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ABSTRACT: Herein, Nature’s flavin-mediated activation of
complex (poly)enes has been translated to a small molecule
paradigm culminating in a highly (Z)-selective, catalytic
isomerization of activated olefins using (-)-riboflavin (up to
99:1 Z:E). In contrast to the prominent Z - E isomerization
of the natural system, it was possible to invert the direction-
ality of the isomerization (E->Z) by simultaneously truncat-
ing the retinal scaffold, and introducing a third olefin sub-
stituent to augment A1,3-strain upon isomerization. Conse-
quently, conjugation is reduced in the product chromophore
leading to a substrate / product combination with discrete
photophysical signatures. The operationally simple isomeri-
zation protocol has been applied to variety of enone-derived
substrates and showcased in the preparation of the medically
relevant 4-substituted coumarin scaffold. A correlation of
sensitizer triplet energy (Er) and reaction efficiency, together
with the study of additive effects and mechanistic probes, is
consistent with a triplet energy transfer mechanism.

Of the plethora of fundamental reactions that can be
achieved by (organo)-catalysis,’ a strategy for the selective
E—Z isomerization of olefins remains conspicuously absent.
Indeed, the development of a generic catalyst to realize this
pinnacle of atom economy” has yet to be reported.? Despite
the value of Z-olefins in contemporary organic synthesis,* the
development of a highly selective transformation remains
formidable on account of the “uphill” energetics of the net
process.” To circumvent this obstacle, a strategy relying on
an energy ratchet mechanism is necessary; this has proven to
be highly successful in the design of functional supramolecu-
lar systems.® By translating the notion of an (irreversible)
energy ratchet to the paradigm of olefin isomerization, con-
cerns pertaining to microscopic reversibility, and the unde-
sired formation of thermodynamic mixtures, are mitigated.

Photochemical activation via a sensitiser’ is a logical energy
ratcheting tactic that is ideally suited to catalytic olefin
isomerisation. Not only does the initial excitation ensure that
all subsequent steps are energetically “downhill”, the princi-
ple of microscopic reversibility does not apply to transfor-
mations initiated by photochemical excitation. Hammond’s
pioneering stilbene photoisomerization studies® and Arai’s -
alkylstyrene isomerization® beautifully exemplify this notion.
However, the synthetic utility of this isomerization strategy

has been limited by an extremely narrow substrate scope. In
an effort to extend the substrate scope of photosensitized
isomerizations beyond electron rich styrenes and stilbenes,
Nature’s photochemical (Z->E) isomerization of retinal'® was
taken as a blueprint for reaction design (Scheme 1, upper).
Whilst the overall directionality of the natural system favors
the E-isomer, an elegant study by Walker and Radda in 1967
described the qualitative observation that riboflavin catalyzes
the reverse E->Z photoisomerization of retinal.”

Scheme 1 Reaction design considerations. Upper: the
Z->E photoisomerization of retinal. Lower: a bio-
inspired catalytic, Z-selective isomerization.
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To improve this reversal to useful levels, and thus translate
biological photo-isomerization into a small molecule para-
digm, a process of substrate re-engineering was applied. In
retinal, isomerization about the 1,2-disubstituted olefin in-
duces a change in conformation and photo-physical proper-
ties. By simultaneously truncating the retinal scaffold, and
introducing a third olefin substituent to augment Az,3-strain
upon E->Z isomerization, it was envisaged that this same
phenomenon might be exploited to discriminate the sub-
strate and product based on de-conjugation of the m-system.
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This in turn would ensure that only the starting E-isomer
interacts with the photo-catalyst, thus ultimately resulting in
a Z-selective transformation. It was expected that the excited
state species generated by an initial energy transfer process
would induce cleavage of the m-bond to generate a delocal-
ized biradical intermediate™ where C-C bond rotation is
possible (cf Paterno-Biichi reaction). This species could, in
theory, be transposed to the corresponding radical cation or
anion depending on the environment (Scheme 1, lower). For
simplicity, activated olefins based on cinnamaldehyde were
selected as substrates for investigation. (-)-Riboflavin was
investigated as a cheap, commercially available photocatalyst
(258, 27.50 USD, Sigma-Aldrich).*"® Inspection of the respec-
tive triplet energies of cinnamaldehyde and riboflavin indi-
cate a productive match for this partnership (full details in
the SI).

As a start point for this investigation, the isomerization of
o,B-unsaturated esters was investigated (Table 1). To the best
of our knowledge, this transformation has only been
achieved with modest selectivities using sub-stoichiometric
loadings of Lewis-acids.” A screen of common solvents and
catalysts loadings quickly identified acetonitrile with 5 mol%
(-)-riboflavin to be the optimal conditions. The E—Z isomer-
ization of ethyl (E)-3-phenylpent-2-enoate (1) proceeded
smoothly within 24 h under UV-light irradiation. Quantita-
tive material recovery was achieved by simple filtration, and
analysis of the crude mixture revealed a Z:E mixture of 9g:1.

Encouraged by the first results obtained for 1, a variety of
substrates were successively modified at i) the B-substituent
(R"), ii) the aryl ring and iii) the carbonyl functionality (R?),
and investigated under the standard reaction conditions.
Substituting R'=Et by Me led only to a very minor erosion of
selectivity (1 and 2, Z:E 99:1 and 95:5, respectively). However,
the installation of F or H at R' led to a decrease in selectivity
(3 and 4, Z:E 32:68 and 59:41, respectively), thus implicating a
steric parameter in influencing the reaction outcome. The
higher selectivity of the vinyl fluoride 3 compared to 4 may
be attributed to the improved o-radical stabilizing ability of
fluorine as compared to hydrogen.® Modification of R' was
found to be well tolerated as is demonstrated by compounds
5 (Z:E 99:1) and 6 (Z:E 93:7). Interestingly, a slight erosion of
the isolated yield was observed in the cyclopropyl derivative
(94%), possibly due to ring opening. This observation would
later prove to be useful in formulating a working mechanistic
hypothesis.

Electronic modulation of the aryl ring was found to have a
negligible effect on stereoselectivity for both the ethyl and
methyl derivatives (7 and 8, Z:E 99:1 and 97:3, respectively; 9-
15 Z:E up to 99:1). To probe for radical abstraction phenome-
na, the deuterated analogue 16 was subjected to the stand-
ards reaction conditions. No exchange was observed and the
isolated yield and geometric ratio was identical to that of 2
(quant. Z:E 95:5). To explore the effect of breaking conjuga-
tion of the m-system, the ortho-fluorophenyl derivative 17 was
explored to subtly tilt the ring out of plane. This small modi-
fication led to a notable decrease in stereoselectivity (Z:E
8119). Replacing the phenyl ring by pyridyl resulted in a
slightly lower yield but with high Z:E selectivity (95:5). Inter-
estingly a slight decrease in the geometric ratio was noted for
substrate 19 bearing a larger naphthyl substituent. Finally,
exposure of the highly electron deficient system 20 to (-)-
riboflavin resulted in quantitative conversion and with a 3:97

ratio. Having confirmed a general tolerance for modifications
at R' and the aryl substituent, attention was focused on the
carbonyl group. Aldehyde 21, Weinreb amide 22 and ketone
23 (Figure 1, lower) all proved to be excellent substrates for
this isomerization, with Z:E ratios of up to 96:4 having been
observed.

Table 1 The (-)riboflavin-catalyzed isomerization of
activated olefins

(-)-riboflavin (5 mol%)

R
ArMRZ AN
H 2

0" R

MeCN, rt, 402 nm, 24 h
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Me ) Me O F o 0
X OFt WOEt WOEt ©/\A0Et

1 quant., 99:1 2 quant, 95:5 3 92%, 32:681@ 4 99%, 59:41
M
Me (o} [0} © [0} Me O
N
N0kt NN0Et OEO)\)LOEt
F Cl
5 quant., 99:1 6 94%, 93:7 7 quant., 99:1 8 quant., 97:3
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Me OEt Me OEt Me OEt Me OEt
9 10 11 12
quant quant. quant 98%
Br 97:3 Fal 97:3 HaC 95:5 MeG 96:4
Q Q Q Q
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_ _ _ D _
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quant. MeO 99%, F quant. D D quant.
98:2 90:10 99:1 95:5
NC MeO OMe F F D D

Q CF3 O

F Me O Me O
i i Me OEt &
= 19
N O quant
83:17

Me 0 Me 0 Me O Et O
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Me ke

21 quant., 87:13 22 quant., 96:4 23 quant, 95:5 24 99:1 + coumarin(®

17 quant, 81:19 18 88%, 95:5 20 quant., 3:971@

Standard reactions conditions: Reactions were performed
with 0.1 mmol substrate (E:Z >20:1) at ambient temperature
in MeCN using 5 mol% catalyst loading under 24 hours of
UV-light irradiation (402 nm). Z:E ratios were determined by
'"H NMR spectroscopy and HPLC analysis. ' N.B. product E:Z
ratio is inverted to reflect the higher IUPAC priority of F than
C. ™ Under standard conditions the product distribution was
24% cinnamic acid (Z:E 99:1) plus coumarin (76%).

By extension, the behavior of (E)-cinnamic acid 24 was also
explored under the optimized reaction conditions. Again,
this substrate furnished the expected (Z)-isomer with excel-
lent levels of geometric control (Z:E 99:1) but in a lower yield
(24%): the major product of this process was found to be the
corresponding 4-substitued coumarin (25). By performing
the reaction under an oxygen atmosphere, the intramolecu-
lar cyclisation of the (Z)-isomer could be driven to comple-
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tion (Scheme 2, 96% yield): this constitutes a facile route to
an important drug scaffold.” The isomerization reaction also
proved amenable to scale-up with the (Z)-isomer of 1 having
been isolated in 82% yield on a 1 mmol scale. The slightly
lower yield is attributable to the low intensity of the UV-
lamp (150 mW), thus preventing the photo-stationary state
from being reached.” When performing the isomerization of
(E)-1 with a catalyst loading of only 1 mol%, the product was
isolated in quantitative yield and with excellent levels of
stereocontrol (Z:E 99:1).

Scheme 2 A one-pot isomerization/cyclization strate-
gy to generate the 4-substituted coumarin scaffold

(-)-riboflavin Et
Et O (5 mol%)
_— > AN
PhMCH O,, MeCN, rt ©\)l
H 2, MEL I (C)
24 402 nm, 24 h 25
96% yield (X-ray)

Left: The E—Z photoisomerization of cinnamic acid 24 by (-
)-riboflavin led to the formation of the corresponding cou-
marin 25 (96% yield). X-ray structural data for coumarin 25 is
provided in the SI.

Pursuant to Hammond’s mechanistic analyses, correlation of
the sensitizer triplet energies (Et) of various photocatalysts
with reaction efficiency,” together with the study of additive
effects and mechanistic probes, and a Stern-Volmer pho-
toquenching experiment, indicated that a mechanism con-
sistent with triplet energy transfer was operational (full
details are provided in the SI). The Stern-Volmer analysis
revealed that increased quenching of the photoexcited state
of (-)-riboflavin by the E-isomer (E)-1 is at least one order of
magnitude more effective than with the corresponding Z-
isomer (Z)-1, thus a photostationary state with constant Z:E
ratios might be expected. Consequently, pure E-(1), Z-(1) and
a 11 mixture of both isomers were independently subjected
to the standard photocatalysis conditions for validation. In
all cases, quantitative formation of the expected product was
observed with a Z:E-ratio of 99:1. A time-course analysis of
the isomerization of (E)-1 revealed that the photostationary
state was reached after 4 hours (full details provided in the
SI). Moreover, by correlating the triplet state energy (Et) of
(-)-riboflavin and other common photocatalysts, a clear
guideline can be deduced and translated to related isomeri-
zation paradigms: Sensitizers with an Et below that of the
excited state of the substrate® lead to little or no isomerisa-
tion. In contrast, sensitizers with Er values greater than that
of the (E)-isomer, but less than that of the (Z)-isomer, result
in effective isomerisation (i.e. (-)-riboflavin).

To provide experimental support for the delocalized radical
intermediate outlined in Scheme 1, the cyclopropyl-based
radical clock 26 was prepared and subjected to the standard
conditions used throughout this study. Both diastereoiso-
mers (Z)-27a and (Z)-27b were isolated as a 60:40 mixture
(52% vyield). Stereomutation in (Z)-27a is consistent with
configurational scrambling via a benzylic radical. The reten-
tion of stereochemical information in (Z)-27b suggests that
the lifetime of the postulated biradical is comparable to the
radical-induced ring opening and closure of the trans-2,3-
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diphenyl substituted cyclopropane.” Repeating this reaction
in the absence of (-)-riboflavin led to the quantitative recov-
ery of 26 with no loss of stereochemical information. Addi-
tional support for the intermediary benzylic radical is reflect-
ed in the increasing Z:E ratio when improving the stabilizing
auxiliary R' (H < F < Me < Et = Pr).*®

Figure 1 Mechanistic investigations of the title reac-
tion.

Mechanistic probes:
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+

R
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The initial supposition that a deconjugation-induced change
in photophysical signature facilitates selective excitiation was
then examined. Probing the effect of ring size (Ar) indicates
that (i) distortion (deconjugation) in the product and (ii)
planarity (conjugation) in the substrate are key to ensuring
high levels of stereocontrol. To illustrate the first condition,
substrates 28 and 29 were investigated, where the 5-
membered rings retain the requisite aromatic character, but
reduce A1,3-strain in the (Z)-isomer. In both cases, the (E)-
and (Z)-isomers are conjugated and planar,” and the subse-
quent selectivity is low (Z:E 27:73 and 41:59 for 28 and 29,
respectively). To validate the second condition, substrates 17
and 30 were investigated which subtly introduce allylic strain
by virtue of ortho-fluoro substituents. In both cases, where
the aryl ring is distorted from planarity,** a decrease in selec-
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tivity was noted: this was most pronounced in the disubsti-
tuted system 30 (Z:E 1:99).

By emulating the flavin-mediated activation of complex
(poly)enes, an operationally simple, highly (Z)-selective
isomerization of activated olefins has been developed em-
ploying inexpensive, commercially available (-)-riboflavin as
the photo-catalyst. In contrast to the signature Z - E isomer-
ization of the natural system, the directionality of the isom-
erization (E - Z) was inverted by truncating the retinal scaf-
fold, and introducing a third olefin substituent to augment
A1,3-strain upon isomerization. The transformation is gener-
ally applicable to substrates in which the cinnamyl motif is
embedded: this includes esters, aldehydes, ketones, Weinreb
amides and carboxylic acids. In this latter case the method
can be extended to generate 4-substituted coumarins direct-
ly. Correlation of sensitizer triplet energy (Et) and reaction
efficiency, together with the study of additive effects and
mechanistic probes (see SI), has allowed a mechanistic hy-
pothesis to be formulated based on selective excitation. It is
envisaged that the guidelines delineated from this study will
facilitate the rapid development of a (photo)-catalyst tool
box™ to address the need for highly selective, generic isomer-
ization catalysts.

ASSOCIATED CONTENT

Supporting Information

NMR spectra, absorption spectra, experimental procedures
and mechanistic studies. Supporting information is available
free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

*ryan.gilmour@uni-muenster.de

Notes
This study is dedicated to Prof. Dr. Albert Eschenmoser (ETH
Ziirich) on the occasion of his go™ birthday.

ACKNOWLEDGMENT

We acknowledge generous financial support from the WWU
Minster, the Deutsche Forschungsgemeinschaft (SFB 858,
and Excellence Cluster EXC 1003 “Cells in Motion - Cluster of
Excellence”), and the Fonds der Chemischen Industrie (FCI
Fellowship to J. B. Metternich).

REFERENCES

(1) For selected reviews on organocatalysis see (a) D. W. C.
MacMillan, Nature 2008, 455, 304-308; (b) Asymmetric Organocatal-
ysis: From Biomimetic Concepts to Applications in Asymmetric Syn-
thesis (Eds.: A. Berkessel, H. Groger), Wiley-VCH, Weinheim, 2005;
(c) Introduction: Organocatalysis. Chem. Rev. 2007, 107 (special
edition), 5413-5883.

(2) B. M. Trost, Science 1996, 245, 1471-1477.

(3) For selected recent examples of E—Z olefin isomerization
using organonmetallic catalysts see (a) F. Pinner, A. Schmidt, G.
Hilt, Angew. Chem. Int. Ed. 2012, 51, 1270-1273; Angew. Chem. 2012,
124, 1296-1299; (b) L.-G. Zhuo, Z.-K. Yao, Z.-X. Yu, Org. Lett. 2013, 15,
4634-4637; (c) C. Chen, T. R. Dugan, W. W. Brennessel, D. J. Weix, P.
L. Holland, J. Am. Chem. Soc. 2014, 136, 945-955; (d) Y. N. Timsina,
S. Biswas, T. V. Rajanbabu, J. Am. Chem. Soc. 2014, 136, 6215-6218; (e)
C. R. Larsen, G. Erdogan, D. B. Grotjahn, J. Am. Chem. Soc. 2014, 136,
1226-1229; (f) for a perspective see G. Hilt, ChemCatChem 2014, 6,

2484-2485; (g) For a recent isomerization of terminal alkenes see S.
W. M. Crossley, F. Barabe, R. A. Shenvi, J. Am. Chem. Soc. 2014, 136,
16788-16791.

(1) W. Y. Siau, Y. Zhang, Y. Zhao, Top. Cur. Chem. 2012, 327,
33-58.

(5) For a recent transition metal based photocatalytic isomer-
ization of allylic amines see K. Singh, S. J. Staig, J. D. Weaver, J. Am.
Chem. Soc. 2014, 136, 5275-5278.

(6) M. N. Chatterjee, E. R. Kay, D. A. Leigh, J. Am. Chem. Soc.
2006, 128, 4058-4073.

(7) For examples of photocatalysis using sensitisers see: (a) A.
Bauer, F. Westkdamper, S. Grimme, T. Bach, Nature 2005, 436, 1139-
14o0; (b) C. Miiller, A. Bauer, T. Bach, Angew. Chem. Int. Ed. 2009, 48,
6640 — 6642; Angew. Chem. 2009, 121, 6767-6769; (c) C. Miiller, A.
Bauer, M. M. Maturi, M. C. Cuquerella, M. A. Miranda, T. Bach, J.
Am. Chem. Soc. 20m, 133, 16689-16697; (d) M. M. Maturi, M.
Wenniger, R. Alonso, A. Bauer, A. Pothig, E. Riedle, T. Bach, Chem.
Eur. J. 2013, 19, 7461-7472; (e) R. Alonso, T. Bach, Angew. Chem. Int.
Ed. 2014, 53, 4368-4371; Angew. Chem. 2014, 126, 4457-4460; (f) M. M.
Maturi, T. Bach, Angew. Chem. Int. Ed. 2014, 53, 7661-7664; Angew.
Chem. 2014, 126, 7793-7796; (g) for recent reviews on photocatalysis
see D. A. Nicewicz, T. M. Nguyen ACS Catal. 2014, 4, 355-360; R.
Brimioulle, D. Lenhart, M. M. Maturi, T. Bach, Angew. Chem. Int. Ed.
2015, 54, 3872-3890; Angew. Chem. 2015, 127, 3944-3963.

(8) For examples of cis-trans isomerizations of stilbenes see
(a) G. S. Hammond, J. Saltiel, J. Am. Chem. Soc. 1962, 84, 4983-4984;
(b) G. S. Hammond, J. Saltiel, J. Am. Chem. Soc. 1963, 85, 2515-2516;
(c) G. S. Hammond, J. Saltiel, A. A. Lamola, N. J. Turro, J. S. Brad-
shaw, D. O. Cowan, R. C. Counsell, V. Vogt, C. Dalton, J. Am. Chem.
Soc. 1964, 86, 3197-3217.

(9) For examples of cis-trans isomerizations of styrenes see (a)
T. Arai, H. Sakuragi, K. Tokumaru, Chem. Lett. 1980, 261-264 ; (b) T.
Arai, H. Sakuragi, K. Tokumaru, Bull. Chem. Soc. Jpn. 1982, 2204-
2207.

(10) (a) F. Gai, K. C. Hasson, J. Cooper MacDonald, P. A. An-
finrud, Science 1998, 279, 1886-1891; (b) B. O’Leary, B. Duke, J. E.
Eilers, Nature 1973, 246, 166-167; (c) G. Bassolino, T. Sovdat, M.
Liebel, C. Schnedermann, B. Odell, T. D. W. Claridge, P. Kakura, S.
P. Fletcher, J. Am. Chem. Soc. 2014, 136, 2650-2658.

(1) A. G. Walker, G. K. Radda, Nature 1967, 215, 1483.

(12) E. Garcia-Exposito, M. J. Bearpark, R. M. Ortufio, M. A.
Robb, V. Branchadell, J. Org. Chem. 2002, 67, 6070-6077.

(13)  T. Bach, Synthesis 1998, 683-703.

(14)  For examples of oxidation chemistry catalyzed by RF see:
(@) S. Fukuzumi, S. Kuroda, T. Tanaka, J. Am. Chem. Soc. 1985, 107,
3020-3027; (b) S. Murahashi, T. Oda, Y. Masui, J. Am. Chem. Soc.
1989, 111, 5002-5003; (¢) Y. Imada, H. lida, S. Ono, S.-I. Murahashi, J.
Am. Chem. Soc. 2003, 125, 2868-2869; (d) Y. Imada, H. lida, S.-L.
Murahashi, T. Naota, Angew. Chem. Int. Ed. 2005, 44, 1704-1706;
Angew. Chem. 2005, 117, 1732-1734; (e) J. Svoboda, H. Schmaderer, B.
Ko6nig, Chem. Eur. ]. 2008, 14, 1854-1865; (f) H. Schmaderer, P.
Hilgers, R. Lechner, B. Konig, Adv. Synth. Catal. 2009, 351, 163-174;
(g) B. Konig, R. Lechner, Synthesis 2010, 2010, 1712-1718; (h) R.
Lechner, S Kiimmel, B. Ko6nig, Photochem. Photobiol. Sci. 2010, 9,
1367-1377; (i) S.-I. Murahashi, D. Zhang, H. lida, T. Miyawaki, M.
Uenaka, K. Murano, K. Meguro, Chem. Commun. 2014, 50, 10295-
10298.

(15)  For examples of reduction chemistry catalyzed by RF see:
(a) Y. Imada, H. lida, T. Naota, J. Am. Chem. Soc. 2005, 127, 14544-
14545; (b) C. Smit, M. W. Fraaije, A. J. Minnaard, J. Org. Chem. 2008,
73, 9482-9485; (c) Y. Imada, T. Kitagawa, T. Ohno, H. lida, T. Naota,
Org. Lett. 2009, 12, 32-35; (d) J. F. Teichert, T. den Hartog, M.
Hanstein, C. Smit, B. ter Horst, V. Hernandez-Olmos, B. L. Feringa,
A.]. Minnaard, ACS Catalysis 2011, 1, 309-315.

(16) (a) U. Megerle, M. Wenninger, R.-J. Kutta, R. Lechner, B.
Konig, B. Dick, E. Riedle, PhysChemChemPhys 2011, 13, 8869-8880;
(b) J. Dadova, S. Kiimmel, C. Feldmeier, ]J. Cibulkova, R. Pazout, J.
Maixner, R. M. Gschwind, B. Konig, R. Cibulka, Chem. Eur. J. 2013, 19,
1066-1075; (c) C. Feldmeier, H. Bartling, E. Riedle, R. M. Gschwind, J.
Magn. Reson. 2013, 232, 39-44; (d) C. Feldmeier, H. Bartling, K.

ACS Paragon Plus Environment

Page 4 of 6



Page 5 of 6 Journal of the American Chemical Society

Magerl, R. M. Gschwind, Angew. Chem. Int. Ed. 2015, 54, 1347-1351;

1 Angew. Chem. 2015, 127, 1363-1367.

2 (17)  (a) F. D. Lewis, J. D. Oxman, J. Am. Chem. Soc. 1981, 103,

3 7345-7347; (b) F. D. Lewis, J. D. Oxman, L. L. Gibson, H. L. Hampsch,

4 S. L. Quillen, J. Am. Chem. Soc. 1986, 108, 3005-3015; (c) F. D. Lewis,
D. K. Howard, S. V. Barancyk, J. D. Oxman, J. Am. Chem. Soc. 1986,

5 108, 3016-3023.

6 (18) By extension of the cation stabilizing principle: W. S.

7 Johnson, B. Chenera, F. S. Tham, R. K. Kullnig, J. Am. Chem. Soc.

8 1993, 115, 493-497.

9 (19)  For an example of an oxidative cyclization yielding cou-
marins see: J. Li, H. Chen, D. Zhang-Negrerie, Y. Du, K. Zhao, RSC

10 Adv. 2013, 3, 4311-4320.

11 (20) L. ]J. Heidt, J. Am. Chem. Soc. 1954, 76, 5962-5968; (b) Z.

12 Mahimwalla, K. G. Yager, J. Mamiya, A. Shishido, A. Priimagi, C. J.

13 Barrett, Polymer Bulletin 2012, 69, 967-1006.

14 E;Zl) W. G. Herkstroeter and S. Farid, J. Photochem., 1986, 35,

1-85.

15 ’ (252) S. Hu, D. C. Neckers, J. Org. Chem. 1997, 62, 755-757.

16 (23)  F.D. Lewis, D. K. Howard, J. D. Oxman, A. L. Upthagrove,

17 S. L. Quillen, J. Am. Chem. Soc. 1986, 108, 5964-5968, and references

18 cited therein.

19 (24) For crystallographic .conformational ana.llysis of a related
system see: M. Niaz, M. N. Tahir, Z. Rehman, S. Alj, I. U. Khan, Acta

20 Cryst. 2008, E64, 0733.

21 (25)  For selected reviews see (a) N. J. Turro, Photochem. Pho-

22 tobiol. 2008, 9, 555-563; (b) T. P. Yoon, M. A. Ischay, J. Du, Nature

23 Chemistry 2010, 2, 527-532; (c) J]. M. R. Narayanam, C. R. J. Stephen-

24 son, Chem. Soc. Rev. 2011, 40, 102-113; (d) J. Xuan, W. Xiao, Angew.
Chem. Int. Ed. 2012, 51, 6828-6838; Angew. Chem. 2012, 124, 6934-

25 6944; (e) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem. Rev.

26 2013, 113, 5322-53263; (f) T. Koike, M. Akita, Synlett 2013, 24, 2492~

27 2505; (g) T. P. Yoon, C. R. ]. Stephenson, Adv. Synth. Catal. 2014, 356,

28 2739-2739; (h) D. M. Schultz, T. P. Yoon, Science 2014, 343, 1239176.

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

Journal of the American Chemical Society Page 6 of 6

Insert Table of Contents artwork here

6}
CH3 i) Schiff base
formation
ii) hv
Nature
R'I (0] hv R1
Medtng - (-)-riboflavin .
—_—
{ gl RZ. — Ar)ji
Z-Selective H A, sstrain // o R2

Isomerization

ACS Paragon Plus Environment



