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ABSTRACT: The photosensitized p-anisaldehyde mediated addition of sulfonylcyanides onto the B-system of cyclobutenes is shown to
afford highly functionalized cyclobutanes in high yields and diastereocontrol. The homochiral cyclobutene precursors are accessible on
multi-gram scale in 2 steps through an asymmetric [2+2]-cycloaddition/vinyl thioether reduction sequence. The enantiopure
cyclobutylnitriles can be elaborated further through Sml,-mediated ring-opening or converted into new enantiopure cyclobutenes
through base-mediated sulfone elimination.

Chiral cyclopropanes and cyclobutanes constitute key fragments in a number of natural products and bioactive substrates
relevant to pharmaceutical use.’ Among the small rings, cyclopropanes hold a special place and have therefore monopo-
lized the attention of organic chemists due to their inherent ring strain, useful in ring expansion and ring-opening reac-
tions.” In contrast, cyclobutanes have attracted much less interest, although their incorporation in bioactive targets is be-
coming more popular in the context of drug design (e.g. mirogabalin, Scheme 1).! Cyclopropanes and cyclobutanes can be
constructed in many ways,” including through addition onto their unsaturated analogues and highly strained cyclopropenes
and cyclobutenes.4 Cyclopropenes thus show a high reactivity toward addition of organometallic species“a'd but, as ex-
pected, the extension of the strategy to cyclobutenes proved more difficult as illustrated by recent studies.” A similar trend
is observed in free-radical additions, where the reactivity of cyclobutenes was shown to be of the same order as cyclohex-
ene,® and lower to that of cyclopropenes. Radical additions to cyclopropenesﬁ’7 and cyclobutenes8 are thus rare. Xanthate
transfer addition reactions on these highly strained rings have however been described concomitantly by Zard,7b Saicic® and
co-workers but the scope is narrow, and yields and diastereoselectivities moderate (Scheme 1a).

In the course of our studies on free-radical functionalization of olefins, we have developed a three-component carbo-
cyanation of cyclopropenes which led to the formation of the corresponding cyclopropanes in satisfying yields and moder-
ate diastereoselectivities.” Our efforts to extend the strategy to the cyclobutene series proved nevertheless unsuccessful,
illustrating the relatively poor reactivity of the m-system in cyclobutenes. The restricted access to chiral enantiopure
cyclobutenes and the limited number of studies on additions onto cyclobutenes thus prompted us to develop a straight-
forward access to this class of olefin and to revisit their reactivity towards free-radical species.

Scheme 1. Free-radical functionalization of chiral cyclobutenes.
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We report here on the development of a multi-gram scale enantioselective synthesis of cyclobutenes | and on the
photocatalyzed addition of an electrophilic sulfonyl radical and a cyanide group across the w-system of | (Scheme 1b), which
affords an access to highly functionalized cyclobutanes Il in a completely regio- and diastereoselective manner. The subse-
quent functionalization of Il is also documented, and includes regioselective free-radical cyclobutane-ring opening, provid-
ing enantioenriched cyanosulfones lll bearing an all-carbon quaternary stereocenter, or new cyclobutenes, efficient Mi-
chael acceptors ultimately leading to tetra-substituted cyclobutanes IV, which are useful intermediates in stereoselective
elaboration of more complex structural motifs.

Efficient routes to enantiopure cyclobutenes10 are relatively rare as compared to the easy synthesis of parent
cyclopropenes.11 A recent example of cyclopropenes-ring expansion into cyclobutenes related to | has been reported by
Marek et al.,” but there is no general method for the enantioselective synthesis of cyclobutenes such as | (Scheme 1).13 We
thus developed a rapid access to I, based on the asymmetric [242] cycloaddition reaction between a,B-unsaturated N-
acyloxazolidinones 1 and alkynyl sulfides 2a-h catalyzed by a cheap chiral titanium reagent, devised earlier by Narasaka and
co-workers,” which provided the corresponding cyclobutenyl sulfides 3a-h in good yields and high enantioselectivities
(Scheme 2 and SI).

Scheme 2. Preparation of cyclobutenes 4a-h.
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The removal of the SMe substituent was carried out using a combination of Lindlar’s catalyst and a sacrificial aIkene,14 al-
lowing full conversion of 3a into 4a without over-reduction of the latter (Table S1). Noteworthy, careful measurement of
the enantiomeric excess of 3a and 4a indicates that the sequence occurs without erosion of the enantioselectivity during
the thioether reduction step. This method was then extended to the preparation of a series of cyclobutenes 4b-h, showing
the compatibility of the reduction with the presence of silyl ethers and chlorides. This two-steps strategy thus constitutes a
reliable method for the enantioselective synthesis of cyclobutenes 4 and is amenable to large scale synthesis, as illustrated
with the preparation of cyclobutenes 4a, 4d and 4e.

As mentioned above, cyclobutenes exhibit a limited reactivity toward radical species, despite their reported reaction with
alkyl xanthates®”® and our own experience with addition of BrCCl; or bromomalonate (see Sl). Cyclobutene 4a was thus
submitted to the photocatalyzed radical addition of EtSO,CN, considering the high electrophilicity of sulfonyl radicals and
their known efficient additions onto olefins, including cyclic ones.™ Application of our recently described eosin-mediated
olefin sulfonyl-cyanation (Eosin-Y, K,HPO,, DMF, green LEDs)," effectively furnished the addition product 5a as the major
all-trans-isomer (dr>19:1:1) (Table 1, entry 1), whose structure was unambiguously assigned through X-ray diffraction stud-
ies (XRDS). This shows that the sulfonyl radical approaches anti relative to the oxazolidinone moiety, the cyanide group
being then delivered anti relative to the bulky sulfonyl fragment. Although the stereoselectivity was high, yields were not
satisfactory, particularly when scaling up was envisioned. For instance, 47% yield of 5a was obtained when the reaction was
performed on 24 mmol scale. An alternative way to generate the electrophilic sulfonyl radical was thus looked for. Recent
studies by Melchiorre et al.*’” showed that photocatalysts having high triplet energy levels'® (around 70 kcal.mol‘l), such as
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p-anisaldehyde and benzophenone (BP), are able to sensitize alkyl halides and could be engaged in atom transfer radical
additions (ATRA). It was anticipated that such catalysts might be able to activate sulfonyl cyanides in a similar way.

Using UV-A irradiation (325-400 nm) and MeSO,CN, p-anisaldehyde or BP (Table 1, entries 3,5) effectively mediated the
addition process leading to 5b in good yields, thus illustrating the first example of a triplet photosensitized olefin sulfonyl-
cyanation. Reaction under UV-A in the absence of p-anisaldehyde also provided 5b albeit in much lower yield, as a result of
direct absorption by substrate 4a at 325-400 nm (Sl), (Table 1, entry 4). The critical role of p-anisaldehyde in this process is
highlighted when using oct-1-ene, which does not absorb light in the 325-400 nm region. Sulfonyl-cyanation of oct-1-ene
thus led to the desired product, with >95% conversion (97% isolated yield after 24 h), in the presence of p-anisaldehyde
and only 25% in its absence after 20 h irradiation (see Sl). A similar trend was observed with p-TolSO,CN, 5c¢ being formed
in only 7% in the absence of p-anisaldehyde (Table 1, entries 6-7). The reaction was also performed at 254 nm, leading to
complete consumption of 4a and the formation of a complex mixture in which 5b was absent, in contrast with literature
reports19 (Table 1, entries 8-9). Finally, several control experiments were performed (SI). For instance, in the absence of
light, no trace of cyanosulfone 5b was observed. When the sulfonyl-cyanation of 4a was carried out using MeSO,CN and p-
anisaldehyde (20 mol %), but in the presence of a triplet quencher such as 2,5-dimethylhexa-2,4-diene (20 mol %), 5b could
not be detected after 20 h of irradiation (SI). A similar result was observed in the presence of pyridazine, which possesses a
lower triplet-state energy than p-anisaldehyde.

The results above are consistent with a mechanism involving energy transfer from the excited triplet state of the sensitizer
to the sulfonylcyanide. Alternative mechanisms involving photoinduced electron transfer from triplet p-anisaldehyde or BP
to the sulfonylcyanide are calculated to be thermodynamically less favorable (see SI).20 The efficiency of the photosensitizer
can be assessed by comparing the photochemical quantum efficiency for the formation of 5b in the absence and presence
of the sensitizer. The quantum yield for the formation of 5b from 4a, in the absence of photosensitization, was determined
to be 0.09 (determined at low conversion using 334 nm monochromatic irradiation, see Sl). The same reaction conducted
in the presence of p-anisaldehyde afforded a 1.8-fold increase in product yield. Because 4a absorbs at the excitation wave-
length, the observed yield must be corrected for the background reaction and internal filter effects, providing a value of
0.96 for the quantum yield of formation of 5b from excited p-anisaldehyde (see Sl). A value close to unity implies that the
sequence of reactions leading to the formation of 5b is particularly efficient, or that it may involve a radical chain reaction
with a turnover > 1. Importantly, the transformation is intrinsically 10-fold faster when sensitized vs direct irradiation. This,
combined with a clean photochemical process, allows the reaction to be conducted on a multi-gram scale using small sol-
vent volumes. Our results suggest that energy transfer from the triplet excited state anisaldehyde21 or BP? to RSO,CN al-
lows the formation of the sulfonyl-cyanide excited triplet, which undergoes homolytic cleavage of the 0,S-CN bond. The
electrophilic sulfonyl radical thus formed would then add onto the less substituted end of the cyclobutene double bond, to
generate a B-sulfonyl radical, finally trapped by RSO,CN, leading to the product and the RSO, radical, ready to sustain the
radical chain reaction (Sl).

Table 1. Photosensitized sulfonyl-cyanation of cyclobutene 4a.

0] o b ]
i\\N )ko RSO,CN SLN )l\o L

J;I‘ \__J PC, hv ﬂ \__J u’u:.

n-pr 30S oge;; h e En SOR “*;ru ¢ R
4a 5a-c b X-ray 5a

entry pC? RSO,CN product hv (nm)® solvent yield® (%)
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4 - Me 5b 325-400 CD;CN 41

5 BP Me 5b 325-400 CD;CN 75
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8  p-anisal. Me 5b 254  CDiCN -de

9 - Me 5b 254  CD.CN  -%
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The scope of the sulfonyl-cyanation was then established using Eosin-Y (Method A) or p-anisaldehyde (Method B) as photo-
sensitizers for comparison purposes. Overall, reactions were cleaner with method B, easier to carry out and leading to
higher yields and more straightforward purifications on larger scale (Scheme 3). Better yields were also observed using less
hindered MeSO,CN. The diastereoselectivity of the sulfonyl-cyanation reaction was in all cases high (dr>19:1:1) in favor of
the all-trans-product. The stereochemistry of 5b, 5d-q was assigned based on the configuration of 5a and 5c, obtained
through XRDS (vide supra). The yield decreased significantly for hindered cyclobutenes (e.g. 5m-n bearing a bulky TBDMS
substituent). The process is compatible with chains bearing a chlorine atom (5i-j) and with silyl ethers (5d-g). The reaction is
not restricted to methyl, ethyl or arylsulfones but may be extended to functionalized sulfonyl cyanides (e.g. 50-q), albeit
with lower efficiency. Interestingly, these mild conditions also prevent desulfonylation of the alkanesulfonyl radical and
formation of the corresponding alkyl radical.

Scheme 3. Eosin-Y or p-anisaldehyde-mediated sulfonyl-cyanation of cyclobutenes 4a-h.
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Our efforts were then directed toward the functionalization of these highly substituted cyclobutanes, first focusing on the
opening of the 4-membered ring.23 This strategy would open an access to enantiopure nitriles y to a carbonyl group, and
bearing an all-carbon quaternary stereocenter (lll, Scheme 1), through an indirect cyanation approach, which complements
the usual cyanations in a and B positions. The regioselective ring-opening was performed through a ketyl radical, generated
from N-acyloxazolidinones 5 using Sml,, the ensuing fast cyclobutyl radical-anion ring opening (k“?;xlO4 s‘l),24 leading to a
stabilized radical a- to the sulfone. Although the generation of a ketyl radical from amides or N-acyloxazolidinones remains
challenging and less documented than for ketones,25 reduction and fragmentation was found to proceed in less than 1 h at -
78 °Cusinga 1:3 Smlz-HzO26 mixture and 4 equiv of Sml, (For optimization, see Tables S3 and S4). Reaction conditions were
shown to tolerate functionalized alkyl groups such as aryl, chloride, protected alcohols and ethers and led generally to
better yields with methylsulfones (e.g. 6n vs 60) (Scheme 4). Finally, large scale synthesis is allowed, as exemplified by the
preparation of nitrile 6e in excellent yield on 5 mmol scale.



Scheme 4. Sml,—mediated cyclobutane-ring opening of cyclobutanes 5a-q.
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Cyclobutanes such as 5d and 5f were also functionalized further, relying on the easy removal of the alkanesulfonyl group
(Scheme 5). One-pot elimination of the oxazolidinone and sulfonyl groups in 5d and 5f under mild basic conditions,”’ thus
provided an access to homochiral cyclobutenes 7a-b, ready for further manipulations. For instance, conjugate addition of
pyrrolidine to 7b furnished the tetra-substituted cyclobutane 9 in high yield and excellent diastereocontrol.”® Nitromethane
under basic conditions was also shown to add readily to 7a, providing 8 in 69% yield. In both cases, the nucleophilic frag-
ment approached anti relative to the bulkier alkyl chain. Steric differentiation between the linear CN group and any other
substituent on the quaternary stereocenter is noteworthy as it allows a high level of stereocontrol during the conjugate
addition. Finally, ozonolysis of 7a led to the sensitive tricarbonylated compound 10,*° further highlighting the synthetic
potential of these polyfunctionalized cyclobutenes.

Scheme 5. Further functionalization of cyclobutanes 5d and 5f.
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Conclusions

In summary, we report in this article an unprecedented p-anisaldehyde-photosensitized sulfonyl-cyanation of cyclobutenes,
affording the corresponding cyanosulfones in high yields and diastereocontrol. An efficient synthesis of enantiopure
cyclobutenes was also disclosed. This study demonstrates that highly electrophilic sulfonyl radicals can add efficiently to
poorly reactive cyclobutenes. The sequence can be carried out on multi-gram scale with excellent reproducibility, affording
enantiopure cyclobutanes which can then be elaborated further through ring-opening or sulfonyl group elimination. Stud-
ies are now ongoing to exploit further the radical chemistry of these cyclobutenes for applications in total synthesis of nat-
ural products.
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