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Abstract: Enallenylamides have been utilized for
the synthesis of heterobicycle[4.2.0]octane deriva-
tives via Ir/hv promoted [2+2] cycloaddition
reaction. The reaction specifically targets the distal
double bond of the allene moiety, and results in the
exclusive formation of the frans product. The
process is conducted at room temperature and under
an inert atmosphere. An extensive study on the
substituent propensities during the cycloaddition
step revealed variable effects. Electron-withdrawing
groups conjugated with the double bond participat-
ing in the cycloaddition either hindered the process
or reduced its yield. Conversely, electron-donating
substituents enhanced the efficiency, resulting in
product yields ranging from 60% to 88%. Our study
also demonstrated the influence of protecting groups
on the reaction pathway.

Keywords: [2+2] cycloaddition; allenes; photo-

chemistry; photocatalysis; iridium; DFT

In recent decades, there has been extensive research on
the chemical reactivity of allenes, resulting in the
development of numerous efficient and reliable syn-
thetic methodologies.!"! The unique structural proper-
ties and reactivity of these molecules make them useful
partners in many processes, particularly those pro-
moted by various metal salts.”) Primarily, allenes have
been used as 2-C synthons in the cyclisation reactions
involving either of the double bonds, ranging from [2
+1] to [6+2] processes.” Their use as 3-C synthons
has received less attention, although several synthetic
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methodologies have been reported in the literature,
with Lu reaction being, perhaps, the best known
transformation of that type.”""!

Allenes have proven to be excellent 2t components
in [2+2] cycloaddition reactions leading to the
formation of cyclobutanes as well as related 4-
membered heterocyclic compounds.”! According to
Woodward-Hoffmann rules, [2 4 2] cycloadditions can-
not proceed in a concerted manner under thermal
conditions, but they are still possible as stepwise
processes via biradical intermediates. Thermal reac-
tions of this type involving allenes require high
temperatures and tend to exhibit lower levels of regio-
and stereoselectivity, particularly in intermolecular
transformations.'® Intramolecular thermal [242] cy-
cloadditions of allenes can occur on either the proximal
or distal double bond of allene resulting in condensed
cyclobutane derivatives. Besides thermal conditions,
photochemical conditions have also been extensively
used.””” Most of the studied examples involve enones
or related compounds as allene partners in the cyclo-
addition process. In recent years, various method-
ologies involving visible light in conjunction with
transition metals or other sensitizers have been
developed.”® Versatile metal catalysis has also found
its place in [2 +2] cycloadditions of allenes."

As a part of our general interest in the chemistry of
allenes, we report our results on intramolecular [2 + 2]
cycloadditions of cinnamic acid-derived allenylamides
promoted by visible light in the presence of a metal
catalyst. Related thermal cycloadditions of the similar
substrates were reported by Ohno in 2007
(Scheme 1a)."" The cinnamic allenylamides afforded
products with frans stereochemistry, with yields reach-
ing approximately 30%. However, other similar exam-
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Scheme 1. Intramolecular [2 4 2] cycloadditions of allenes.

ples lacking amide functionality proved to be more
efficient. The Toste group demonstrated the efficient
application of Au-catalysis in the same processes.!'!)
The [2+42] cycloadducts were obtained under mild
conditions in very good yields. The use of chiral
dinuclear gold(I)-biarylphosphine complexes enabled
highly enantioselective synthesis of cyclobutane deriv-
atives (Scheme 1b). Furthermore, Alexanian and Mas-
carenas groups demonstrated the application of Ni- and
Ru-complexes for similar purposes.'? A recent report
by Maestri described the photochemical conditions for
performing intramolecular [2+2] cycloadditions of
enallenes, (Scheme 1¢).!"*' In most cases, cyclobutane
derivatives were obtained in very good yields with a
high level of diastereoselectivity. In all these examples,
the stereochemistry of the alkene moiety was preserved
in the cycloadducts. While the thermal conditions
generated products involving distal double bond of the
allene functionalities, metal catalysis or metal\photo-
chemical catalysis afforded cycloadducts correspond-
ing to the reaction of the proximal double bond. In our
reported process (Scheme 1d), we employ photochem-
ical conditions combined with Ir-catalysis. It is worth
noting the exclusive involvement of the distal double
bond in the cycloaddition step and the formation of
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trans-cyclobutane products. Thus, with these features,
our method can be used as complementary to the
previously reported photochemical process by Maestri.
Additionally, although the thermal processes of the
same substrate provide access to the cyclobutane
products, they are significantly less efficient than the
photochemical transformations reported herein.

As a part of our interest in
heterobicycle[4.2.0]octane structures, we explored the
photochemically promoted [2+2] cycloaddition of
enallenylamides as a relatively straightforward route to
access some of these compounds. The initial experi-
ments were outlined in Scheme 2. The reaction was
performed in DCM with 1 mol% of iridium catalyst at
room temperature employing exclusively E-cinnamic
amide derivative 1a. Inspection of 'H NMR of the
crude mixture after 18 h of irradiation with blue light
indicated the formation of two products, cycloadduct
2a and isomerized enallenylamide 3a in a 3:1 ratio,
respectively. Continuation of the process for an addi-
tional 42 h resulted in complete conversion and
formation of 2a only isolated in 60% yield. NMR
analysis of the crude mixture showed the involvement
of only distal double bond. This observation was in
contrast with above-mentioned Ir/hv catalysis devel-
oped by Maestri. On the other hand, under mild
conditions the reaction seemed to be more efficient
than the corresponding thermal process.

Following these initial results, we screened various
conditions to optimize the transformation, (Table 1).
All reactions were performed at room temperature with
1 mol% of the catalyst and irradiated with blue led
light.

Among the several catalysts, Ir(ppy); (Table 1,
entries 5 and 10) proved to be the most efficient, either
in MeCN or DCM as a solvent affording only cyclo-
adduct 2b in 74% or 78% isolated yield respectively.
Comparable efficiency in both solvents was demon-
strated by [Ir{dF(CF;)ppy}.(dtbpy)]PF, (Table 1, en-
tries 3 and 8) while [Ir(dtbbpy)(ppy).][PF,] (Table 1,
entries 4 and 9), interestingly, showed solvent depend-
ent properties. In MeCN, it afforded 68% of 2b
(accompanied by 27% of isomerized 3b) whereas in
DCM, it afforded 17% of 2b (accompanied by 78% of
isomerized 3b). These processes are likely initiated by
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Scheme 2. Cycloaddition of enallene 1a.
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Table 1. Reaction optimization with substrate 1b.

rt.

Blue Light
[Ir] catalyst
(o]
N P (1mol%) HH N J/.
X — : .
\L solvent BnN 0N
N o 18h Z Bn
Bn 1b 2b 3b

=z

Entry Catalyst Solvent NMR Yield™ (%) Yield,™ 2b (%)
1b 2b 3b

1 Ru(bpy);(PFy), MeCN 66 3 31

2 [Ru(phen);]Cl, MeCN 97 3 /

3 [Ir{dF(CF;)ppy}2(dtbpy)]PF, MeCN / 81 /

4 [Ir(dtbbpy)(ppy).1[PFs] MeCN / 68 27

5 Ir(ppy); MeCN / 85 / 74

6 Ru(bpy),(PF6), DCM 90 4 5

7 [Ru(phen);]Cl, DCM 96 4 /

8 [Ir {dF(CF3)ppy,(dtbpy)]PF, DCM / 81 /

9 [Ir(dtbbpy)(ppy),][PFe] DCM / 17 78

10 Ir(ppy); DCM / 89 / 78

11 No catalyst DCM 100 / /

12 Ir(ppy);, No light DCM 100 / /

[l Reaction conditions: 1b 0.06 mmol, Ir-catalyst 1 mol%, solvent 3 mL, blue led light strip, r.t.;
™ Yields of 1b/2b/3b established by 'H NMR, using pyridine as a standard;

[ Isolated yields.

energy transfer from the photocatalyst in its triplet state
to alkene double bond leading to the excited alkene
triplet state and followed by further cyclisation.'"*! For
the process to be feasible, it is necessary for the triplet
energy states of both reaction components to be in a
similar range, while the triplet excited-state energy of
the photocatalyst needs to be higher than that of both
components. Performing the reaction outlined in
Table 1 with Ru(bpy);(PF¢),, triplet energy (Eq)
46 kcal/mol, yielded only 3% of cycloadduct 2b and
31% of isomerized product 3b in MeCN.'"' This
suggests that E; for the catalyst is lower than that for
the alkene moiety of cinamic amides (e.g. calculated
E-1c 48.1 kcal/mol). The observed results also in-
dicate that the isomerization to form Z-alkene is
somewhat faster than the cycloaddition, while the
formation of triplet state Z-alkene, leading either to Z/
E isomerization or cycloaddition, is not possible due to
the higher E; of the Z isomer. On the other hand,
employing [Ir(dtbbpy)(ppy),l[PFs], Er 51 kcal/mol,
resulted in a slightly better outcome in MeCN, yielding
2b and 3b in 2.5:1 ratio. Interestingly the result was
the opposite in DCM as a solvent.

Finally, further increase in catalyst E; ([Ir{dF-
(CF;)ppy}2(dtbpy)]PFe, Er 62 kcal/mol; Ir(ppy)s, Er
55 kcal/mol) resulted in much better outcomes produc-
ing only cycloadduct 2b in both cases. Two additional
experiments, one without a catalyst and another with-
out blue LED light, demonstrated detrimental role of
both reaction components (Table 1, entries 11, 12).
After establishing the optimal reaction conditions, the
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scope of the transformation was further explored. The
preliminary optimization results (Table 1) showed that
both MeCN and DCM were equally effective as
solvents, with an indication that it will not be always
the case. Specifically, [Ir(dtbbpy)(ppy),][PF,] exhibited
notable differences in performance between the two
solvents. Therefore, we decided to investigate the
scope of this process in both MeCN and DCM, as
summarized in Table 2. While variations of N-protect-
ing group were expected to have minimal impact on
the reaction, the results indicated otherwise. For
instance, acetyl protection (Table 2, entry 3) did not
have any negative influence on the reaction, resulting
in full conversion after 18 h and 72% yield of cyclo-
adduct 2c. Performing the same transformation with
the N-phenyl derivative (Table 2, entry 5) gave differ-
ent results. After 18 hours, the reaction in MeCN
resulted in a 12:88 ratio of the starting compound 1e
to the isomerized product 3e, with no observable
cycloadduct 2e. Conversely, conducting the same
reaction in DCM led to a 5:95 ratio of isomerized
product 3 e to cycloadduct 2 e. Moreover, by extending
the reaction time it was possible to exclusively obtain
the desired product in 72% yield. The most remarkable
effect was demonstrated with the N—Boc protecting
group (Table 2 entry 4). Under the same conditions in
both MeCN and DCM, the reaction predominantly
produced the isomerized product 3d (contributing to
81-93% of the reaction mixture), while cycloadduct
2d was not formed in significant amounts. These
results can be attributed to the conformational prefer-
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Table 2. Scope of the reaction.

R R’
R* [Ir] catalyst®
RZ&.W f (1mo|/o le I R4j\ f.
N o solvent 07N
R3 R?
1 2 3
Variation of N-protecting group Entry™ Compound MeCN DCM 201 (%)
18h™ 60h™ 18h™ 60h™
1 2 3 12 3 1 2 31 2 3
o 1 la, R*=n-hex 67 33 93 7 76 24 100 60
Ny R 2 1b,R*= 100 100 78
o 3 le, R*=Ac 100 100 72
_13_e 4 1d, R*=Boc 14 86 19 81 7 93 19 81 /
5 le, R’=Ph 12 88 95 5 1001 72
Variation of aromatic component
o 6 1f, R=4-OH 100 100 80
Ny B 7 1g, R=2-OMe 9% 4 95 5 86
. 8 1h, R=3-OMe 73 27 100 88
tfm 1ps 9 li, R=4-OMe 100 100 88
10 1j, R=2,6-OMe 100 100 22 78 /
o o 11 1k, R=4-Cl 69 31 100 97 3 50
P 12 11, R=2-Cl 24 76 49 51 61 39 39
_J 13 Im, R=2-NO, 62 6 32 5 95 /
e 14 In, R=3-NO, 100 55 6 39 14 19 67 /
15 lo, R=3-NO, 59 41 /
16 1p, R=2-CF; 23 77 26 74 8 23 69 26 74 /
o 17 1q, R=2-Me 29 71 97 3 100 80
R‘a/\)LN’Bn 18 Ir, R=3-Me 64 36 9 6 9% 4 100¢ 62
— 19 1s, R=4-Me 27 73 100 84 16 100 60
t1u 20 1t, R* =2-pyridinyl 20 80 36 64 100 41
21 lu, R*=2-furanyl 100 100 76
Other variations
[¢]
A\/\i;w*’” 22 lv 100 100 82
o
O='=) 23 lw 100 100 89
[e]
R 24 1x 100 /

[ Reaction conditions: 4 0.06 mmol, Ir-catalyst 1 mol%, solvent 3 mL, blue led light strip (10 m, 12 V DC, 4.8 W), r.t.;
] Ratios of 1/2/3 established by 'H NMR;

[ Isolated yields for reactions performed in DCM after sufficient time;

436 h;

[} After 45 minutes the reaction mixture contained 33% of Z isomer and 67% of cycloadduct 1i.

ences of the tertiary amide with N—Boc protection. For
the cycloaddition to take place, two double bonds that
participate in the reaction should be positioned in close

proximity. However, our DFT calculations (see SI)
indicate that these conformations are unfavorable,
rendering the Boc derivative unreactive in this process.
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We further studied various substituted cinnamic
amides utilizing N-benzyl protecting group. Compound
1f, possessing p-OH substituent, reacted efficiently,
affording cycloadduct after 18 h with full conversion
and isolated yield of 80%. Similarly, compound 1i
(Table 2, entry 9) with an OMe substituent in place of
the OH, yielded a comparable outcome. Interestingly,
upon inspecting the reaction mixture after 45 minutes,
it was observed that the cycloadduct 2i was formed in
67% yield, while the remaining 33% consisted of the Z
isomer. This suggests that both the £ and Z isomers
readily undergo conversion to the cycloadduct 2i in
this particular case. Further examples demonstrated
that the position of MeO influences the product yield.
Thus, the 0-MeO derivative 1g (Table 2, entry 7) and,
in particular, m-MeO derivative 1h (Table 2, entry 8)
gave a mixture of isomerized product and cycloadduct,
with a preference for the latter (4:96 and 27:73,
respectively). The choice of solvent did not signifi-
cantly impact the reaction outcome for 1g. However,
for the m-MeO derivative 1h, changing the solvent
from MeCN to DCM resulted in the formation of the
pure cycloadduct in 88% yield after 18 hours. Intro-
ducing the second MeO group (Table 2, entry 10)
hindered the reaction as the 2,6-dimethoxy derivative
1j predominantly produced the isomerized product in
MeCN even with prolonged reaction time, while in
DCM, only 22% of the cycloadduct was formed after
18 hours. Overall, electron donating groups promote
the cycloaddition, with m-MeO being slightly less
effective, but its efficiency can be improved by
choosing the appropriate solvent. The presence of the
weaker electron-donating Me-group at all three posi-
tions of the aromatic ring, compounds 1q—s (Table 2,
entries 17-19), led to variable results. However, by
modifying the reaction conditions, it was possible to
shift the reaction towards the exclusive formation of
the cycloadducts in all three cases, with yields ranging
from 60% to 80%.

Substrates with electron-withdrawing properties
were also examined. The, NO,-derived compounds,
1m-o, proved to be very resistant to the cycloaddition
process. Under various conditions (Table 2, entries 13—
15), the starting compound was the dominant compo-
nent in the reaction mixture, indicating an inhibitory
effect of the strong electron-withdrawing group on the
cycloaddition step. This was further confirmed with
the another strong electron-withdrawing group (CF;)
(Table 2, entry 16), which predominantly yielded the
isomerized product. Weaker electron-withdrawing sub-
stituents, such as chlorine, showed a similar trend,
although less pronounced than the NO, group. The
p—Cl derivative 1k, when subjected to various con-
ditions in MeCN for 60 hours, yielded only the cyclo-
adduct, while in DCM, a similar result was obtained
with traces of isomerized product observed. However,
the isolated yield of 2k was only 50% (Table 2,
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entry 11). When o-ClI isomer 11 was used, all experi-
ments resulted in a mixture of isomerized product and
the desired cycloadduct, which was isolated in 39%
yield. These results clearly indicate that electron-
donating substituents on the aromatic ring of cinnamic
amides bearing proximal allenic functionality are better
promoters of the [2+ 2] cycloaddition reactions under
the described conditions than their electron-withdraw-
ing counterparts.

Further exploration of the reaction scope involved
the replacement of the benzene ring in cinnamic
amides with heterocyclic rings which confirmed the
above observations to some extent (Table 2 entries 20,
21). The introduction of a pyridine ring (Table 2,
entry 20) slowed down the cycloaddition reactions in
MeCN but in DCM the only observed product after
18 h was the cycloadduct, isolated in a modest yield of
41%. In contrast, the furan derivative 1u (Table 2,
entry 21) in MeCN exclusively gave cycloaddition
product after 18 h with a higher yield of 76%.
Replacing benzene ring with the conjugated double
bond, as seen in 1v (Table 2, entry 22), did not affect
the reactivity as the cycloadduct was the only observed
product, isolated in 82% yield. Additionally, a single
example of cycloaddition reaction with substituted
allene 1w (Table 2, entry 23) was performed. Despite
the creation of a quaternary carbon atom in the
cycloaddition step, the reaction was completed in 18 h
in both MeCN and DCM, resulting in a high yield of
the cycloadduct (89%). The high yield could be
attributed to the formation of a more stable tertiary
allylic radical intermediate, in contrast to the typical
primary allylic intermediate observed with other
substrates. Finally, the substrate 1x (Table 2, entry 24),
which lacked the extended conjugation present in other
substrates, showed no reactivity under the standard
conditions, with complete recovery of the starting
material in MeCN after 18 hours. This highlighted the
importance of additional conjugation in the reactivity
of the double bond in the studied systems.

It is likely that the energy transfer process outlined
in Scheme 3 is operational in the above transforma-
tions. Namely, experimentally determined single elec-
tron reduction of la (E=-2.1V vs Ag/AgCl or
—2.055V vs SCE; I’ **/Ir** E=-1.7 V vs SCE) ruled
out the redox pathway. The energy transfer route was
also supported by theoretical comparison of the two
possible mechanisms.

The reaction is initiated by the formation of triplet
state biradical b via an energy transfer process.!"*
Subsequent cyclisation at the central allene carbon
atom leads to the formation of allylic radical ¢ which
further undergoes cyclization to yield the final cyclo-
butane product. Among the two possible products trans
and cis, generated from diradicals ¢ and d (Scheme 3),
the trans isomer would be expected to be the major
product due to the pseudoequatorial orientation of the
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85U801 SUOLLILLOD BATe8.D 3dedl|dde ayy Aq peusenob aJe e YO ‘8sn Jo'sa|n 10j Ariqi8uljuO A1 UO (SUOIPUOD-PUR-SLLIBYALIOD AB | 1M Aleiq Ul [UO//:SdNY) SUORIPUOD PUe SWB | 8L 88S *[£202/60/8T] U0 ArIqIT8UIUO AB|IM 'V ISH3S - IMVNIH/ES VNI AQ TOE00EZ0Z 3SPe/Z00T 0T/I0p/ W0 A8 | 1M Aseiq pul|uoy/:sdny wouy pepeojumod ‘ST ‘€202 ‘69TYSTIT


http://asc.wiley-vch.de

COMMUNICATIONS

asc.wiley-vch.de

Adva
Synthesis &
Catalysis

cis trans

Scheme 3. Stereochemistry of the cycloaddition process.

phenyl substituent.

The interpretation of ROESY experiments of 2c,
intended to assign stereochemistry, was not unambig-
uous and suggested the formation of the cis product,
most likely due to the relatively close proximity of two
protons (3.06 A) in the cyclobutane ring.'® However,
crystallographic analysis of 2¢ confirmed the forma-
tion of the trans product, as shown in Figure 1.!'” This
observation supports the proposed mechanism involv-
ing biradical b and the generation of the allylic radical
¢, leading to the trans cyclobutane product. The
alternative mechanism involving the terminal carbon
atom of the allenic functionality is less likely, as it
would require the formation of a less favored eight-
membered ring and a less stable vinyl radical in place
of an allyl radical.

We further studied the above process by computa-
tional modelling of all terminal molecular species,
intermediates and transition states along the reaction
pathway by means of Density Functional Theory
(DFT)."® This study was particularly focused on
differences in reactivity of representative molecules 10
and 1y"" possessing electron-withdrawing or electron-

Figure 1. Molecular structure of 2 ¢ with numeration of relevant
atoms. Selected distances: d(H1--H8)=3.063 A; d(H1--HS)=
4.055 A; d(H5--H8)=4.183 A.

Adv. Synth. Catal. 2023, 365, 2516—2523
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donating aryl substituents in comparison with the
parent 1c¢. Calculated triplet state energy (£;) of the
employed catalyst, £,=54.3 kcal/mol, is sufficient to
promote excitation of all three reactants (E; 1¢, 1o,
1y=48.1-48.9 kcal/mol) via the energy transfer mech-
anism (Figure 2). In optimized triplet states t, of 1¢
(t)) and 1o (t,), C-atoms of the excited alkene moiety
are perpendicular to each other. From this state both
structures can return to the ground state by C—C bond
rotation yielding either E- or Z-isomer or can adopt
TSI to produce cycloadducts."**” Derivative 1y (t,) in
the excited state t, retained its initial ground-state
geometry although an equienergetic triplet state,
corresponding to the t; geometry, exists. We believe
that in this state, with the planar geometry, 1y (t,)
prefers the thermodynamically more favorable path via
TS1, affording the cycloadduct 2y. Our experimental
results demonstrated that the isomerisation occurred in
the reactions with all three compounds. Obviously, the
products of photoisomerization, Z-alkene, can undergo
another excitation to the triplet state and return to the
E-alkene ground state via the t; excited state or divert
to the cycloaddition product. Calculated values of E;
for Z substrate 10’ indicate the triplet state energy of
the photocatalyst is now insufficient to establish
sensitization in this case. Furthermore, as illustrated in
Figure 1, the spin density of the 10 (t;) triplet state t;
has shifted from the double bond to the aromatic ring,
likely due to the electron-withdrawing effect of the
group, which decreases the probability for an effective
bond rotation promoting pathway via TS1. These
results demonstrated the detrimental effect of the aryl
substituent on the studied reaction pathway emphasiz-
ing the need for careful planning of the reacting
partners.[zz]

In conclusion, we developed intramolecular [2 + 2]

cycloadditions of cinnamic acid-derived allenic
amides, providing a complementary route to existing
methodologies for the synthesis of

heterobicycle[4.2.0]. Described methodology provides
access to trans-product exclusively in good yields. A
high degree of regioselectivity, i.e. reaction with the
distal double bond of the allene moiety, corresponds to
the results observed in the thermal processes, but it is
opposite to the related photochemical transformations
which favored involvement of the proximal double
bond. Furthermore, our studies have highlighted the
significant influence of the substituents attached to the
aromatic ring on the reaction outcome. Careful
consideration of these substituents is crucial when
planning synthetic strategies involving this method-
ology. Finally, the process does not seem to be
hindered by the formation of the sterically more
demanding quaternary C-atom at the cyclobutane ring.
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Figure 2. Schematic representation of the photocatalyzed reaction of compounds 1¢, 10 and 1y."

Experimental section

To a dram vial equipped with magnetic stir bar were added
alleneamide (0.06 mmol), Ir(ppy); (1 mol %) and DCM (3 mL).
The solution was sparged with nitrogen, sealed and irradiated
with Blue LED strips (distance from the light source 12 cm) for
18-60 hours at room temperature. Conversion was monitored
by TLC. Upon completion the reaction mixture was concen-
trated under reduced pressure and purified by flash chromatog-
raphy on silica gel (mesh 230-400) using petroleum ether and
diethyl ether.
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