
lower ee under UV irradiation (33% ee). The linear aldehyde 4c 
provided 5c with the most significant difference of ee by 48% (28% 
ee vs. 76% ee). The aldehyde with benzyloxy substituent (4d) was 
also applicable to give the ee modulation of 5d (32% ee vs. 74% ee). 

Scheme 2 Evaluation of the ee modulation with different aldehydes. a

a Reaction conditions: 3 (0.07 mmol), 4b-4d (1.0 equiv.), (S)-2b (5 mol%), 
Eu(OTf)3 (2.5 mol%), and MS4A (17 mg) in toluene (0.7 mL). 

To gain insight into the photo-modulation of enantioselectivity by 
the coordination mode, control experiments were conducted with 
known tridentate and bidentate oxazoline ligands. Initially, the 
reaction with the tridentate iPr-Pybox-Eu catalyst was revealed to 
provide 5a in 75% ee (Scheme 3).24 Additionally, the bidentate iPr-
Quinox provided lower ee (10% ee) than the tridentate iPr-Pybox. 
The reaction using 2 under UV irradiation also lowered ee because 
the N=N bond ejection from RE may result in the bidentate Quinox-
type coordination mode.   

Scheme 3 Control experiments.

In conclusion, we successfully prepared azopyridine-based chiral 
oxazoline ligands. The ligands exhibited reversible isomerization 
despite the chelation to lanthanum. As a catalytic application of the 
chiral photoswitchable ligands, we demonstrated that the RE 
complex can modulate the enantioselectivity in cyclic aminal 
synthesis. Further investigation of the structure of 2-RE complex and 
its catalytic application are ongoing in our laboratory. 

Entry 2/RE Condition
Isolated 
yield (%)

ee (%)b

1 2a/La 365 nm 62 29

2 2a/La under dark 71 68

3 2b/La 365 nm 51 43

4 2b/La under dark 70 78

5 2b/Eu 365 nm 88 32

6 2b/Eu under dark 95 72
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