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ABSTRACT: Possessing an extra anionic handle for chiral supra-
molecular interactions, 2,6-anthracenedicarboxylate exhibited greater L7 o ., Vg2 e
photochirogenic performance than 2-anthracenecarboxylate to afford oD LSO
the anti-cyclodimer in up to 94% yield and —72% enantiomeric excess 17% 30%

30% ee 24% ee

upon photoirradiation with dicationic y-cyclodextrins.

S
Nooe
72% ee

hiral photochemistry has attracted significant attention of By introducing an additional carboxylate group to AC at its
chemists in recent years by virtue of its ability to 6-position, we obtain symmetrically substituted 2,6-anthrace-
succinctly construct optically active polycyclic and constrained nedicarboxylate (AD). As a guest substrate for the supra-
skeletons that are inaccessible or tedious to build up through molecular photochirogenesis via 1:2 complexation with a chiral
thermal reactions.' Nevertheless, precisely controlling the host, such as y-cyclodextrin (y-CD), dianionic AD is expected
stereochemical course of enantiodifferentiating photoreaction to augment the steric and electrostatic host—guest and
remains a significant challenge due to the inherently weak and interguest interactions than monoanionic AC, leading to an
short-lived interactions available for substrates in the excited enhancement of stereodifferentiation. An extra benefit of using
state.” Several methodologies have hitherto been invented for AD is the number of produced regioisomeric cyclodimers,
enhancing the stereochemical outcomes of various photo- which is four for AC but mere two for AD. Thus, the
chirogenic reactions by optimizing the internal (structural and photoirradiation of AD yields chiral anti- and achiral syn-
electronic) factors of the substrate, chiral auxiliary, and cyclodimers (anti and syn), as shown in Scheme 1% Bach,
sensitizer’ and also by manipulating the external variants Inoue, and coworkers have recently reported that the
(temperature,”  solvent,’ pressure,6 irradiation wavelength,7 enantiodifferentiating photocyclodimerization of AD mediated
etc.) to achieve substantial successes.” by C,-symmetric hydrogen-bonding template affords anti in
For bimolecular photochirogenic reactions, chiral supra- modest chemical and optical yields of up to 76% yield and 55%

molecular hosts have been exploited as mediators for enantiomeric excess (ee).

simultaneously boosting the reaction rate and selectivity In this proof-of-the-concept sFudy, we wanFed to glg?idate
through the enantiotopic face-selective ground-state complex- how and to Whaft eXFent. the regio- fmd enanthselectlm?les of
ation of multiple guest substrates and the subsequent the photocyclodimerization are manipulable by 1ntroduc1n.g an
diastereodifferentiating photoreaction expedited by confining extra carboxylate to AC and further to develop a reliable
the substrates in a chiral host cavity.® The enantiodifferentiat- strategy ] for en}}ancmg th? performance of supramolecular
ing photocyclodimerization of 2-anthracenecarboxylate (AC) photochirogenesis. For this purpose, we chose AD as a
to four anti/syn- and head-to-tail/ head-to-head-isomeric cyclo-
dimers, mediated by chiral hosts and templates,”” has been Received: November 20, 2020 OL oremie
intensively investigated since 2003, and is now considered as a Published: December 7, 2020 '
benchmark photochirogenic system with well-established
mechanistic details and tools for enhancing stereoselectivities,
although their general validity and expandability to other
substrates remains less explored.
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Scheme 1. Supramolecular Photocyclodimerization of AD
Mediated by Native and Dicationic y-CD Hosts 1-5
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dianionic guest substrate and a series of native and dicationi-
cally modified y-CDs 1—5 (Scheme 1) as chiral hosts capable
of forming 1:2 complexes with AD to multidimensionally and
more efficiently control the stereochemical outcomes through
the increased steric conflicts as well as the attractive host—
guest and repulsive guest—guest electrostatic interactions
under a variety of conditions.

Prior to the photochemical investigations, we examined the
complexation behavior of AD with the y-CD derivatives by
UV-—vis, circular dichroism, and fluorescence spectroscopy.
Upon UV-—vis spectral titration of AD with y-CD host 1
(Figure 1a), a new band emerged at longer wavelengths (420—
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Figure 1. (a) UV—vis spectral titration of AD (0.2 mM) with host 1
(0—-2.27 mM) in a pH 9 phosphate buffer at 25 °C (10 mm path
length). (b) Circular dichroism spectral titration of AD (0.2 mM)
with 1 (0—1.72 mM) under the same conditions as above (1 mm path
length). (c) A plausible mechanism for the 1:2 complexation to give
diastereomeric si-si, re-re, and re-si/si-re complexes, which then
photocyclodimerize to (M)- and (P)-anti and achiral syn.

450 nm) at the expense of the low-energy ('L, and 'L,) bands
(320—420 nm) with accompanying apparent isosbestic point
at 408 nm, indicating a smooth conversion of free AD to an
energetically stabilized species, the complexation stoichiometry
of which was confirmed by UV—vis spectral Job analysis, see
Figure S11 in the Supporting Information.

In contrast, the fluorescence of AD was monotonically
quenched upon gradual addition of host 1 without affording
any appreciable new emission at longer wavelengths, implying
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that the 1:2 complex species observed in the UV—vis spectra is
nonfluorescent due to the spontaneous cyclodimerization upon
excitation; see Figure S14 and the relevant discussion in the
Supporting Information.

Circular dichroism spectral titration revealed more dramatic
changes. As shown in Figure 1b, the addition of host 1 to an
aqueous solution of AD induced a strong positive exciton
couplet at the main ('B,) band, while the CD signals were
extremely weak at the 'L, and 'L, bands.

All of these spectral behaviors, resembling those reported for
AC,33’98’b as well as the similar host/guest dimensions allow us
to postulate essentially the same complexation and photo-
cyclodimerization mechanisms for AD. Thus, the enantiodiffer-
entiating photocyclodimerization of AD mediated by y-CD
derivative is deduced to proceed through the diastereomeric si-
si, re-re, and re-si/si-re termolecular (1:2) complexes, which are
the precursors to (M)- and (P)-anti and syn, respectively, as
illustrated in Figure 1lc; the re/si definition is for the
enantiotopic face of AD confronting to each other.

Assuming the stepwise 1:2 complexation, we analyzed the
UV—vis spectral titration data obtained for 1 (Figures la and
S12) to obtain the first and second association constants: K; =
190 M~ and K, = 10200 M~ at 25 °C. This means that,
when the concentrations of AD and 1 are set to those for
photoirradiation (i.e., [AD] = 0.4 mM and [1] = 2 mM), free
AD, 1:1, and 1:2 complexes populate in a 52:18:30 ratio
(Table S1).

It is to note that, although the 1:1 complex is a single
species, the 1:2 complex is actually a mixture of three
diastereomeric isomers of different thermodynamic and
spectroscopic properties (Figure 1c), which enable us to
manipulate the photochirogenic consequences by various
external variants.

We first examined the effects of irradiation wavelength (1)
on the photochirogenic behavior of AD in aqueous buffer
solution at 0.5 °C using parent y-CD as a host. As shown in
Figure S17 and Table S2 (entries 1—14), the chemical yield of
anti turned out to be a critical function of /4, fluctuating
between 50 and 60% at 254—400 nm but abruptly increasing at
A > 400 nm to 84% at 440 nm, while the ee of anti was modest
and less A-dependent, affording a maximum value of —18% at
313 nm.

These results indicate that the three stereoisomeric
precursor complexes significantly differ in absorption spectrum
and the anti-stacked (re-re and si-si) complexes suffer larger
spectral red-shifts than the syn-stacked (re-si/si-re) complex,
which also means that the former complexes are more
stabilized than the latter, probably for the steric and
electrostatic reasons. On the other hand, the low ee observed
indicates that discriminating the re-re from the si-si complex by
the spectral or energy difference is a harder task for the chiral
cavity of unmodified y-CD.

Crucially, the absolute configuration of the preferentially
obtained chiral cyclodimer, i.e. (P)-anti, agrees with the P-
helical arrangement of two AD chromophores in re-re
precursor complex (Figure 1c), which is deduced from the
positive exciton couplin% observed in the CD spectra using the
exciton chirality theory.'**"!

For a better control of the complexation and photo-
chirogenic behaviors of dianionic AD, we prepared a series of
single- and double-armed dicationic y-CD hosts 1—5 (Scheme
1), in which single diamino-substituent or dual amino- or
guanidino-substituents are attached to the primary rim of CD
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Table 1. Supramolecular Photocyclodimerization of AD Mediated by Native and Modified y-CD Hosts 1-5“

ent; host solvent” T/°C
1¢ none B¢ 25
2 y-CD B’ 0.5
3
4
5 1 BY 0.5
6
7
8 2 BY 0.5
9
10
11 3 B 0.5
12
13
14 4 BY 0.5
15 M -50
16
17
18 5 M —40
19
20
21 A° 0.5
22
23
24 —-60
25
26
27

yield (ee)?/%

A°/nm anti syn anti/syn
>320 50 (0) 50 1.0
313 SS (-18) 45 1.2
380 58 (-11) 42 1.4
440 84 (-10) 17 5.1
313 41 (-21) 59 0.7
380 50 (—20) 50 1.0
440 73 (-16) 27 2.7
313 49 (-23) 51 1.0
380 Ss (-19) 45 12
440 81 (-10) 19 44
313 47 (-21) 53 0.9
390 SS (=20) 45 12
440 79 (-15) 21 3.9
313 29 (-31) 71 0.4
313 63 (=71) 37 1.7
360 58 (=72) 42 14
450 58 (-53) 42 1.4
313 63 (-39) 37 1.7
380 64 (-31) 36 1.8
440 87 (=22) 13 6.5
313 64 (—46) 36 1.8
360 66 (—45) 34 2.0
440 88 (—45) 12 7.7
313 64 (-61) 36 1.8
360 67 (-61) 33 2.1
440 84 (-59) 16 52
450 94 (—69) 6 15.1

2[AD] = 0.4 mM; [host] = 2 mM. “Solvent B: pH 9 phosphate buffer; solvent M: a 1:1 mixture of phosphate buffer (pH 9) and methanol; solvent
A: 28% aqueous ammonia. “Irradiation wavelength. 4Chemical yield and enantiomeric excess (in the parentheses) determined by chiral HPLC.
Negative ee value indicates the preferential formation of the second-eluted (P)-enantiomer of anti under the HPLC conditions employed (see
Supporting Information); the error in ee < 1%. “Ref 10b, where the photoreaction was performed in a pH 7 buffer solution at 25 °C.

as built-in handle(s) to dictate the spatial arrangement of an
AD pair accommodated in chiral CD cavity through the
electrostatic interactions. The photocyclodimerization of AD
mediated by 1—5 was carried out at various 4 values under the
same condition as above for native y-CD to give the results
shown in Table 1 (entries 5—14); see also Table S2.

Somewhat unexpectedly, the single-armed dicationic y-CD
hosts 1—3 did not appreciably improve the chemical or optical
yield of anti, affording the comparable maximum yields of 73—
81% upon irradiation at 440 nm and the ee values of —21 to
—23% upon irradiation at 313 nm (Table 1, entries 5—13),
revealing the relatively poor stereocontrol by the single
dicationic side arms.

On the contrary, double-aminated y-CD 4 gave a noticeably
higher ee of —31% at 313 nm under the same condition (Table
1, entry 14). We therefore changed the solvent to a 1:1 mixture
of the phosphate buffer and methanol to lower the solvent
polarity, where stronger electrostatic (attractive host—guest
and repulsive guest—guest) interactions are expected to
operate upon complexation. Indeed, the ee of anti was
enhanced up to —71 and —72% upon irradiation at 313 and
360 nm, respectively, while the chemical yield stayed modest at
58—63% (entries 15 and 16). The use of double-guanidinated
7-CD § further enhanced the chemical yield up to 87% in
aqueous methanol at —40 °C (entry 20) and to 94% and the ee
to —69% upon irradiation at 450 nm in aqueous ammonia at
—60 °C (entry 27). The enhanced stereoselectivity would be
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ascribed to the more intimate (stereodifferentiating) attractive
host—guest interactions between the guanidine and carboxylic
acid moieties and the repulsive guest—guest interactions at the
other ends of included ADs (see Figure S18), both of which
are expected to be intensified upon addition of less polar, more
basic cosolvent ammonia to the aqueous solution.** The anti/
syn ratio of 15.1 and the 72% ee achieved for AD by using
hosts 5 and 4, respectively, are much higher than the
corresponding best values (the anti/syn ratio of 4.8 and 44%
ee) reported for the photocyclodimerization of AC mediated
by all the possible primary-side diaminated and diguanidinated
7-CDs, including 4 and S, under the comparable conditions
(i-e., 30% aqueous ammonia at temperatures ranging from —40
to —70 °C).*

It should also be noted that, in this supramolecular
photocyclodimerization of AD, all of the y-CD hosts 1-§
afford (P)-anti as the major enantiomer, and its ee is rather
modestly improved by optimizing the irradiation wavelength,
temperature, and solvent. In other words, the absolute
configuration of the chiral product is governed solely by the
host structure, and the external variants only fine-tune the
product’s ee without affecting the chiral sense. This is in keen
contrast to the photochirogenic behavior of AC under the
comparable conditions, where the absolute configuration of
chiral cyclodimers of AC is not a simple function of the host
but is often inverted by altering the irradiation temperature
and solvent.** The less important role played by the
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environmental factors in the photocyclodimerization of AD
seems reasonable, as the 1:2 complexes derived from the
dicationic y-CD host and the dianionic guests should be more
rigid, or in deeper potential wells, due to the generally
strengthened attractive host—guest and repulsive guest—guest
interactions (Figure S18), leaving little room for the external
factors to dynamically modulate the complex structure. The
above-mentioned direct correlation between the chiral sense of
precursor complex and that of the photoproduct may originate
from this structural robustness and further suggests that the
subsequent photophysical and photochemical processes do not
greatly differ among the three diastereomeric precursor
complexes to alter the thermodynamically determined
preference upon complexation.

In this study on the supramolecular photochirogenic
strategy, we revealed that the guest modification to boost the
overall photochirogenic performance through the increased
steric and electrostatic interactions upon termolecular
complexation is effective indeed in enhancing both the
chemical and optical yields of the chiral photoproduct. The
strengthened supramolecular interactions enable us to more
precisely define the complex structure and strictly control the
stereochemical outcomes. On the contrary, the structures of
intervening complexes become less flexible to hinder the
dynamic modulation of the photochirogenic consequences by
external variants. In the present system, the two factors,
internal and external, are apparently well-balanced to achieve
the excellent overall photochirogenic performance. The basic
idea to design a host—guest complex system that is moderately
rigid but is still flexible enough to be manipulated by external
variants is quite straightforward and versatile and hence
expandable to other supramolecular photochirogenic systems.

B ASSOCIATED CONTENT
® Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03848.

Experimental details, characterization of synthesized
hosts, 'H and ¥C NMR and HRMS spectra of 3-S5,
determination of the association constants, speculation
of the UV—vis spectrum of the 1:2 complex, speculation
of the fluorescence spectrum of the 1:1 complex, 'H
NMR spectra of AD in the presence/absence of host 1,
Job plot to confirm the complex stoichiometry, chiral
HPLC traces of representative photolyzates, wavelength-
dependent yield and ee of anti, illustrated interactions
upon 1:2 complexation of AD with dicationic y-CD host,
population of and light absorption by AD species
existing in the solution, and the results of photo-
cyclodimerization of AD with native and modified y-
CDs (PDF)

B AUTHOR INFORMATION
Corresponding Authors

Qian Wang — Tianjin Key Laboratory of Food Biotechnology,
School of Biotechnology and Food Science, Tianjin University
of Commerce, Tianjin 300134, China; Email: qwang@
tjcu.edu.cn

Yoshihisa Inoue — Department of Applied Chemistry, Osaka
University, Suita 565-0871, Japan; © orcid.org/0000-0001-
6018-0558; Email: inoue@chem.eng.osaka-u.acjp

9760

Cheng Yang — Key Laboratory of Green Chemistry &
Technology, College of Chemistry, State Key Laboratory of
Biotherapy, West China Medical Center, and Healthy Food
Evaluation Research Center, Sichuan University, Chengdu
610064, China; © orcid.org/0000-0002-2049-1324;
Email: yangchengyc@scu.edu.cn

Yu Liu — College of Chemistry, State Key Laboratory of
Elemento-Organic Chemistry, Nankai University, Tianjin
300071, China; Collaborative Innovation Center of Chemical
Science and Engineering, Tianjin 300072, China;

orcid.org/0000-0001-8723-1896; Email: yuliu@

nankai.edu.cn

Authors

Wenting Liang — Institute of Environmental Science,
Department of Chemistry, Shanxi University, Taiyuan
030006, China

Xueqin Wei — School of Pharmacy, Guangxi Medical
University, Nanning 530021, China

Wanhua Wu — Key Laboratory of Green Chemistry &
Technology, College of Chemistry, State Key Laboratory of
Biotherapy, West China Medical Center, and Healthy Food
Evaluation Research Center, Sichuan University, Chengdu
610064, China; ® orcid.org/0000-0002-8969-1148

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.orglett.0c03848

Notes

The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

This project was supported by the Natural Science Foundation
of Tianjin (18JCQNJC76400, 18JCYBJC89900), the National
Natural Science Foundation of China (Nos. 31871811,
21871194, 21971169, 21572142, 92056116, 22001046), the
National Key Research and Development Program of China
(No. 2017YFA0505903), and the Science & Technology
Department of Sichuan Province (2019YJ0160, 2019YJ0090,
2017S8Z0021), Fundamental Research Funds for the Central
Universities. We thank Prof. Ye Tao and Dr. Yan Huang of
BSRE for their assistance during the use of UV light sources.

B REFERENCES

(1) (a) Inoue, Y. Asymmetric photochemical reactions in solution.
Chem. Rev. 1992, 92, 741—770. (b) Griesbeck, A. G.; Mattay, J.
Synthetic Organic Photochemistry; CRC Press, 2004. (c) Griesbeck, A.
G.; Meierhenrich, U. J. Asymmetric photochemistry and photochiro-
genesis. Angew. Chem., Int. Ed. 2002, 41, 3147—3154. (d) Yang, C.
Recent progress in supramolecular chiral photochemistry. Chin. Chem.
Lett. 2013, 24, 437—441. (e) Sieburth, S. M.; Cunard, N. T. The [4 +
4] cycloaddition and its strategic application in natural product
synthesis. Tetrahedron 1996, 52, 6251—6282. (f) Meier, H,; Cao, D.
Optical switches with biplanemers obtained by intramolecular
photocycloaddition reactions of tethered arenes. Chem. Soc. Rev.
2013, 42, 143—155.

(2) (a) Inoue, Y.; Ramamurthy, V., Eds., Chiral Photochemistry;
Marcel Dekker, 2004. (b) Ramamurthy, V.; Sivaguru, J. Supra-
molecular photochemistry as a potential synthetic tool: photo-
cycloaddition. Chem. Rev. 2016, 116, 9914—9993. (c) You, L.; Zha,
D.; Anslyn, E. V. Recent advances in supramolecular analytical
chemistry using optical sensing. Chem. Rev. 2015, 115, 7840—7892.
(d) Ramamurthy, V.; Gupta, S. Supramolecular photochemistry: from
molecular crystals to water-soluble capsules. Chem. Soc. Rev. 20185, 44,
119—-135. (e) Brimioulle, R;; Lenhart, D.; Maturi, M. M.; Bach, T.

https://dx.doi.org/10.1021/acs.orglett.0c03848
Org. Lett. 2020, 22, 9757-9761


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03848/suppl_file/ol0c03848_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03848?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.0c03848/suppl_file/ol0c03848_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qian+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:qwang@tjcu.edu.cn
mailto:qwang@tjcu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yoshihisa+Inoue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-6018-0558
http://orcid.org/0000-0001-6018-0558
mailto:inoue@chem.eng.osaka-u.ac.jp
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-2049-1324
mailto:yangchengyc@scu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0001-8723-1896
http://orcid.org/0000-0001-8723-1896
mailto:yuliu@nankai.edu.cn
mailto:yuliu@nankai.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenting+Liang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xueqin+Wei"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wanhua+Wu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
http://orcid.org/0000-0002-8969-1148
https://pubs.acs.org/doi/10.1021/acs.orglett.0c03848?ref=pdf
https://dx.doi.org/10.1021/cr00013a001
https://dx.doi.org/10.1002/1521-3773(20020902)41:17<3147::AID-ANIE3147>3.0.CO;2-V
https://dx.doi.org/10.1002/1521-3773(20020902)41:17<3147::AID-ANIE3147>3.0.CO;2-V
https://dx.doi.org/10.1016/j.cclet.2013.03.028
https://dx.doi.org/10.1016/0040-4020(95)01077-7
https://dx.doi.org/10.1016/0040-4020(95)01077-7
https://dx.doi.org/10.1016/0040-4020(95)01077-7
https://dx.doi.org/10.1039/C2CS35271K
https://dx.doi.org/10.1039/C2CS35271K
https://dx.doi.org/10.1021/acs.chemrev.6b00040
https://dx.doi.org/10.1021/acs.chemrev.6b00040
https://dx.doi.org/10.1021/acs.chemrev.6b00040
https://dx.doi.org/10.1021/cr5005524
https://dx.doi.org/10.1021/cr5005524
https://dx.doi.org/10.1039/C4CS00284A
https://dx.doi.org/10.1039/C4CS00284A
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03848?ref=pdf

Organic Letters

pubs.acs.org/OrgLett

Enantioselective catalysis of photochemical reactions. Angew. Chem.,
Int. Ed. 2018, 54, 3872—3890. (f) Yang, C.; Inoue, Y. Supramolecular
photochirogenesis. Chem. Soc. Rev. 2014, 43, 4123—4143. (g) Poplata,
S.; Troster, A;; Zou, Y. Q.; Bach, T. Recent advances in the synthesis
of cyclobutanes by olefin [2 + 2] photocycloaddition reactions. Chem.
Rev. 2016, 116, 9748—981S. (h) Vallavoju, N.; Sivaguru, J.
Supramolecular photocatalysis: combining confinement and non-
covalent interactions to control light initiated reactions. Chem. Soc.
Rev. 2014, 43, 4084—4101.

(3) (a) Nakamura, A; Inoue, Y. Supramolecular catalysis of the
enantiodifferentiating [4 + 4] photocyclodimerization of 2-anthrace-
necarboxylate by y-cyclodextrin. J. Am. Chem. Soc. 2003, 125, 966—
972. (b) Ke, C; Yang, C.; Mori, T.; Wada, T.; Liu, Y.; Inoue, Y.
Catalytic enantiodifferentiating photocyclodimerization of 2-anthra-
cenecarboxylic acid mediated by a non-sensitizing chiral metal-
losupramolecular host. Angew. Chem., Int. Ed. 2009, 48, 6675—6677.
(c¢) Liang, W,; Yang, C.; Nishijima, M,; Fukuhara, G.; Mori, T,;
Castiglione, F.; Mele, A, Caldera, F.; Trotta, F.; Inoue, Y.
Cyclodextrin nanosponge-sensitized enantiodifferentiating photo-
isomerization of cyclooctene and 1,3-cyclooctadiene. Beilstein J. Org.
Chem. 2012, 8, 1305—1300. (d) Yan, Z.; Huang, Q.; Liang, W.; Yu,
X.; Zhou, D.; Wu, W.; Chruma, J.; Yang, C. Enantiodifferentiation in
the photoisomerization of (Z,Z)-1,3-cyclooctadiene in the cavity of y-
cyclodextrin—curcubit[6]uril-wheeled [4]rotaxanes with an encapsu-
lated photosensitizer. Org. Lett. 2017, 19, 898—901. (e) Wei, X.; Liu,
J.; Xia, G.; Deng, J; Sun, P.; Chruma, J.; Wu, W,; Yang, C.; Wang, Y,;
Huang, Z. Enantioselective photoinduced cyclodimerization of a
prochiral anthracene derivative adsorbed on helical metal nanostruc-
tures. Nat. Chem. 2020, 12, 551—559. (f) Wei, X; Raj, A. M,; Ji, J;
Wu, W,; Veerakanellore, G. B.; Yang, C.; Ramamurthy, V. Reversal of
regioselectivity during photodimerization of 2-anthracenecarboxylic
acid in a water-soluble organic cavitand. Org. Lett. 2019, 21, 7868—
7872.

(4) (a) Wei, X;; Yu, X;; Zhang, Y.; Liang, W.; Ji, J.; Yao, J.; Rao, M,;
Wu, W,; Yang, C. Enhanced irregular photodimers and switched
enantioselectivity by solvent and temperature in the photocyclodime-
rization of 2-anthracenecarboxylate with modified f-cyclodextrins. J.
Photochem. Photobiol, A 2019, 371, 374—381. (b) Yi, J.; Liang, W,;
Wei, X,; Yao, J.; Yan, Z.; Su, D.; Zhong, Z.; Gao, G.; Wu, W,; Yang, C.
Switched enantioselectivity by solvent components and temperature
in photocyclodimerization of 2-anthracenecarboxylate with 6*6*-
diguanidio-y-cyclodextrins. Chin. Chem. Lett. 2018, 29, 87-90.
(¢) Yao, J; Yan, Z; Ji, J; Wu, W, Yang, C.; Nishijima, M,;
Fukuhara, G.; Mori, T.; Inoue, Y. Ammonia-driven chirality inversion
and enhancement in enantiodifferentiating photocyclodimerization of
2-anthracenecarboxylate mediated by diguanidino-y-cyclodextrin. J.
Am. Chem. Soc. 2014, 136, 6916—6919. (d) Liu, R.; Zhang, Y,; Wu,
W.; Liang, W.; Huang, Q.; Yu, X;; Xu, W.; Zhou, D.; Selvapalam, N;
Yang, C. Temperature-driven braking of y-cyclodextrin-curcubit[6]-
uril-cowheeled [4]rotaxanes. Chin. Chem. Lett. 2019, 30, 1979—1983.

(5) (a) Inoue, Y.; Ikeda, H.; Kaneda, M.; Sumimura, T.; Everitt, S. R.
L.; Wada, T. Entropy-controlled asymmetric photochemistry: switch-
ing of product chirality by solvent. J. Am. Chem. Soc. 2000, 122, 406—
407. (b) Poon, T.; Sivaguru, J.; Franz, R.; Jockusch, S.; Martinez, C.;
Washington, I; Adam, W,; Inoue, Y.; Turro, N. J. Temperature and
solvent control of the stereoselectivity in the reactions of singlet
oxygen with oxazolidinone-substituted enecarbamates. J. Am. Chem.
Soc. 2004, 126, 10498—10499.

(6) Inoue, Y.; Wada, T.; Asaoka, S.; Sato, H.; DPete, J. P.
Photochirogenesis: multidimensional control of asymmetric photo-
chemistry. Chem. Commun. 2000, 251—259.

(7) Wang, Q.; Yang, C.; Ke, C; Fukuhara, G.; Mori, T.; Liu, Y,;
Inoue, Y. Wavelength-controlled supramolecular photocyclodimeriza-
tion of anthracenecarboxylate mediated by y-cyclodextrins. Chem.
Commun. 2011, 47, 6849—6851.

(8) Hu, X; Liu, F; Zhang, X; Zhao, Z,; Liu, S. Expected and
unexpected photoreactions of 9-(10)substituted anthracene deriva-
tives in cucurbit[n]uril hosts. Chem. Sci. 2020, 11, 4779—478S.

9761

(9) (a) Wang, Q.; Yang, C.; Fukuhara, G.; Mori, T.; Liu, Y.; Inoue,
Y. Supramolecular FRET photocyclodimerization of anthracenecar-
boxylate with naphthalene-capped y-cyclodextrin. Beilstein J. Org.
Chem. 2011, 7, 290—297. (b) Yang, C.; Wang, Q.; Yamauchi, M.; Yao,
J.; Zhou, D.; Nishijima, M.; Fukuhara, G.; Mori, T.; Liu, Y.; Inoue, Y.
Manipulating y-cyclodextrin-mediated photocyclodimerization of
anthracenecarboxylate by wavelength, temperature, solvent and host.
Photochem. Photobiol. Sci. 2014, 13, 190—198. (c) Wei, X,; Wu, W.;
Matsushita, R.;; Yan, Z.; Zhou, D.; Chruma, J. J; Nishijima, M,;
Fukuhara, G.; Mori, T.; Inoue, Y,; Yang, C. Supramolecular
photochirogenesis driven by higher-order complexation: enantiodif-
ferentiating photocyclodimerization of 2-anthracenecarboxylate to
slipped cyclodimers via a 2:2 complex with f-cyclodextrin. J. Am.
Chem. Soc. 2018, 140, 3959—3974. (d) Ji, J; Wu, W,; Liang, W,;
Cheng, G.; Matsushita, R.; Yan, Z.; Wei, X;; Rao, M; Yuan, D. Q;
Fukuhara, G.; Mori, T.; Inoue, Y.; Yang, C. An ultimate stereocontrol
in supramolecular photochirogenesis: photocyclodimerization of 2-
anthracenecarboxylate mediated by sulfur-linked p-cyclodextrin
dimers. J. Am. Chem. Soc. 2019, 141, 9225—9238.

(10) (a) Sieburth, S. M. In Synthetic Organic Photochemistry;
Griesbeck, A. G., Mattay, J., Eds.; Dekker: New York, Vol. 12, 2005,
pp 239—-268. (b) Wakai, A.; Fukasawa, H.; Yang, C.; Mori, T.; Inoue,
Y. Theoretical and experimental investigations of circular dichroism
and absolute configuration determination of chiral anthracene
photodimers. J. Am. Chem. Soc. 2012, 134, 4990—4997. (c) Maturi,
M. M,; Fukuhara, G.; Tanaka, K.; Kawanami, Y.; Mori, T.; Inoue, Y,;
Bach, T. Enantioselective [4 + 4] photodimerization of anthracene-
2,6-dicarboxylic acid mediated by a C,-symmetric chiral template.
Chem. Commun. 2016, 52, 1032—1035. (d) Urushima, A.; Taura, D ;
Tanaka, M.; Horimoto, N.; Tanabe, J.; Ousaka, N.; Mori, T.; Yashima,
E. Enantiodifferentiating photodimerization of a 2,6-disubstituted
anthracene assisted by supramolecular double-helix formation with
chiral amines. Angew. Chem., Int. Ed. 2020, 59, 7478—7486.

(11) Nakanishi, K;; Berova, N. Circular dichroism—principles and
applications; Wiley-VCH: New York, 2000.

https://dx.doi.org/10.1021/acs.orglett.0c03848
Org. Lett. 2020, 22, 9757-9761


https://dx.doi.org/10.1002/anie.201411409
https://dx.doi.org/10.1039/C3CS60339C
https://dx.doi.org/10.1039/C3CS60339C
https://dx.doi.org/10.1021/acs.chemrev.5b00723
https://dx.doi.org/10.1021/acs.chemrev.5b00723
https://dx.doi.org/10.1039/c3cs60471c
https://dx.doi.org/10.1039/c3cs60471c
https://dx.doi.org/10.1021/ja016238k
https://dx.doi.org/10.1021/ja016238k
https://dx.doi.org/10.1021/ja016238k
https://dx.doi.org/10.1002/anie.200902911
https://dx.doi.org/10.1002/anie.200902911
https://dx.doi.org/10.1002/anie.200902911
https://dx.doi.org/10.3762/bjoc.8.149
https://dx.doi.org/10.3762/bjoc.8.149
https://dx.doi.org/10.1021/acs.orglett.7b00057
https://dx.doi.org/10.1021/acs.orglett.7b00057
https://dx.doi.org/10.1021/acs.orglett.7b00057
https://dx.doi.org/10.1021/acs.orglett.7b00057
https://dx.doi.org/10.1038/s41557-020-0453-0
https://dx.doi.org/10.1038/s41557-020-0453-0
https://dx.doi.org/10.1038/s41557-020-0453-0
https://dx.doi.org/10.1021/acs.orglett.9b02860
https://dx.doi.org/10.1021/acs.orglett.9b02860
https://dx.doi.org/10.1021/acs.orglett.9b02860
https://dx.doi.org/10.1016/j.jphotochem.2018.11.038
https://dx.doi.org/10.1016/j.jphotochem.2018.11.038
https://dx.doi.org/10.1016/j.jphotochem.2018.11.038
https://dx.doi.org/10.1016/j.cclet.2017.05.004
https://dx.doi.org/10.1016/j.cclet.2017.05.004
https://dx.doi.org/10.1016/j.cclet.2017.05.004
https://dx.doi.org/10.1021/ja5032908
https://dx.doi.org/10.1021/ja5032908
https://dx.doi.org/10.1021/ja5032908
https://dx.doi.org/10.1016/j.cclet.2018.12.002
https://dx.doi.org/10.1016/j.cclet.2018.12.002
https://dx.doi.org/10.1021/ja993542t
https://dx.doi.org/10.1021/ja993542t
https://dx.doi.org/10.1021/ja048438c
https://dx.doi.org/10.1021/ja048438c
https://dx.doi.org/10.1021/ja048438c
https://dx.doi.org/10.1039/a905409j
https://dx.doi.org/10.1039/a905409j
https://dx.doi.org/10.1039/c1cc11771h
https://dx.doi.org/10.1039/c1cc11771h
https://dx.doi.org/10.1039/D0SC00409J
https://dx.doi.org/10.1039/D0SC00409J
https://dx.doi.org/10.1039/D0SC00409J
https://dx.doi.org/10.3762/bjoc.7.38
https://dx.doi.org/10.3762/bjoc.7.38
https://dx.doi.org/10.1039/C3PP50255D
https://dx.doi.org/10.1039/C3PP50255D
https://dx.doi.org/10.1021/jacs.7b12085
https://dx.doi.org/10.1021/jacs.7b12085
https://dx.doi.org/10.1021/jacs.7b12085
https://dx.doi.org/10.1021/jacs.7b12085
https://dx.doi.org/10.1021/jacs.9b01993
https://dx.doi.org/10.1021/jacs.9b01993
https://dx.doi.org/10.1021/jacs.9b01993
https://dx.doi.org/10.1021/jacs.9b01993
https://dx.doi.org/10.1021/ja300522y
https://dx.doi.org/10.1021/ja300522y
https://dx.doi.org/10.1021/ja300522y
https://dx.doi.org/10.1039/C5CC09107A
https://dx.doi.org/10.1039/C5CC09107A
https://dx.doi.org/10.1002/anie.201916103
https://dx.doi.org/10.1002/anie.201916103
https://dx.doi.org/10.1002/anie.201916103
pubs.acs.org/OrgLett?ref=pdf
https://dx.doi.org/10.1021/acs.orglett.0c03848?ref=pdf

