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The visible-light-promoted activation of conjugated C-C double bonds is well developed, while that of
cumulated systems is underexplored. We present the feasibility of this challenging approach. The
localization of a triplet on an allenamide arm can be favored over that on a conjugated alkene.
Allenamides with an arylacryloyl arm dimerize at room temperature in the presence of visible light and
an iridium() photocatalyst. Two orthogonal polycyclizations took place and their outcome is entirely
dictated by the substitution of the alkene partner. Both cascades afford complex molecular architectures
with high selectivity. Products form through the ordered rearrangement of twelve m electrons, providing
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functionalization step, using disubstituted alkenes. The outcome was reverted with trisubstituted ones,
DOI 10.1039/d1sc06719b which gave rise to taxane-like bridged tricycles that had two six-membered lactams flanking

rsc.li/chemical-science a cyclooctane ring, which was established through the creation of four alternate C-C bonds.

Introduction We report herein the first dimerization of enallenamides.*
The term enallenamides has been used to describe the two
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crucial for present cycloisomerization sequences, in analogy to
those involving enynes and enallenes that are more frequently
described in the literature. These visible-light promoted inter-
molecular cascades give highly complex molecular architectures
through an original rearrangement of m-type electrons,
including a novel route to cyclooctanes® through the creation of
four alternate C-C bonds.

Moreover, modeling and experimental data present the
proof of principle of the activation by eT of cumulated, rather
than conjugated, C-C double bonds, thus opening a new avenue
for photochemical synthesis.

Following an interest in atom-economical cascades,® we
recently converted en-sulfonylallenamides® into [3.2.0] bicycles.
The [2+2] cycloaddition was coupled with the 1,3-shift of
a sulfonyl radical,” which was transferred to the bridgehead
position of the product. We tried to elicit a C-C forming variant
by preparing enallenamide 1 with the aim of generating a benzyl
radical and induce its 1,3-migration. Experiments to test this
hypothesis failed but afforded traces of a polar dimer. We did
not find analogous reports in the literature,>® and we thus
characterized the unexpected product.

The structure of 2 had a [3.2.0] bicyclic unit tethered to
a fused tricycle. The formation of 2 involved the complete
rearrangement of the w-bonding network of two substrate
molecules, creating five new contiguous stereocenters through
the assembly of five new C-C bonds and the functionalization of
an aromatic C-H group. The photocatalytic cascade enabled the
formation of four new cycles in an intermolecular fashion at
room temperature and with a complete atom economy.

Deuterium labeling experiments performed to rationalize
the hydrogen atom transfers (HATs)® at work in the sequence
(vide infra) led us to prepare 3 that had a trisubstituted
alkene. However, the reagent provided a different dimer.
Polycycle 4 had a cyclooctane decorated by two bridged lac-
tams. It presented five stereocenters, including two synthet-
ically challenging tetrasubstituted headbridging carbons that
reminded us of the B ring of Taxol.” To the best of our
knowledge, the domino synthesis of a cyclooctane via crea-
tion of four alternate C-C bonds has not been previously
reported.®

The outcome of the present cascades is entirely dictated by
the nature of the R group that differentiates 1 from 3, while
a variety of functional groups did not affect the domino
process. This is remarkable in light of the intrinsic chemo-
selectivity issues connected with the use of enallenes. Their
relatively simple intramolecular cycloaddition could indeed
provide up to three different products' and a mixture of
isomers has been observed.**'* Moreover, the heat increases
further for intermolecular events. The dimerization of methyl
allene delivers a mixture of seven different isomers."> These
precedents show that the design of an ordered series of
events controlling the regio- and diastereo-chemical
demands of a dimerization sequence between two enallene
molecules has major inherent challenges. However, solving
these issues grants access to a spectacular degree of molec-
ular complexity.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Selected optimization assays

o
1 mol% cat.
N .Bn

Ivent, 25 °C,
©\/H\)L/ solvent,

1en,§

1a 2a, (dr=1:0.8)

Entry® Catalyst (1 mol%) Solvent Yield of 2a” (%)
1 Ir(p-F-ppy)s DMF 28%
2 (Ir[dF(CF;)ppyl.(dtbpy))PFs DMF 45%
3¢ Ir(ppy)s DMF 54%
44 Ir(ppy)s DMF 47%
5 Ru(bpy)s(PFs), DMF —

6 Eosin Y DMF —

7 Ir(ppy)s Dioxane  32%
8 Ir(ppy)s MeCN 48%
9 Ir(ppy)s DMF 31%
10 Ir(ppy)s DMF —

¢ Reaction conditions: 0.2 mmol of 1a, 1 mol% cat., 2 mL of degassed
DMF in a 5 mm NMR tube kept at 25 °C and irradiated with an RGB
14 W LED strip overnight. » 'H NMR yield using 1,2,4,5-tetrachloro-3-
nitrobenzene as the internal standard. ° Isolated yield. ¢ With 2 mol%
cat. © Under air.” Without light.

Results and discussion

In initial experiments, 0.2 mmol of 1a and 1 mol% Ir(ur) pho-
tocatalyst were dissolved in DMF. The mixture was injected
using a syringe in a 5 mm NMR tube and degassed by freeze—
thaw. The tube was put in a silicon oil bath kept at 25 °C and
irradiated using a 14 W household white LED strip for 18 hours
(Table 1).

The use of Ir(p-F-ppy); provided 28% 2a (entry 1, full opti-
mization in the ESIt). The yield of 2a rose to 45% upon using
the complex (Ir[dF(CF;)ppyl.(dtbpy))PFs (entry 2). The best
result was achieved with Ir(ppy); as the catalyst, which gave 2a
in 54% yield (entry 3). A higher catalyst loading proved futile
(entry 4). Several other organic and organometallic photo-
catalysts, such as Ru(bpy);>" or eosin Y (entries 5 and 6), were
unable to trigger the dimerization. A polar solvent was neces-
sary (entries 7 and 8), and the product formed only in traces in
apolar media. The presence of dioxygen was detrimental (31%,
entry 9). Finally, no trace of 2a formed in the absence of either
the Ir complex or light (entry 10). In all cases, tricycle 2'a was
observed as a byproduct together with traces of another fused
polycycle (vide infra). Enallenamide 1a slowly decomposes in
solution and the best results were achieved using freshly
prepared batches.

With the best conditions in hand," we tested the generality
of the polycyclization (Fig. 1). Substrates 1 were prepared by
isomerization of the corresponding 1,6-enynes. The latter were
generally obtained by sequential Heck coupling, hydrolysis,
chlorination and treatment with a secondary amine.

The reaction of 1a on the 1 mmol scale performed in a 2 cm
wide Schlenk tube led to a diminished yield of 2a (39%),

Chem. Sci., 2022, 13, 2632-2639 | 2633
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o :
1 mol% Ir :
AR 6 Ir(PPY)3 :
Y / DMF, Ny, 25 °C, |
16h, C
1a-l .

RX of 2a (dia1)"

(RN
2b, R = nCgHyg, 36% (1:0.7)
2¢, R = CH,CH,Ph, 48% (1:0.8)
2d, R = Ph, 17%

2a, 54% (1:0.8),
39% (on 1 mmol, 2 cm flask),
43% (on 1.04 g, 5 mm coil)

R R

g, R = Br, 44% (1:0.6)

2
2h, R = OMe, 47% (1:0.6)

2j, R =Me, 54%, 1:1 (1:0.6, 1:0.9) 21, 61% (1:0.7)

2k, R = OMe, 63%, 1:1 (1:1, 1:1

Fig. 1 Synthesis of polycycles 2 from enallenamides 1.

suggesting that a high surface/volume ratio is beneficial to the
cascade. We thus performed the experiment using 1.04 g of
substrate hosting the resulting solution in the 5 mm wide
internal coil of a refrigerant system, which was surrounded by
an LED strip (pictures in the ESI{). The temperature of the
apparatus was kept at 25 °C thanks to a water flux circulating in
the outer chamber. The experiment allowed us to isolate 2a in
43% yield (447 mg). The dimerization was tolerant to various
substituents on the nitrogen atom and products 2a-c were
retrieved in moderate to good yields (36-54%, see the ESI{ for
substrate and scope limitations). The reagent incorporating an
aniline unit provided a single diastereoisomer of 2d, although
with a diminished yield. In contrast, an N-cyclopropyl arm
worked well, affording 2e in 54% yield. Switching to function-
alization of the styryl fragment, we started testing para-
substituted ones. Strongly electron-withdrawing groups, such as
fluorides and trifluoromethyl, could be tolerated, although the
products were recovered in low yields. A better result was ach-
ieved with a chloride substituent (2f, 32%). The C(sp®)-Br group
was untouched by the sequence, offering a convenient handle
for further functionalization (2g, 44%). A similar outcome was
observed with electron-donating groups (2h, 47%). A substrate
with an ortho-substituted aryl gave a better yield (2i, 61%). This
result showed that the C(sp*)-H functionalization could
smoothly take place on aryls with a single ortho-C-H group.
Reagents bearing a meta-substituted aryl led to the recovery of
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View Article Online

Edge Article

two products in ca. 1 : 1 ratio. Combined yields were very good,
particularly using electron-rich substrates (2j-k, 54-63%).
These results showed that the aryl C-H functionalization is
unaffected by steric factors, suggesting that it is likely an
intramolecular homolytic substitution. The use of a reagent
with an electron-rich protected catechol arm led to a single
regioisomer of the dimer in good yield (21, 61%), which has
a fused tetracyclic arm often encountered in bioactive mole-
cules, such as the popular topoisomerase inhibitors etoposide
and podophyllotoxin.*®

Two diastereoisomers of 2 were observed. The relative
configuration of the stereocenters of the first one was assigned
by X-ray analysis. Comparison of correlation NMR spectra
allowed us to assign the relative configuration of the second one
too. The [3.2.0] subunit showed identical cross-resonances. The
stereotopic C(sp®)-H of the tricyclic unit gave strikingly
different NOE correlations, indicating that the relative
arrangement of the two subunits of 2 is scrambled. This is likely
due to the limited stereocontrol in the intermolecular step.

The structure of 2 showed that several HATs took place
throughout the sequence.® We performed reactions with
deuterium-labelled reagents (Scheme 2) to rationalize them.

Enallenamide 4s-1a had a deuterated aryl unit. It was tested
to observe the position that the hydrogen nucleus, involved in
the aryl C-H functionalization, occupied in the product
(Scheme 2). The reaction provided 4 0-2a in 55% yield. NMR
analyses coherently indicated that the headbridging position of
the [3.2.0] unit away from the carbonyl group was extensively
labelled. Deuteration of the C(sp*)-H o to the carbonyl was
tested because this position became a quaternary C(sp”) in the
fused tricyclic arm of 2. The reaction of 4;-1a provided ;;-2a in
51% yield. Surprisingly, a single deuterium atom was retrieved
in 2. We performed the reaction in deuterated DMF, but no
labeling occurred (2a, 54%). The same outcome was observed
using deuterated DMSO (2a, 48%). These results suggest that no
HAT between the substrate and the solvent occurred. We

N,Bn 1 mol% Ir(ppy) 3

—_— >

DMF, Ny, 25 °C,

16h,€

ds1a
(e}
N N,Bn as above
D
L )~
R=H, d;-1a
R=Cl, d;-1m
d;-2a, 51% (1:0.8)
d;-2m, 37% (1:0.8)
as above as above
la —» 2a,54% la —» 2a,48%
d,-DMF (1:0.8) d-DMSO (1:0.8)

Scheme 2 Deuterium labelling experiments.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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recovered the photocatalyst at the end of the reaction and
checked if its ligands underwent H/D scrambling.*® None was
observed. Puzzled by these observations, we prepared ;;-1m to
confirm the result. The reaction gave mono-deuterated dimer
«1-2m (37%). NMR analyses of reaction mixtures quenched at
low conversion of 4-1a still showed that the substrate was
extensively labelled, strongly suggesting that the H/D exchange
took place within the mechanism of the dimerization cascade.
MS analyses of the main byproducts of the reaction (2’ and 2")
did not show the incorporation in their structure of additional
deuterium nuclei. This seems to indicate that the *H nucleus
that is not retrieved in 4-2a and ;-2m has been transferred to
those minor unidentified products that account for mass
balance in these reactions.

Indeed, >H NMR analyses of crude mixtures showed several
minor deuterium resonances spread across the aliphatic region.
This indicated that unselective HATs established the acryloyl
unit of 2. We thus prepared 3a, which had no hydrogen atom
a to its carbonyl group, to avoid the issue.

The reaction of 3a proceeded with a rate comparable to that
of 1a. A dimer was recovered in 64% yield as a 1 : 0.8 mixture of
two diastereoisomers (Fig. 2). X-ray analysis showed that the
product was not 2”’a but bridged tricycle 4a. The two

1 mol% Ir(ppy)3

_ >

DMF, N,, 25 °C,
R

16 h, g

/

2" (N.D.)

4a, 64% (1:0.8),
63% (on 1 mmol, 2 cm flask),
41% (on 1.03 g, 5 mm coil)

4e, R = OMe, 41% (1:1)
1:1) 4f, R =nBu, 42% (1:1)

Q (o}
0 o
NC\/N N__CN / f
N N
° Vv v
o

4j, R =CN, 58% (1:0.5)

o
4g, 43% (1:0.4)

= 4-OMe-CgHy, 39% (1:1)
= 4-F-CgHy, 49% (1:1)

4
=4

4k, 55% (1:0.9)

Fig. 2 Synthesis of polycycles 4 from enallenamides 3.
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diastereomers of 4a differed by the relative configuration of one
lactam with respect to the central cyclooctane. We then tested
the generality of the new cascade to ascertain if it was a general
tool for the preparation of taxane-like> tricyclic cyclooctanes in
a single step from two acyclic molecules.

Substrates 3 were mostly prepared via malonate functional-
ization, decarboxylation and aldol reaction with an arylalde-
hyde. The resulting species were converted into 3 following the
route devised for 1. The dimerization of 3a on a 1 mmol scale
proved less sensitive to the shape of the reaction flask than that
of 1a (vide supra), allowing one to recover 4a in 63% yield. The
reaction performed in a coil-type reactor using 1.03 g of 3a led to
the isolation of 422 mg of 4a (41%). An n-propyl R substituent
led to the formation of 4b in 54% yield. Attempts to replace the
R group with an allyl or benzyl group failed because of their
unwillingness to undergo alkyne isomerization (limitations in
the ESIT). An alkyne motif was tolerated, giving diyne 4c in
a synthetically useful yield (34%)."” Switching to substitution of
the aryl unit, an electron-withdrawing chloride group gave
a moderate yield (4d, 31%). Better results were achieved with
a methoxy group and an alkyl chain (4e-f, 41-42%). Remark-
ably, N-protected indoles could be employed, affording 4g in
43% yield. This result showed that sterically hindered ortho,
ortho’-disubstituted (hetero)aryls could be tolerated by the
dimerization. Finally, N-substitution on 3 was investigated. The
use of a para-methoxybenzyl fragment led to the formation of 4h
in 39% yield. A better outcome was achieved with para-fluo-
robenzyl and cyanomethylene arms (4i-j, 49-58%). N-Cyclo-
propyl allene 3k gave the corresponding product in 55% yield."®

The activation of 1 and 3 should occur through an eT
pathway” since these reagents did not have redox potentials
matching those of the photocatalyst. This was confirmed by
positive calculated AGs for these redox reactions at the M06/
Def2-TZVP level® (details in the ESIt). The calculated triplet
energies of *1a and *3a were +48.7 and +44.1 kcal mol "
(Scheme 3), matching that of SIr(ppy); (+56.3 and
+55.1 kcal mol ' for its experimental and calculated triplet
energy, respectively).! The geometries and spin-densities of *1a

U

a)

(e}
eT
>
Phﬁ/k“

R=H,1(+00) Ha, +48.7 4
R =Me, 3(+0.0) 330, +44.1
o o
? 9 T .
. . 9o %
ﬁ - Aél 72097
2 o P 9
)
values in kcallmol Y o4
31 B, +41.4
MOB/DeR2-TZVP
level, CPCM = DMF 33p, +40.2 calculated spin densities

b) 0o
CICgHs ™ X N standard C[CGH,,
- >
/ conditions

im 2"'m, 14% RX of 2"'m

Scheme 3 Triplet energies of substrates and experimental proof of
allene activation.
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and ®3a paralleled the literature.>? However, lower-lying triplets
1B and *3B were surprisingly found (+41.4 and
+40.2 keal mol ™, respectively). The spin density was spread over
the three allenyl carbons in *B, leaving the cinnamoyl units
untouched. The *B of N-acyl allenamides was more stable than
3a thanks to the presence of the o heteroatom and to a partial
bis-allylic stabilization of one spin, which compensated the
destabilizing vinyl character of the second one. The higher
stability of B than 3a is likely further increased in substrates
with hindered aryl rings because their ortho substituents
impose a lower degree of conjugation to their cinnamoyl frag-
ment (1i, 3g).

These observations suggested the feasibility of activating the
cumulated rather than the conjugated C-C double bond of
reagents. The experimental proof of this original event"* came
by the characterization of byproduct 2, for which we got crys-
tals from the reaction of 1m. The structure showed that an
exotic para-cycloaddition to the phenyl ring occurred,**
leaving the conjugated alkene unscathed.

The allenamide activation can rationalize the outcome of the
cascade employing either 1 or 3 (Fig. 3).

The former would undergo an initial 5-exo-trig cyclization,
while a 6-endo-trig one would be favored for the latter because of
its trisubstituted alkene.?® Triplet II would add onto a molecule
of 1 thanks to polarity reversal.** The a-acyl radical of IV could
undergo 5-exo/endo-dig cyclization yielding V, which would
evolve into VI through two HATSs. A 6-exo/endo-trig cyclization
could provide VII and the latter would give VIII through
a favorable 1,5-HAT,® eventually providing 2 upon ISC. Alter-
natively, III would add onto the least hindered terminus of 3
exploiting polarity reversal. A steric-driven second 6-endo-trig
cyclization from IX would afford X, which seals the cyclooctane
via ISC.

This scenario was backed by DFT modeling, which was
carried out at the M06/Def2-TZVP level using DMF as implicit
solvent. Upon eT, triplet If could twist its former allenyl unit
through TS, by overcoming a barrier of +8.1 keal mol™" in AG.
The resulting intermediate I, has the unsaturated partners
that are significantly closer, paving the way for a low cyclization
barrier. Indeed, TS(Io~1I) requires just 1.6 kecal mol ' in AG to
occur. This step provides cyclic triplet II, which is considerably
more stable thanks to the creation of a new C-C bond (AG =
+7.5 keal mol ™). Association of a second substrate molecule
comes with a positive enthalpic contribution which is offset by
a negative entropic variation (II_1, —1.2 and +15.6 kcal mol ™"
for AH and AG, respectively). The intermediate could then form
IV via TS(II_1-1V) and this barrier requires 16.0 kcal mol™* in
AG. The usually challenging intermolecular radical addition is
helped in this case by polarity reversal. The secondary allyl
radical a to the nitrogen atom of II, which has a nucleophilic
character, becomes an electrophilic one in IV because of the
neighboring carbonyl. Intermediate IV (AG = +19.0 kecal mol )
can undergo the subsequent cyclization, which could occur via
TS(IV-V) that presents a barrier of +11.7 kcal mol™* in AG. The
resulting triplet V lies below the entry channel because of the
formation of an additional sigma C-C bond (AG =
—19.9 kcal mol ™). The two HATSs that establish the acryloyl unit
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of the final product are most likely unselective based on the
results of deuterium labelling experiments (;;-2a-m, Scheme 2).
It was thus not possible to model a precise pathway for these
steps. In order to gain insights into their relative easiness, we
modeled an intramolecular alternative based on sequential 1,7
and 1,5-HATs, which are usually favorable processes.® The first
one might in principle occur via TS(V-1,7), which would require
a barrier of +26.5 kcal mol . The resulting triplet could then
provide intermediate VI through a slightly lower barrier
(+24.0 keal mol™" in AG). These relatively difficult steps show
the energetic challenges connected with these two putative
HATSs. Since no 4,-2a-m was recovered, the actual pathway of the
cascade, which is responsible for the formal 1,3-HAT that took
place between VI and V, should involve more labile hydrogen
atoms present in the reaction mixture. Intermediate VI is in the
correct spatial arrangement to induce the attack of its allyl
radical arm onto the aryl ring, providing the cyclohexadienyl
radical fragment of VII via TS(VI-VII) (AG = +4.7 kcal mol ™).
This step might rationalize the energetic convenience of the
system to undergo the two elusive and experimentally unselec-
tive HATs mentioned above. Indeed, the 6-endo/exo-trig cycli-
zation that attacks the aryl ring modelled from intermediate V
resulted in a higher barrier (+33.1 kcal mol ™" in AG). This could
be ascribed to a Thorpe-Ingold effect for which the lower flex-
ibility of the tether between the aryl ring and the allyl radical in
VI than that in V favored the cyclization of the former. An
aromatization-driven 1,5-HAT on intermediate VII could then
provide exergonic triplet VIII. This step can occur via TS(VII-
VIII) (AG = +9.5 kecal mol™ ') and it is consistent with the
outcome observed in the reaction of ;5-1a (Scheme 2). Upon ISC,
radical recombination eventually provides 2, which lies
expectedly well below the entry channel (AG =
—75.1 kecal mol ). This route could explain the formation of
byproduct 2’ (Table 1). If the 6-endo/exo-trig cyclization forms
intermediate VI, the relative arrangement of the hydrogen
atom of the cyclohexadienyl fragment forbids any intra-
molecular 1,5-HAT. The intermediate could then evolve via B-
fragmentation to regenerate II, affording 2’
aromatization-driven ene-rearrangement.

The alternative route, modeled for R = Me, can involve
a similar activation of the allenyl unit. This step is followed by
a rotation to ensure the proximity of the two unsaturated arms,
which occurs via TS;pme Which requires a barrier of
+9.2 kcal mol™' in AG. The resulting triplet Lome iS
1.2 keal mol ™! less stable than its parent, thus paralleling the
outcome observed for the unsubstituted substrate 1. The pres-
ence of the R group disfavors the 5-exo cyclization mode for 3,
making the usually less efficient 6-endo one the most conve-
nient route in this case (AAG = —1.6 kcal mol *). This step
forms intermediate III, which lies slightly above the entry
channel (AG = +3.2 kcal mol™"). The association of an addi-
tional substrate molecule can provide III.3 (AG =
+8.9 kcal mol "), in analogy to the cascade of 1. The most
favorable intermolecular addition involves the reaction of the a-
acyl radical of III onto the terminal end of the allenyl unit of 3.
This step can occur through a barrier of +21.3 kecal mol " in AG.
Alternatively, the formation of 4 could in principle occur

upon an

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Possible mechanistic rationale and DFT modelling results.

through the reaction of the allyl radical arm of III on the most
hindered side of the alkene arm of 3. This intermolecular
reaction is, however, more energy costly, and seems therefore
less likely (AAG = +8.0 kcal mol™"). Intermediate IX could

© 2022 The Author(s). Published by the Royal Society of Chemistry

undergo a second 6-endo-trig cyclization, providing bicyclic
triplet X by overcoming the low barrier TS(IX-X) (AAG =
+2.3 keal mol ™). Finally, upon ISC the radical recombination
yields exergonic bridged tricycle 4 (AG = —55.8 kcal mol ™).
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Conclusions

We reported the first dimerization of enallenamides. These
catalytic intermolecular cascades are among the longest re-
ported to date for organic reactive intermediates, involving up
to eleven elementary steps. These domino reactions occur with
a complete atom economy, under ambient conditions, and
display remarkable selectivity, which is even more striking given
their complexity. These sequential reactions show a noticeably
broad functional group tolerance and, nonetheless, their
outcome is entirely dictated by the presence on their cinnamoyl
arm of either a hydrogen atom or an R group. Up to five new C-C
bonds are formed through the ordered rearrangement of the -
bonding network of two linear substrate molecules and an
original synthesis of highly congested cyclooctanes is disclosed.
Cumulated C-C double bonds can be activated in the presence
of visible light, holding ample synthetic potential. Further
mechanistic and synthetic studies are ongoing.
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