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Abstract: [24+2] Photocycloadditions of 1,3-dienes represent
a powerful yet synthetically underutilized class of reactions. We
report that visible light absorbing transition metal complexes
enable the [24-2] cycloaddition of a diverse range of 1,3-dienes.
The ability to use long-wavelength visible light is attractive
because these reaction conditions tolerate the presence of
sensitive functional groups that might be readily decomposed
by the high-energy UV C radiation required for direct photo-
excitation of 1,3-dienes. The resulting vinylcyclobutane prod-
ucts are poised for a variety of further diversification reactions,
and this method is consequently expected to be powerfully
enabling in the synthesis of complex organic targets.

P hotochemical reactions provide uniquely direct access to
molecular structures that are often difficult to synthesize
using other reaction types.!! The utility of photochemical
[242] cycloaddition reactions, in particular, has become
widely appreciated both because of the prevalence of cyclo-
butanes in a diverse family of bioactive natural products®® and
because of the utility of strain-releasing fragmentation
reactions in the assembly of larger-ring systems.”] Over the
past several years, our research group has taken advantage of
the unique properties of transition metal chromophores to
develop a variety of photocycloaddition reactions that can be
accomplished with visible light.**! In examining synthetic
targets to demonstrate the utility of visible light induced
photocycloadditions, we realized that [2+2] cycloadditions of
1,3-dienes would afford versatile vinylcyclobutanes that are
ideally poised for diverse synthetic elaborations by manipu-
lation of their alkenyl substituents (Figure 1). Notably, only
a few examples of [242] diene-olefin photocycloadditions
have been reported in the context of total synthesis.*” This
stands in sharp contrast to the multitude of syntheses that
feature analogous [242] enone-olefin photocycloadditions.
One important reason for this discrepancy is that the direct
photoexcitation of dienes requires irradiation with very high-
energy UVC light (ca. 1 =240-265 nm).®! These high-energy
photons (108-120 kcalmol™!) are incompatible with the
highly functionalized organic substrates generally required
for late-stage synthetic applications. The ability to promote
the [2+2] cycloaddition of dienes with low-energy visible light
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Figure 1. [2+2] Cycloadditions of 1,3-dienes provide access to syntheti-
cally versatile vinylcyclobutanes.

(<75 kcalmol ) would thus greatly increase the versatility of
this vastly underexploited transformation and facilitate its use
in synthesis.

Most of the recent interest in visible light mediated
photochemical reactions has focused on photoinduced redox
activation of organic functional groups using transition metal
photocatalysts such as [Ru(bpy);]** (1, Table 1).”! We have
reported a complementary approach that uses iridium com-
plex 2 to perform the [242] cycloaddition of a variety of
electronically diverse styrenes via an energy-transfer mech-
anism.”) We speculated that this strategy might also be
capable of activating dienes towards [242] cycloaddition
reactions using visible light. Although dienes are more
resistant to one-electron oxidation than styrenes,' their
lowest-lying triplet states are quite similar in energy (ca. 55—
60 kcalmol™).'" We reasoned, therefore, that the same
visible light activated photocatalysts that proved to be
effective for sensitization of styrenes might also activate
simple 1,3-dienes and could thus provide access to a wide
range of synthetically valuable vinylcyclobutane products.

Triene 3 was selected as a model substrate for our
preliminary investigations (Table 1). The direct photoexcita-
tion of this compound requires short-wavelength UVC light,
and as expected, irradiation at 4 =254 nm resulted in rapid
and complete decomposition after 30 min (entry 1), consis-
tent with the destructive nature of these high-energy photons.
No trace of the desired [2+2] cycloadduct could be observed
even at partial conversion (entry2). In contrast, we were
pleased to find that vinylcyclobutane 4 was formed in high
yield upon irradiation of 3 with a household CFL bulb in the
presence of 1mol% of iridium complex 2 (entry 3).1?
Importantly, we did not observe any products arising from
competitive electrocyclization or [4+2] cycloaddition events
under these conditions. The observation that 1, which
possesses a substantially lower triplet energy (47 kcal
mol ), fails to promote this reaction (entry 4) is consistent
with the proposed role of 2 as a triplet sensitizer rather than
a photoredox catalyst. Finally, no reaction occurred in the
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Table 1: Control studies for visible light promoted diene—olefin
[24+2] cycloadditions.?!

tBu
Bu
1: [Ru(bpy)s]** 2: [Irppy), (®“bpy)]*
ET = 47 kcal/mol ET = 60 kcal/mol
Me Me
ﬂ H
TsN —— TsN
N3 H 4
Entry Conditions Conversion [%]  Yield [%)]
181 hy (UVC), 30 min 100 0
2P py (UVCQ), 10 min 63 0
3 1 mol % 2-PF, hv (visible), 15 h 100 89
4 1 mol% 1-(PFy),, hv (visible), 15h 12 0
5 hv (visible), 15 h 6 0
6 1 mol % 2-PFg, no light, 15 h 0 0

[a] Yields determined by "H NMR spectroscopic analysis of the unpuri-
fied reaction mixtures using an internal standard. Reactions conducted
in DMSO unless otherwise noted. [b] Reactions conducted in MeCN.
Ts =4-toluenesulfonyl.

absence of either light or the photocatalyst (entries 5 and 6),
in line with our observations in studies of similar systems.

Table 2 summarizes experiments probing the effect of
substrate modifications on the [2+2] cycloaddition. Collec-
tively, these studies demonstrate that the scope of this
reaction is broad. Substrates bearing substitution at each
position of the diene underwent smooth reaction (4, 6-9, and
14), including systems that produce cyclobutanes bearing
quaternary centers (6, 7, 9 and 14). Similarly, a wide range of
structurally varied alkenes served as suitable partners in this
cycloaddition, and their reactions proved to be relatively
insensitive to their electronic and steric properties (10-13,
15). Although we focused on sulfonamide-tethered substrates
because of their ease of synthesis, ether-containing and all-
carbon tethers provide good yields as well (9, 13, 14, 17, and
18). The reactions of cyclic dienes occurred at somewhat
faster rates (9 and 14), which is consistent with the prevention
of energy-wasting cis—trans diene isomerizations, although
a small amount of an inseparable Diels—Alder side product
was also produced in these reactions. Most notably, the visible
light induced cycloaddition was quite tolerant of a wide range
of functional groups, including vinyl iodide and aryl bromide
bonds that could be sensitive to either direct photodecompo-
sition or photoredox-induced dehalogenation™ (15 and 16).
Other functional groups that are easily tolerated include
esters, triflates, and unprotected alcohols (13, 14, 17, 18), all of
which provide useful synthetic handles for further elabora-
tion.
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Table 2: |nvestigation of structural diversity in the visible light-promoted
[24+2] cycloaddition of 1,3-dienes.”!
Me

Me
/_M visible light al
rad 1 mol% 2+PFg - 89% yield
DMSO 10:1d.r,15h
A\ 3 H 4
H Me H Me
onl ™ >
TsN TsN TsN,
H H H
5, 95% yield 6, 89% yield 7, 88% yield
3:1dr,16h 2:1dr,12h 3:1dr,28h
H H
Sy S
TSN TsN,
Me "'/ e
H H Me
8, 98% yield 9, 81% yield! 10, 76% yield
3:1dr,12h >10:1d.r.,6h 3:1dr.,16h
Me Me

H
O,
COLEt
H 2!

13, 71% yield
5:1dr,16h

H
H
X
TsN,
H H TsN
H

11, 93% yield 12, 79% yield
1:1dr,18h 81dr,21h

Me Me
H H
o
TsN Br@—SI—N
! o
H H

15, 98% yield
2:1dr,6h

M
" Me H 8
HO
\ TsN,
Ho—'
H & Me
18, 88% yield
10:1d.r,36h

14, 80% yield®
>10:1d.r., 4h

16, 93% yield
10:1dr,18h

Me
H
Etozc\d:ﬁ\
Etozc‘$
H
17, 94% yield
10:1d.r.,40h

19, 85% yield
>10:1dr., 4h

[a] Unless otherwise noted, we report isolated yields as averaged values
from two reproducible experiments. Diastereomer ratios were deter-
mined by "H NMR spectroscopic analysis of the unpurified reaction
mixtures. [b] Yields of the [2+2] cycloadduct determined by '"H NMR
spectroscopic analysis using an internal standard.

We also investigated the sensitization of higher-order
conjugated polyenes (Scheme 1). Substrate 20 underwent
high-yielding cycloaddition to 21 upon irradiation in the
presence of 2-PF¢; however, the product was formed as a 1:1
mixture of £ and Z isomers. The poor geometric selectivity is
attributable to unproductive photosensitization and subse-

H
NF visible light
TSM catalyst (1 mol%) TsN Me
—_—
=N Me i Me
DMSO H
20 21

Ir conditions: 1 mol% 2+PFg, 18 h: 96% vyield, 1:1 E/Z, 2:1 d.r.
Ru conditions: 1 mol% 1+(PFg)y, 4 h: 93% yield, >10:1 E/Z, 2:1 d.r.

Scheme 1. [2+2] Cycloaddition of higher-order polyenes. DMSO =
dimethylsulfoxide.
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quent isomerization of the product diene. Speculating that
a photocatalyst possessing a lower-energy triplet state might
be able to selectively activate the more conjugated triene but
not the higher-energy diene, we conducted a photocycloaddi-
tion in the presence of [Ru(bpy);]*" (1). Indeed, under these
reaction conditions, the cycloaddition proceeds with excellent
geometric selectivity. These studies highlight the versatility of
energy transfer as a mode of photoactivation; the availability
of a vast number of well-characterized transition-metal
photocatalysts!"™ with long-lived excited states spanning
a wide range of triplet excited state energies is a distinct
advantage of this approach.

The vinylcyclobutane motif readily accessible by this
method is synthetically powerful because it is amenable to
a diverse set of high-yielding functionalization and rearrange-
ment reactions (Scheme 2). For example, cycloadduct 4

M
Hoo H
Me Me
TsN a b TsN
Me
H \ H / H
o i
TsN 23, 98% yield
c d
H \

i Me_Me ~ 4 OMs

4 M
e
ToN c TsN
Me
H

22, 90% yield

H
o 25, 86% yield
24, 99% yield 51011 dor.
Me
o Ve H
e T 26
TsN > sN 98% yield
H H
19 Me Me

Scheme 2. Synthetic elaboration of vinylcyclobutane products. a) H,,
10% Pd/C, MeOH, RT; b) 1. O;, CH,Cl,, —78°C 2. DMS; ¢) HCl (2m
Et,0), CH,Cl,, RT; d) MeSO;H, CH,Cl,, RT; e) Benzene, 80°C.

DMS = dimethylsulfide.

undergoes hydrogenation to afford 22 as well as ozonolysis
to give cyclobutyl methyl ketone 23. The vinylcyclobutane can
be elaborated by a variety of acid-promoted processes as well.
The addition of HCI across the alkene occurs in quantitative
yield (24) without fragmentation of the cyclobutane. In
contrast, methanesulfonic acid initiates a cationic ring expan-
sion that generates the corresponding cyclopenta[c]pyrrole
ring system (25). Finally, divinylcyclobutane 19 provides
access to ring-expanded cyclooctadiene 26 in excellent yield
through a facile thermal Cope rearrangement.

The availability of complexity-building reactions of vinyl-
cyclobutanes suggests that the ability to perform [2+42]
cycloadditions of a structurally diverse set of dienes should
be an enabling strategy in the synthesis of many complex
organic targets. To highlight this feature, we designed a con-
cise and modular synthesis of the cyclobutane-containing
natural product (+)-epiraikovenal™ (Scheme 3). The diene
precursor (28) to the key photochemical step is accessible by
Horner—Wadsworth—-Emmons olefination of aldehyde 27.
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Scheme 3. Modular synthesis of (+)-epiraikovenal.

Subsequent photocycloaddition proceeds in high yield to
generate the cyclobutane-containing carbocyclic core of the
natural product (29). The unpurified product of the cyclo-
addition was then subjected to cross-metathesis with enal 30
to deliver fully functionalized (+)-epiraikovenal (31) in 42 %
yield over these two steps.

In summary, iridium photocatalyst 2 enables the
[2+42] photocycloaddition of a structurally diverse range of
1,3-diene substrates using visible light irradiation. The low-
energy photons involved in this process are tolerant of
a variety of common functional groups that would be prone to
decomposition by the significantly higher-energy UVC wave-
lengths required for direct photoexcitation of 1,3-dienes. We
expect that this greater functional group compatibility
coupled with the range of diversification reactions available
to vinylcylobutanes will facilitate the exploration of [242]
diene—olefin cycloadditions in the context of complex target-
oriented organic synthesis. Studies along these lines are
underway in our laboratory.

Received: May 16, 2014
Published online: July 1, 2014

Keywords: cycloadditions - energy transfer - photochemistry -
small ring systems - total synthesis

[1] For leading reviews on the use of photocycloaddition in syn-

thesis, see: a) T. Bach, J. P. Hehn, Angew. Chem. Int. Ed. 2011,

50, 1000-1045; Angew. Chem. 2011, 123, 1032-1077; b) N.

Hoffman, Chem. Rev. 2008, 108, 1052 -1103.

For reviews on cyclobutane natural products, see: a) T. V.

Hansen, Y. Stenstrom in Organic Synthesis: Theory and Appli-

cations, Vol. 5 (Ed. T. Hudlicky), Elseview, Oxford, UK, 2001,

pp- 1-38; b) V. M. Dembritsky, J. Nat. Med. 2008, 62, 1-33.

For reviews on the use of cyclobutane intermediates in synthesis,

see: a)J. C. Namyslo, D. E. Kaufmann, Chem. Rev. 2003, 103,

1485-1538; b) T. Seiser, T. Saget, D. N. Tran, N. Cramer, Angew.

Chem. Int. Ed. 2011, 50, 7740-7752; Angew. Chem. 2011, 123,

7884 -7896.

[4] a) M. A.Ischay, M. E. Anzovino, J. Du, T. P. Yoon, J. Am. Chem.
Soc. 2008, 130, 12886—12887; b) J. Du, T. P. Yoon, J. Am. Chem.
Soc. 2009, 131, 14604 -14605; c) M. A. Ischay, Z. Lu, T. P. Yoon,
J. Am. Chem. Soc. 2010, 132,8572—-8574;d) Z. Lu, M. Shen, T. P.
Yoon, J. Am. Chem. Soc. 2011, 133,1162-1164; ¢) A. E. Hurtley,

[2

—

[3

—_—

www.angewandte.de

Chemie

9139


http://dx.doi.org/10.1002/anie.201002845
http://dx.doi.org/10.1002/anie.201002845
http://dx.doi.org/10.1002/ange.201002845
http://dx.doi.org/10.1021/cr010010y
http://dx.doi.org/10.1021/cr010010y
http://dx.doi.org/10.1002/anie.201101053
http://dx.doi.org/10.1002/anie.201101053
http://dx.doi.org/10.1002/ange.201101053
http://dx.doi.org/10.1002/ange.201101053
http://dx.doi.org/10.1021/ja805387f
http://dx.doi.org/10.1021/ja805387f
http://dx.doi.org/10.1021/ja903732v
http://dx.doi.org/10.1021/ja903732v
http://dx.doi.org/10.1021/ja103934y
http://dx.doi.org/10.1021/ja107849y
http://www.angewandte.de

Angewandte

9140

[5

[l

(6]

[7

[8

—

|

Zuschriften

M. A. Cismesia, M. A. Ischay, T. P. Yoon, Tetrahedron 2011, 67,
4442 -4448; f) S. Lin, M. A. Ischay, C. G. Fry, T. P. Yoon, J. Am.
Chem. Soc. 2011, 133,19350-19353; g) E. L. Tyson, E. P. Farney,
T. P. Yoon, Org. Lett. 2012, 14,1110-1113; h) M. A.Ischay, M. S.
Ament, T. P. Yoon, Chem. Sci. 2012, 3, 2807 -2811.

For recent comprehensive reviews on visible light photocatalysis,
see: a) F. Teply, Collect. Czech. Chem. Commun. 2011, 76, 859 —
917; b) C. K. Prier, D. A. Rankic, D. W. C. MacMillan, Chem.
Rev. 2013, 113, 5322-5363.

a) P. A. Wender, C. R. D. Correia, J. Am. Chem. Soc. 1987, 109,
2523-2525; b) E.J. Corey, D. E. Cane, L. Libit, J. Am. Chem.
Soc. 1971, 93, 7016-7021; c) N. Biilow, W. A. Konig, Phyto-
chemistry 2000, 55, 141 -168; d) K. Yoshihara, Y. Ohta, T. Sakai,
Y. Hirose, Tetrahedron Lett. 1969, 10, 2263 —2264.

For reviews of diene and polyene photochemistry, see: a) R.
Srinivasan in Advances in Photochemistry, Vol. 4 (Eds.: W. A.
Noyes, G. Hammond, J. N. Pitts), Wiley, New York, 1966,
pp- 113-142; b) W. L. Dilling, Chem. Rev. 1969, 69, 845-877;
¢)R.S.H. Liu, G.S. Hammond, Photochem. Photobiol. Sci.
2003, 2, 835-844; d) S. M. Sieburth in Molecular and Supra-
molecular Photochemistry, Synthetic Organic Photochemistry,
Vol. 12 (Eds.: A. G. Griesbeck, J. Mattay), Marcel Decker, New
York, 2005, pp. 239-268.

In contrast, the absorption spectra of simple enones possess
a low-energy n—m* transition that is accessible with relatively
lower-energy UVA irradiation (ca. A =300-350 nm).

[9] Z.Lu, T. P. Yoon, Angew. Chem. Int. Ed. 2012, 51,10329-10332;

www.angewandte.de

Angew. Chem. 2012, 124, 10475-10478.

[10]

(11]

(12]

[13]

[14]

[15]

[16]

T. Shono, S. Kashimura, N. Kise in The Chemistry of Dienes and
Polyenes, Vol. 1 (Ed.: Z. Rappoport), Wiley, Chichester, 1997,
753-774.

a) A. A. Lamola, G.S. Hammond, J. Chem. Phys. 1965, 43,
2129-2135; b) T. Ni, R. A. Caldwell, L. A. Melton, J. Am.
Chem. Soc. 1989, 111, 457-464; c) T. Ni, R. A. Caldwell, L. A.
Melton, J. Am. Chem. Soc. 1989, 111,457 -464; d) D. F. Evans, J.
Chem. Soc. 1960, 1735-1745.

The reaction time can be significantly reduced by irradiation
with a higher-intensity purple LED light source. Under these
reaction conditions, 1 is converted into 2 in 90 % yield (10:1 d.r.)
after 7 h. However, household CFL bulbs were generally used to
represent more readily accessible consumer light sources.

D. P. Rillema, G. Allen, T.J. Meyer, D. Conrad, Inorg. Chem.
1983, 22, 1617 -1622.

a)J. D. Nguyen, E. M. D’Amato, J. M. R. Narayanam, C.R. J.
Stephenson, Nat. Chem. 2012, 4, 854—859; b) H. Kim, C. Lee,
Angew. Chem. Int. Ed. 2012, 51, 12303 -12306; Angew. Chem.
2012, 124, 12469 —12472.

a) A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser, A.
von Zelewsky, Coord. Chem. Rev. 1988, 84, 85-277; b) L.
Flamigni, A. Barbieri, C. Sabatini, B. Ventura, F. Barigelletti,
Top. Curr. Chem. 2007, 281, 143 -203.

a) G. Guella, F. Dini, F. Pietra, Helv. Chim. Acta 1995, 78,1747 -
1754; b) B. B. Snider, Q. Lu, Synth. Commun. 1997, 27, 1583 -
1600; c) G. Rosini, F. Laffi, E. Morotta, I. Pagani, P. Righi, J. Org.
Chem. 1998, 63, 2389-2391; d) C. Ko, J. B. Feltenberger, S. K.
Ghosh, R. Hsung, Org. Lett. 2008, 10, 1971-1974.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2014, 126, 9137 —9140


http://dx.doi.org/10.1016/j.tet.2011.02.066
http://dx.doi.org/10.1016/j.tet.2011.02.066
http://dx.doi.org/10.1021/ja2093579
http://dx.doi.org/10.1021/ja2093579
http://dx.doi.org/10.1021/ol3000298
http://dx.doi.org/10.1039/c2sc20658g
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1021/cr300503r
http://dx.doi.org/10.1021/ja00242a053
http://dx.doi.org/10.1021/ja00242a053
http://dx.doi.org/10.1021/ja00754a055
http://dx.doi.org/10.1021/ja00754a055
http://dx.doi.org/10.1016/S0031-9422(00)00266-1
http://dx.doi.org/10.1016/S0031-9422(00)00266-1
http://dx.doi.org/10.1016/S0040-4039(01)88136-3
http://dx.doi.org/10.1021/cr60262a005
http://dx.doi.org/10.1039/b304027e
http://dx.doi.org/10.1039/b304027e
http://dx.doi.org/10.1002/anie.201204835
http://dx.doi.org/10.1002/ange.201204835
http://dx.doi.org/10.1063/1.1697084
http://dx.doi.org/10.1063/1.1697084
http://dx.doi.org/10.1021/ja00184a008
http://dx.doi.org/10.1021/ja00184a008
http://dx.doi.org/10.1021/ja00184a008
http://dx.doi.org/10.1039/jr9600001735
http://dx.doi.org/10.1039/jr9600001735
http://dx.doi.org/10.1021/ic00153a012
http://dx.doi.org/10.1021/ic00153a012
http://dx.doi.org/10.1038/nchem.1452
http://dx.doi.org/10.1002/anie.201203599
http://dx.doi.org/10.1002/ange.201203599
http://dx.doi.org/10.1002/ange.201203599
http://dx.doi.org/10.1016/0010-8545(88)80032-8
http://dx.doi.org/10.1007/128_2007_131
http://dx.doi.org/10.1002/hlca.19950780708
http://dx.doi.org/10.1002/hlca.19950780708
http://dx.doi.org/10.1080/00397919708006097
http://dx.doi.org/10.1080/00397919708006097
http://dx.doi.org/10.1021/jo972098e
http://dx.doi.org/10.1021/jo972098e
http://dx.doi.org/10.1021/ol8004968
http://www.angewandte.de

