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tion of isobenzofurans from
phthalans: application to the formal synthesis of
(�)-morphine†‡

Mirai Kage, Hiroyuki Yamakoshi, Manami Tabata, Eisaku Ohashi,
Kimihiro Noguchi, Takeshi Watanabe, Manato Uchida, Minetatsu Takada,
Kazutada Ikeuchi and Seiichi Nakamura *

Treatment of phthalan derivatives with p-chloranil in dodecane in the presence of molecular sieves at 160–

200 °C allowed the generation of unstabilized isobenzofurans, which underwent intramolecular Diels–

Alder reaction to give endo cycloadducts exclusively. The cycloaddition turned out to be reversible,

providing an equilibrium mixture of endo adducts when heating a substrate with a stereocenter on the

tether. We also demonstrated the regioselective allylation of an oxygen-bridged cycloadduct upon

exposure to EtAlCl2 in the presence of allyltrimethylsilane, and the conversion to Rice's intermediate

completed a formal synthesis of (±)-morphine.
Introduction

Due to the structural features and the ease of aromatization of
Diels–Alder adducts under acidic conditions, isobenzofurans
(IBFs) have been recognized as useful intermediates for the
preparation of fused polycyclic aromatic compounds.1 Despite
being aromatic compounds with 10p-electrons, IBFs are
extremely reactive and prone to dimerization or polymerization
in solution.2 While aryl and electron-withdrawing substituents
on the furanoid ring stabilize the system, less stable IBFs should
be generated in situ and used for the following reaction without
isolation.

To date, a variety of methods involving retro Diels–Alder
reaction,2a,3 1,4-elimination of dihydroisobenzofuranols and
their ethers,4 isomerization of benzalphthalan,5 enolization of
phthalides,6 transannular cyclization of carbenes, carbenoids,
or Pummerer cations with adjacent carbonyl groups,7 and
electrophilic cyclization of o-carbonylated phenylacetylenes8

have been developed to generate IBFs.9 However, oxidation has
never been utilized for this purpose except for a few examples,10

probably due to the electron-rich nature of IBFs. With the
availability of phthalan derivatives in mind,11 we wondered
whether IBFs could be generated from the corresponding
phthalans by oxidation. Intramolecular trapping of IBFs with p-
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bonds at a suitable position can circumvent the aforementioned
stability issue, leading to the formation of benzene-fused,
oxygen-bridged polycyclic compounds that would be employed
for the syntheses of bioactive natural products12 (Scheme 1). In
this paper, we report a novel oxidation/intramolecular Diels–
Alder (IMDA) strategy for the construction of an octahydrophe-
nanthrene skeleton, the synthetic utility of which was demon-
strated by the formal total synthesis of (±)-morphine.
Results and discussion

At the outset of this study, we selected phthalan 1 (ref. 13) as
a substrate and investigated the tandem oxidation/IMDA
sequence. Although palladium catalysts can be used for
Scheme 1 Tandem oxidation/intramolecular Diels–Alder approach to
octahydrophenanthrene derivatives and the structure of morphine.
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dehydrogenative aromatization reactions,14 treatment of 1 with
Pd/C in 2-methylnaphthalene afforded no reaction and heating
at 240 °C led to partial decomposition (Table 1, entry 1). In
contrast, the use of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ)15,16 as a stoichiometric oxidant in CH2Cl2 at room
temperature resulted in a complex mixture of products (entry 2).
We then speculated that the IBF generated from 1 could not
adopt the folded conformation 2 at room temperature. This
hypothesis was validated by the observation that cycloadduct 3
was obtained as a single isomer in 20% yield when the reaction
was performed in dodecane at 100 °C (entry 3). However,
competitive overoxidation under these conditions was sug-
gested by the formation of ketoaldehyde 4 as a byproduct. This
overoxidation was suppressed by switching the oxidant from
DDQ to less reactive p-chloranil, although the reaction was quite
slow and the product yield (23%) was comparable at this
temperature due to the 40% recovery of 1 aer a prolonged
reaction time (10 h, entry 4). An examination of the temperature
prole of the reaction revealed that the product yield was
improved to 65% by raising the temperature to 180 °C, but the
reaction at a higher temperature (200 °C) afforded no discern-
ible benets (entries 4–6). A signicant solvent effect exists in
this transformation; dodecane proved to be the solvent of
choice for this transformation, whereas the reaction in o-
dichlorobenzene shortened the reaction time (entries 5 vs. 7, 8).
While the addition of 2,6-di-tert-butyl-4-methylphenol (BHT) as
a radical scavenger resulted in a low yield, we were gratied to
nd a benecial effect of molecular sieves (MS),17 providing
cycloadduct 3 in 91% yield by the use of 3 Å MS (entries 9–12). It
Table 1 Oxidation/IMDA sequence using phthalan 1a

Entry Oxidant Solvent A

1 Pd/C 2-Methylnaphthalene
2 DDQ CH2Cl2
3 DDQ Dodecane
4 p-Chloranil Dodecane
5 p-Chloranil Dodecane
6 p-Chloranil Dodecane
7 p-Chloranil o-C6H4Cl2
8 p-Chloranil Triglyme
9 p-Chloranil Dodecane B
10 p-Chloranil Dodecane 3
11 p-Chloranil Dodecane 4
12 p-Chloranil Dodecane 5

a All reactions were carried out on a 0.13 mmol scale with 1.3 equivalents o
unreacted starting material remained. c The formation of overoxidation p

© 2024 The Author(s). Published by the Royal Society of Chemistry
should be mentioned that naphthalene derivatives arising from
aromatization were not detected under these conditions. The
stereochemical assignment for cycloadduct 3 was determined
by the diagnostic 1H NOE correlation between Hg and Hh.18

Having optimized the reaction conditions, the scope of the
tandem oxidation/IMDA sequence was explored (Scheme 2). As
expected, reactions of phthalans having trisubstituted or nitro-
substituted olens gave the corresponding endo cycloadducts 5
and 6 in good yields. It is noteworthy that chemoselective
oxidation could be attained under these conditions, leaving the
formyl group intact, albeit in modest yield of aldehyde 7 (54%).
The electron-withdrawing substituent on the olen was found
to be unnecessary, but the tandem reaction of phthalan 8a was
accompanied by aromatization of the 11-oxatricyclo[6.2.1.01,6]
undecane moiety, giving naphthalene and phenanthrene
derivatives 16 and 17 as byproducts in 19% and 7% yields,
respectively. A quaternary stereocenter could be created by
using 1,1-disubstituted alkenes 9a and 10a as substrates: even
the alkene bearing an electron-donating methyl group gave
cycloadduct 10, albeit in 15% yield, whereas the hetero atom-
substituted alkene in phthalan 11a did not undergo cycloaddi-
tion in accord with the general trend, resulting in decomposi-
tion. The tetrasubstituted alkene in phthalan 12a could also
serve as a dienophile for the sequential reaction, allowing for
the simultaneous construction of three contiguous quaternary
stereocenters.19 Although Kanematsu and co-workers reported
that IMDA reaction of an IBF lacking substitution on the tether
met with failure due to rapid decomposition of the IBF,20

unsubstituted product 13 was obtained according to this
dditive Temp. (°C) Time (h) Yield (%)

240 6 0b

25 1 0b,c

100 8 20b,c

100 10 23b

180 5 65
200 2 62
180 0.5 31b

180 6 0b

HT 180 7 38b

Å MS 180 5 91
Å MS 180 5 84
Å MS 180 5 77

f the oxidant at a concentration of 0.01 M. b TLC analysis indicated that
roduct 4 was observed.

Chem. Sci., 2024, 15, 19070–19076 | 19071
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Scheme 2 Substrate scope.a a All reactions were carried out on a 0.13 mmol scale with 1.3 equivalents of the oxidant at a concentration of
0.01 M. b Yields in parentheses are based on recovered starting material. c Naphthalene and phenanthrene derivatives 16 and 17were obtained as
byproducts in 19% and 7% yields, respectively. d At a concentration of 1 mM.
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protocol. With regard to substituents on the benzene ring, an
ortho-methoxy group in phthalan 14a did not reduce the
product yield, and this transformation could be applicable even
to the unsubstituted substrate 15a.

The scope of the present method is not limited to the use of
alkene dienophiles (Scheme 3). The reaction of alkyne 18 fur-
nished conjugated ester 19 (67% yield), the alkene moiety of
which can be used as a handle for further functionalization.

To demonstrate the synthetic utility of our method, we then
addressed the formal synthesis of (±)-morphine. Due to their
important pharmacological properties and strained pentacyclic
structure, morphine and related natural products have been
recognized as attractive targets of synthetic interest, and many
groups have made impressive contributions to the literature on
the syntheses of these molecules.21–54

The synthesis was initiated with the sequential Heck/oxa-
Michael reaction between iodide 20 (ref. 55) and enone 21
(ref. 56) in the presence of Ag3PO4 (ref. 59) in N,N-dime-
thylformamide (DMF) at 110 °C, affording phthalan 22 in 82%
yield (Scheme 4). The carbonyl group was reduced with Li(s-
Bu)3BH in THF at −78 °C,60,61 and the resultant alkoxide was
Scheme 3 Tandem oxidation/intramolecular Diels–Alder reaction of
ynoate 18.

19072 | Chem. Sci., 2024, 15, 19070–19076
protonated and silylated in situ62 to give tert-butyldimethylsilyl
(TBS) ether 23 as an inseparable 15 : 1 mixture of diastereomers
in 85% yield. Aer reduction of the Weinreb amide with i-
Bu2AlH in CH2Cl2 at −78 °C, one-pot homologation of aldehyde
24 to nitroalkene 25 under Merck conditions63 set the stage for
the key oxidation/IMDA sequence.

We expected that stereoinduction would be observed when
using phthalans with a stereocenter in the tether as substrates.
As anticipated, a 1 : 2.7 mixture of cycloadducts 26 and 27 was
obtained in 81% yield upon heating at 200 °C for 3 h. Transition
state 29, in which the cyclohexane ring adopts a chair confor-
mation, is favoured over the diastereomeric transition state 28,
thus leading to the preferential formation of 27.64 At this junc-
ture, we noticed that independent submission of cycloadducts
26 and 27 to BHT in dodecane at 200 °C provided identical
ratios of isomers (26 : 27 = 1 : 3.6).65 While the reactions of IBFs
were reported not to be reversible under the conditions nor-
mally employed,1b,66 our results clearly revealed that the cyclo-
addition was reversible. Although both stereoisomers 26 and 27
could be carried forward, it was more expedient to work with
a homogeneous material. We then proceeded forward in the
synthesis with major isomer 27.

Given characteristic oxygen-bridged products obtained by
the present oxidation/IMDA reactions, regio- and stereoselective
ring-opening methods need to be devised for the application to
total synthesis. Aer considerable experimentation with regard
to the ring-opening of 27, reaction of amine 30, obtained by
reduction of 27 using NiCl2/NaBH4 in MeOH in 82% yield,67

with allyltrimethylsilane with the aid of EtAlCl2 in CH2Cl2 at
−45 °C was found to fulll this requirement, providing a 2 : 1
mixture of allylation products 31 and 13-epi-31 in 57% yield
aer N-protection with ClCO2Et.68 Oxidative cleavage of the
olen in allylation product 31 with OsO4/NaIO4 (ref. 69) was
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Formal synthesis of (±)-morphine. Reagents and conditions: (a) enone 21 (1.2 equiv.), Pd(OAc)2 (10 mol%), (o-MeC6H4)3P (40 mol%),
Ag3PO4 (10mol%), Et3N (3.1 equiv.), DMF, 110 °C, 25 h, 82%; (b) Li(s-Bu)3BH (2 equiv.), THF,−78 °C, 1 h, then TBSCl (7 equiv.), imidazole (11 equiv.),
DMF, 9 h, 85%, dr= 15 : 1; (c) i-Bu2AlH (1.6 equiv.), CH2Cl2,−78 °C, 16 h, 80%; (d) CH3NO2 (102 equiv.), tetramethylguanidine (0.1 equiv.), toluene,
0 °C, 1 h, then MsCl (15 equiv.), Et3N (15 equiv.), 1 h, 86%; (e) p-chloranil (1.5 equiv.), 3 Å MS, dodecane, 200 °C, 3 h, 81% (26 : 27 = 1 : 2.7); (f) BHT
(0.1 equiv.), dodecane, 200 °C, 25 h, 98% (26 : 27 = 1 : 3.6); (g) NiCl2$6H2O (0.5 equiv.), NaBH4 (13 equiv.), MeOH, 3 h, 82%; (h) H2C]CHCH2TMS
(1.7 equiv.), EtAlCl2 (3 equiv.), CH2Cl2,−45 °C, 6 h, then ClCO2Et (5 equiv.), 1 M aq. NaOH, 14 h, 31 38%, 13-epi-31 19%; (i) OsO4 (2 mol%), NaIO4 (4
equiv.), 2,6-lutidine (2 equiv.), 3 : 1 1,4-dioxane/H2O, 36 h, 77%; (j) Et3SiH (3 equiv.), BF3$OEt2 (2.5 equiv.), CH2Cl2, −78 to 0 °C, 2.5 h, 70%; (k)
Et3SiH (3 equiv.), BF3$OEt2 (3 equiv.), CH2Cl2,−78 to 0 °C, 2 h, then Dess–Martin periodinane (2 equiv.), pyridine (2.5 equiv.), 1 h, 73%; (l) CuBr2 (2.2
equiv.), 1 : 1 CHCl3/AcOEt, 70 °C, 2 h; (m) DMF, 140 °C, 25.5 h, 42% (59% after two cycles). Ms = methanesulfonyl; TMS = trimethylsilyl.
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accompanied by cyclization to furnish enecarbamate 32 in 77%
yield. The benzylic hydroxy group and double bond were
successfully reduced upon treatment of enecarbamate 32 with
Et3SiH in the presence of BF3$OEt2 in CH2Cl2 at −78 °C, and
raising the temperature to 0 °C effected desilylation, affording
crystalline alcohol 33, the stereochemistry of which was
unambiguously established by X-ray crystallography.70 Ene-
carbamate 32 could be converted to ketone 34 by a one-pot
procedure involving oxidation of alcohol 33 with Dess–Martin
periodinane57 buffered with pyridine. Ketone 34 underwent a-
bromination with CuBr2 in reuxing CHCl3/AcOEt,46,71 and
heating the crude product in DMF at 140 °C effected intra-
molecular etherication to provide N-carbethoxynorcodeinone
(35)72a in 59% yield aer one recycle.73 While the conversion of
35 to codeine72a and its O-demethylation to morphine72b were
reported by the Rice group, the synthesis of 35 constitutes
a formal synthesis of (±)-morphine.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Conclusions

We have developed a novel oxidation/IMDA reaction sequence,
wherein unstabilized IBFs were generated as transient species
from phthalans upon oxidation with p-chloranil. Exclusive
formation of endo cycloadducts was observed and the reaction
proved to be reversible under these conditions. This metal-free
protocol represents the rst general method for oxidative
generation of IBFs and the rst example that provides experi-
mental evidence for the reversibility of Diels–Alder reactions of
IBFs without using maleic anhydride as a dienophile. The
method presented herein offers the advantage of obtaining
cycloadducts without aromatization in most cases, and the
bridging oxygen can serve as a handle for the installation of
substituents at the benzylic position. The successful application
to the formal synthesis of (±)-morphine attests to the power of
the present method in natural product synthesis.
Chem. Sci., 2024, 15, 19070–19076 | 19073

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05890a


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 1
0:

45
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Data availability
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(CCDC) under CCDC 2237321.‡
Author contributions

S. N. conceived the project and prepared the manuscript. S. N.
and H. Y. designed the project and directed the
investigations. M. K., H. Y., Ma. T., E. O., K. N., T. W., M. U., Mi.
T. and S. N. performed the experiments. H. Y., Ma. T., E. O.,
K. N., T. W., K. I. and S. N. prepared the ESI. All of the authors
discussed the results.
Conflicts of interest

There are no conicts to declare.
Acknowledgements

This research was supported in part by JSPS KAKENHI Grant
Numbers JP17K08215 and JP24K09713, the Platform Project for
Supporting in Drug Discovery and Life Science Research from
Japan Agency for Medical Research and Development (AMED),
Grant-in-Aid for Research in Nagoya City University (No. 3), the
Takeda Science Foundation, and the Hori Sciences and Arts
Foundation. The authors acknowledge the assistance of the
Research Equipment Sharing Center at Nagoya City University.
We would like to thank Prof. Takahiro Sasamori (University of
Tsukuba) for technical assistance in X-ray analyses, Dr Takeo
Sakai (Meijo University) for the use of their NMR spectrometer,
and Dr Yusuke Sasano (Tohoku University) for a helpful
discussion regarding the DFT calculations.
Notes and references

1 For reviews, see: (a) R. Rodrigo, Tetrahedron, 1988, 44, 2093;
(b) W. Friedrichsen, Adv. Heterocycl. Chem., 1999, 73, 1.

2 (a) R. N. Warrener, J. Am. Chem. Soc., 1971, 93, 2346; (b)
D. Tobia and B. Rickborn, J. Org. Chem., 1987, 52, 2611.

3 (a) G. Wittig and L. Pohmer, Chem. Ber., 1956, 89, 1334; (b)
L. F. Fieser and M. J. Haddadin, J. Am. Chem. Soc., 1964,
86, 2081; (c) G. S. Reddy and M. V. Bhatt, Tetrahedron Lett.,
1980, 21, 3627.

4 (a) L. Contreras, C. E. Slemon and D. B. MacLean,
Tetrahedron Lett., 1978, 19, 4237; (b) J. G. Smith,
S. S. Welankiwar, B. S. Shantz, E. H. Lai and N. G. Chu, J.
Org. Chem., 1980, 45, 1817; (c) K. Naito and B. Rickborn, J.
Org. Chem., 1980, 45, 4061; (d) B. A. Keay, D. K. W. Lee and
R. Rodrigo, Tetrahedron Lett., 1980, 21, 3663; (e) K. Mikami
and H. Ohmura, Org. Lett., 2002, 4, 3355; (f) Y. Nishina,
T. Kida and T. Ureshino, Org. Lett., 2011, 13, 3960; (g)
T. Hamura and R. Nakayama, Chem. Lett., 2013, 42, 1013.

5 J. G. Smith and R. T. Wikman, J. Org. Chem., 1974, 39, 3648.
19074 | Chem. Sci., 2024, 15, 19070–19076
6 M. Iwao, H. Inoue and T. Kuraishi, Chem. Lett., 1984, 13,
1263.

7 (a) O. Buchardt, Tetrahedron Lett., 1968, 9, 1911; (b)
M. Hamaguchi and T. Ibata, Chem. Lett., 1976, 5, 287; (c)
J. T. Sharp and C. E. D. Skinner, Tetrahedron Lett., 1986,
27, 869; (d) C. W. Chen and P. Beak, J. Org. Chem., 1986,
51, 3325; (e) J. E. Cochran and A. Padwa, Tetrahedron Lett.,
1995, 36, 3495.

8 (a) D. Jiang and J. W. Herndon, Org. Lett., 2000, 2, 1267; (b)
C. H. Oh, H. M. Park and D. I. Park, Org. Lett., 2007, 9, 1191.

9 For other methods, see: (a) J. Hambrecht, Synthesis, 1977,
280; (b) Y. Kuninobu, Y. Nishina, C. Nakagawa and
K. Takai, J. Am. Chem. Soc., 2006, 128, 12376; (c) H. Zhang,
A. Wakamiya and S. Yamaguchi, Org. Lett., 2008, 10, 3591.

10 (a) L. Lepage and Y. Lepage, J. Heterocycl. Chem., 1978, 15,
1185; (b) E. Johansson and J. Skramstad, J. Org. Chem.,
1981, 46, 3752; (c) F. Yang, T. Jin, M. Bao and
Y. Yamamoto, Tetrahedron, 2011, 67, 10147.

11 For reviews, see: (a) G. Albano and L. A. Aronica, Synthesis,
2018, 50, 1209; (b) E. Ilya, L. Kulikova, E. V. Van der
Eycken and L. Voskressensky, ChemistryOpen, 2018, 7, 914.
While phthalan (1,3-dihydroisobenzofuran) is a compound
name, substituted 1,3-dihydroisobenzofurans are called as
phthalans in these reviews. We also use phthalan to
denote phthalan derivative in this paper.

12 For a natural product synthesis by IMDA of IBFs, see:
B. A. Keay and R. Rodrigo, J. Am. Chem. Soc., 1982, 104, 4725.

13 Phthalan 1 was prepared from ((6-bromo-1,3-dioxaindan-5-
yl)-methanol by the following six-step sequence: (1) ethyl
acrylate (1.5 equiv.), (Ph3P)2PdCl2 (1 mol%), Et3N (3
equiv.), DMF, 135 °C, 4 h; (2) 1 M aq. NaOH, 1 : 1 THF/
EtOH, 2 h; (3) MeONHMe$HCl (1.2 equiv.),
dicyclohexylcarbodiimide (1.0 equiv.), Et3N (1.2 equiv.), 4-
(dimethylamino)pyridine (10 mol%), CH2Cl2, 17 h, 78% (3
steps); (4) 3-butenylmagnesium bromide (1.5 equiv.), THF,
1 h, 86%; (5) (TMSOCH2)2 (1.2 equiv.), TMSOTf (3 mol%),
CH2Cl2, −20 °C, 9 h, 96%; (6) ethyl acrylate (10 equiv.),
second-generation Grubbs catalyst (5 mol%), CH2Cl2, 43 h,
85%.

14 H. Lee and R. G. Harvey, J. Org. Chem., 1990, 55, 3787.
15 For oxidative Diels–Alder reactions promoted by DDQ, see:

(a) H.-X. Feng, Y.-Y. Wang, J. Chen and L. Zhou, Adv.
Synth. Catal., 2015, 357, 940; (b) L. Zhou, B. Xu and
J. Zhang, Angew. Chem., Int. Ed., 2015, 54, 9092; (c)
C.-W. Kuo, A. Konala, L. Lin, T.-T. Chiang, C.-Y. Huang,
T.-H. Yang, V. Kavala and C.-F. Yao, Chem. Commun., 2016,
52, 7870; (d) S. Manna and A. P. Antonchick, Chem.–Eur. J.,
2017, 23, 7825; (e) W.-L. Xu, H. Zhang, Y.-L. Hu, H. Yang,
J. Chen and L. Zhou, Org. Lett., 2018, 20, 5774.

16 For reviews, see: (a) D. Walker and J. D. Hiebert, Chem. Rev.,
1967, 67, 153; (b) A. E. Wendlandt and S. S. Stahl, Angew.
Chem., Int. Ed., 2015, 54, 14638; (c) J. L. Miller, J.-M.
I. A. Lawrence, F. O. Rodriguez del Rey and
P. E. Floreancig, Chem. Soc. Rev., 2022, 51, 5660.

17 For the use of MS in the Diels–Alder reaction, see: (a)
K. Mikami, Y. Motoyama and M. Terada, J. Am. Chem. Soc.,
1994, 116, 2812; (b) G. H. Posner, H. Dai, D. S. Bull,
© 2024 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4sc05890a


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
O

ct
ob

er
 2

02
4.

 D
ow

nl
oa

de
d 

on
 6

/1
6/

20
26

 1
0:

45
:1

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
J.-K. Lee, F. Eydoux, Y. Ishihara, W. Welsh, N. Pryor and
S. Petr Jr, J. Org. Chem., 1996, 61, 671; (c) S. Nakamura,
F. Kikuchi and S. Hashimoto, Angew. Chem., Int. Ed., 2008,
47, 7091; (d) Y. Shi, J. T. Wilmot, L. U. Nordstrøm,
D. S. Tan and D. Y. Gin, J. Am. Chem. Soc., 2013, 135,
14313; (e) J. Ishihara, S. Nakadachi, Y. Watanabe and
S. Hatakeyama, J. Org. Chem., 2015, 80, 2037; (f)
J. J. Pacheco, J. A. Labinger, A. L. Sessions and M. E. Davis,
ACS Catal., 2015, 5, 5904.

18 The coupling constants between the benzylic bridgehead
proton and its vicinal proton are reported to be ca. 5 Hz
for endo cycloadducts, whereas smaller values were
estimated for exo cycloadducts according to the Karplus
equation. H. Takeshita, A. Mori, S. Sano and Y. Fujise,
Bull. Chem. Soc. Jpn., 1975, 48, 1661.

19 Cycloadduct 12 was prone to decomposition upon heating
probably due to polymerization through retro Diels–Alder
reaction. When performed at a concentration of 0.01 M,
cycloadduct 12, initially detected by TLC analysis,
completely decomposed before complete consumption of
p-chloranil. The use of high dilution conditions could
circumvent the problem.

20 Y. Yamaguchi, H. Yamada, K. Hayakawa and K. Kanematsu,
J. Org. Chem., 1987, 52, 2040.

21 For reviews, see: (a) B. H. Novak, T. Hudlicky, J. W. Reed,
J. Mulzer and D. Trauner, Curr. Org. Chem., 2000, 4, 343;
(b) P. R. Blakemore and J. D. White, Chem. Commun., 2002,
1159; (c) J. Zezula and T. Hudlicky, Synlett, 2005, 388; (d)
U. Rinner and T. Hudlicky, Top. Curr. Chem., 2012, 309, 33.

22 (a) M. Gates and G. Tschudi, J. Am. Chem. Soc., 1952, 74,
1109; (b) M. Gates and G. Tschudi, J. Am. Chem. Soc., 1956,
78, 1380.

23 (a) D. Elad and D. Ginsburg, J. Am. Chem. Soc., 1954, 76, 312;
(b) D. Elad and D. Ginsburg, J. Chem. Soc., 1954, 3052.

24 R. Grewe and W. Friedrichsen, Chem. Ber., 1967, 100, 1550.
25 K. C. Rice, J. Org. Chem., 1980, 45, 3135.
26 D. A. Evans and C. H. Mitch, Tetrahedron Lett., 1982, 23, 285.
27 W. H. Moos, R. D. Gless and H. Rapoport, J. Org. Chem.,

1983, 48, 227.
28 (a) J. D. White, G. Caravatti, T. B. Kline, E. Edstrom,

K. C. Rice and A. Brossi, Tetrahedron, 1983, 39, 2393; (b)
J. D. White, P. Hrnciar and F. Stappenbeck, J. Org. Chem.,
1997, 62, 5250.

29 (a) J. E. Toth and P. L. Fuchs, J. Org. Chem., 1987, 52, 473; (b)
J. E. Toth, P. R. Hamann and P. L. Fuchs, J. Org. Chem., 1988,
53, 4694.

30 M. A. Tius and M. A. Kerr, J. Am. Chem. Soc., 1992, 114, 5959.
31 (a) K. A. Parker and D. Fokas, J. Am. Chem. Soc., 1992, 114,

9688; (b) K. A. Parker and D. Fokas, J. Org. Chem., 2006, 71,
449.

32 C. Y. Hong, N. Kado and L. E. Overman, J. Am. Chem. Soc.,
1993, 115, 11028.

33 (a) J. Mulzer, G. Dürner and D. Trauner, Angew. Chem., Int.
Ed., 1996, 35, 2830; (b) J. Mulzer, J. W. Bats, B. List,
T. Opatz and D. Trauner, Synlett, 1997, 441; (c) D. Trauner,
J. W. Bats, A. Werner and J. Mulzer, J. Org. Chem., 1998, 63,
5908.
© 2024 The Author(s). Published by the Royal Society of Chemistry
34 P. J. Parsons, C. S. Penkett and A. J. Shell, Chem. Rev., 1996,
96, 195.

35 H. Nagata, N. Miyazawa and K. Ogasawara, Chem. Commun.,
2001, 1094.

36 D. F. Taber, T. D. Neubert and A. L. Rheingold, J. Am. Chem.
Soc., 2002, 124, 12416.

37 (a) B. M. Trost and W. Tang, J. Am. Chem. Soc., 2002, 124,
14542; (b) B. M. Trost, W. Tang and F. D. Toste, J. Am.
Chem. Soc., 2005, 127, 14785.

38 (a) K. Uchida, S. Yokoshima, T. Kan and T. Fukuyama, Org.
Lett., 2006, 8, 5311; (b) K. Uchida, S. Yokoshima, T. Kan
and T. Fukuyama, Heterocycles, 2009, 77, 1219; (c)
H. Koizumi, S. Yokoshima and T. Fukuyama, Chem.–Asian
J., 2010, 5, 2192; (d) H. Umihara, S. Yokoshima, M. Inoue
and T. Fukuyama, Chem.–Eur. J., 2017, 23, 6993.

39 (a) A. T. Omori, K. J. Finn, H. Leisch, R. J. Carroll and
T. Hudlicky, Synlett, 2007, 2859; (b) H. Leisch, A. T. Omori,
K. J. Finn, J. Gilmet, T. Bissett, D. Ilceski and T. Hudlický,
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41 M. Varin, E. Barré, B. Iorga and C. Guillou, Chem.–Eur. J.,
2008, 14, 6606.

42 G. Stork, A. Yamashita, J. Adams, G. R. Schulte,
R. Chesworth, Y. Miyazaki and J. J. Farmer, J. Am. Chem.
Soc., 2009, 131, 11402.

43 P. Magnus, N. Sane, B. P. Fauber and V. Lynch, J. Am. Chem.
Soc., 2009, 131, 16045.

44 (a) T. Erhard, G. Ehrlich and P. Metz, Angew. Chem., Int. Ed.,
2011, 50, 3892; (b) J. Rautschek, A. Jäger and P. Metz, Org.
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