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Scope and mechanistic insight into the chemistry
of cyanocarbenes derived from alkynyl triazenes
by UV irradiationt
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®and A. Stephen K. Hashmi

Melina Maag,
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Matthias Rudolph,® Andreas Dreuw *a.c

Herein we disclose a systematic evaluation of the scope and limitations for the use of alkynyl triazenes for
the synthesis of cyano-substituted cyclopropanes and cyclopropenes. The method is based on the for-
mation of a cyanocarbene by cleavage of the N1-N2 bond of the alkynyl triazene precursor under UV
light, which then reacts with a styrene or alkyne to form the respective products, making this a simple
approach avoiding metals typically used in related reactions of organic azides. Different substituents on
the triazene moiety, N-terminus and styrene/alkyne were investigated concerning their influence on the
yield and diastereoselectivity with respect to the resulting cyclopropanes. The study showed that elec-
tron-rich aryl substituents at the alkynyl triazenes enable a good diastereomeric excess favouring the
anti-diastereomer. Accompanying computational studies revealed that this diastereomeric preference can
be qualitatively predicted from the relative stability of the singlet and triplet states of the cyanocarbene, as
well as the dispersive attraction between the carbene and the olefin.

Introduction

Since the middle of the last century, triazenes have attracted
significant interest within the scientific community regarding
their use in organic synthesis," coordination chemistry”> and
medicine.® These findings were all based on alkyl or aryl tria-
zenes and only recently have alkynyl triazenes received some
attention. In 2015, Severin et al. discovered an elegant syn-
thetic access towards this novel class of triazenes. Compared
to conventional triazenes, these compounds exhibit a distinct
reactivity.” Their synthetic route involved the incorporation of
nitrous gas for the construction of the triazene moiety, giving
access to a vast variety of different alkynyl triazenes
(Scheme 1).* This wide range of synthesizable triazenes
already enabled fruitful contributions to organic synthesis
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which were based on metal or Lewis acid -catalysis.’
Subsequently, Hashmi et al. investigated their reactivity under
UV light irradiation, revealing the potential to use alkynyl tria-
zenes as cyanocarbene precursors, which enabled access to
nitrile-functionalized products like hydrazones without the
need for common cyanating agents of any kind (Scheme 1).°
Initial trapping experiments with alkenes and alkynes were
also conducted, however, additional insight into the reactivity,
synthetic utility and state of the intermediate species is still
needed. The formation of hydrazones was consistently
identified as a side product in all photolyses of triazenes.
Furthermore, the zwitterion generated from the photolysis was
observed to undergo recombination (see Scheme 1).°
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Scheme 1 Synthetic route to alkynyl triazenes using nitrous oxide by
Severin et al.,* subsequent photolysis to the cyanocarbene and trans-
formations to the nitrile-substituted products by Hashmi et al®.

This journal is © the Partner Organisations 2025


http://rsc.li/frontiers-organic
http://orcid.org/0000-0003-4021-7231
http://orcid.org/0009-0008-9480-1250
http://orcid.org/0009-0006-8394-5625
http://orcid.org/0000-0002-6115-4674
http://orcid.org/0000-0002-5862-5113
http://orcid.org/0000-0002-6720-8602
https://doi.org/10.1039/d4qo02023e
https://doi.org/10.1039/d4qo02023e
https://doi.org/10.1039/d4qo02023e
http://crossmark.crossref.org/dialog/?doi=10.1039/d4qo02023e&domain=pdf&date_stamp=2025-03-20
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4qo02023e
https://pubs.rsc.org/en/journals/journal/QO
https://pubs.rsc.org/en/journals/journal/QO?issueid=QO012007

Open Access Article. Published on 30 December 2024. Downloaded on 12/6/2025 9:53:50 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Lo

[

Organic Chemistry Frontiers

Results and discussion

In this study, we further extend the knowledge on the reactivity
of cyanocarbenes generated from alkynyl triazenes under UV
light irradiation. First, the scope and limitations of the reac-
tion with styrene derivatives, which are known to be effective
trapping reagents for carbenes, was investigated. In addition,
since two different diastereomers can be formed in this reac-
tion (Scheme 2), the diastereoselectivity might serve as a probe
to investigate the reactivity and nature of the generated
carbene.”

Related reactions using alternative cyanocarbene precursors
have been studied before, including reactions of rhodium car-
benoids, derived from diazo compounds,’® and reactions of
hypervalent iodonium alkynyl triflates (HIATs) with azides®
(Scheme 3). The rhodium-catalyzed reactions by Davies et al.
produce cyclopropanes with high diastereoselectivity and
enantioselectivity of 83-90% ee, but have the drawback of
depending on the rather expensive [Rh,(S-PTAD),] catalyst.”* A
metal-free alternative applying HIATs by Croatt et al. circum-
vents this problem, however it yields cyclopropanes with no
diastereoselectivity and in low yields of 18-61%.% This work
aims at improving the yield and diastereoselectivity by employ-
ing alkynyl triazenes under UV light and their photolysis, a
metal-free protocol. Additionally, it was anticipated that this
approach will provide further insight into the reactivity and
spin state of the carbene.

The reaction of alkynyl triazenes with olefins offers three
points of variation that can impact diastereoselectivity and
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Scheme 2 Anti- and syn-diastereomers of nitrile-substituted cyclopro-
panes as possible products.
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Scheme 3 (A) Rhodium-catalyzed syntheses of cyclopropanes;’® (B)
syntheses of cyclopropanes with HIATs;® (C) UV light-mediated photo-
lysis of alkynyl triazenes.
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yield: the substituents at the N-terminus, the olefin, and the
triazene-bound aryl moiety.

First, we studied the effects of different substituents at the
N-terminus of the triazene on the yield and diastereoselectivity
of the cyclopropanes. As shown in Scheme 4, the best yield of
71% was achieved by using isopropyl-substituents 1aa whereas
diethyl- 1b or dicyclohexyl-substituents 1c gave slightly lower
yields of 61% and 66%. If the N-atom was incorporated in the
ring such as in 1d and 1c, the product was only detected
in trace amounts. The different functionalization of the
N-terminus showed no influence on the diastereoselectivity.
Therefore, in the following investigations, diisopropyl tria-
zenes laa were employed. This choice was made as the reac-
tant for the corresponding alkynyl triazene synthesis, lithium
diisopropylamide (LDA), is commercially available and conse-
quently easily accessible.

Since different substituents at the N-terminus showed no
influence on the diastereoselectivity, the focus was shifted to
variations of the olefin (Scheme 5). Interestingly, only reactions
with styrenes were observed while alkyl-substituted olefines
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Scheme 4 Screening of the reaction to cyclopropanes with triazenes
with different N-terminal substitutions. 200 pmol triazene in a degassed
1:1 mixture of styrene : MeCN (0.8 mL).
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Scheme 5 Synthesis of cyclopropanes 2a with different olefins.
200 pmol triazene in a degassed 1:1 mixture of styrene:MeCN

(0.8 mL). Yield obtained after purification. Diastereomeric ratio deter-
mined by *H NMR.
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gave the product in trace amounts, which is in line with obser-
vations by Davies et al. and Croatt et al.”*® Moreover, stilbenes
showed no reactions to cyclopropanes. Reactions with styrene
derivatives yielded cyclopropanes 2a in yields ranging from
41% to 71%. Compared to electron-poor styrenes, electron-rich
styrenes resulted in higher yields of 64% to 71%. Regarding
their diastereoselectivity, the anti-diastereomer exhibited a
slight diastereomeric excess of 2% to 10%, favouring the anti-
diastereomer in cyclopropanes 2aa, 2ac, 2ad, 2ae, 2af and 2ag,
whereas cyclopropane 2ab showed no diastereomeric excess.
Compared to Croatt et al.,* who achieved yields ranging from
18-61%, the yield could be improved to 41-71%, featuring a
wider range of synthesised cyclopropanes. The recombination
of the N2-N3 fragment with the cyanocarbene leads to the for-
mation of hydrazone as a side product (see Scheme 1), which
consequently reduces the yield of all synthesized cyclopro-
panes and cyclopropenes.

The investigated olefins exhibited a significant impact on
the yield but not on the diastereoselectivity. Consequently, the
influence of the triazene-bound aryl moiety was studied by
reacting different alkynyl triazenes 1laa-lak with styrene
(Scheme 6). As expected, no reaction was observed with an
alkyl substituent, which was already noted in the UV-mediated
hydrazone synthesis by Hashmi et al® Aryl substituents, on
the other hand, gave yields in the range of 46% to 85%. The
triazene-bound aryl moiety is therefore crucial for the exci-
tation of the triazene and its subsequent photolysis.
Interestingly, triazenes with electron-rich aryl substituents pro-
duced cyclopropanes with a diastereomeric excess ranging
from 76% to 94% with the major diastereomer being the anti-
diastereomer. This was confirmed by crystallographic data of

"y
R/ N j/

S R
uv CN
+ " .
MeCN }
45°C,16h Ph
1aa-1ak 2b
S,
/
Ph

= S \
CN = _©oN cN
MeO CN
Ph

2ba, 75 % 2bd, 75 %
anti/syn=1/0.03 anti/syn=1/0.13

2bb, 78 %
anti/syn=1/0.11

2bc, 85 %
anti/syn=1/0.05

FsC

E
MeO
CN CN
CN CN
Ph Ph
Ph

Ph

2be, 59 %
anti/syn=1/0.62

2bf, 71 %
anti/syn=1/0.93

2bg, 71 %
anti/syn=1/0.97

cN
>

2bh, 46 %
anti/syn=1/0.44

Br, tBu,

Ph Ph Ph

2bi, 52 % 2bj, 82 %
anti/syn=1/049 anti/syn=1/043

2bk, 52 %
anti/syn=1/0.66

Scheme 6 Synthesis of cyclopropanes 2b with different alkynyl tria-
zenes. 200 pmol triazene in a 1:1 mixture degassed styrene: MeCN
(0.8 mL). Yield obtained after purification. Diastereomeric ratio deter-
mined by *H NMR.
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Fig. 1 Molecular structure of 2bc in the solid state (thermal ellipsoids
are shown at a 50% probability). The carbon atoms are shown in grey,
nitrogen blue and sulfur yellow.®

2bc (Fig. 1) and by comparison with NMR data (Table s1, see
ESIT). In contrast, triazenes with electron-poor and neutral
substituents showed a lower diastereomeric excess of 2% to
40% while still favouring the anti-diastereomer.

In addition to crystallographic data of 2bec (Fig. 1), a com-
parison of the 'H NMR peaks of the H-atom indicated in
Table s1 (see ESIf) of various literature-known diastereo-
selective nitrile-substituted cyclopropane compounds was per-
formed. The cyclopropane bound H-atom of the anti-diastereo-
mer possesses the characteristic peak of a doublet of a doublet
or pseudo triplet at 3.10 to 3.20 ppm, whereas the syn-diaster-
eomer has a characteristic pseudo triplet peak at 2.75 to
2.85 ppm (Scheme 7). This comparison confirmed the major
diastereomer of compounds 2ba, 2bb, 2bc, and 2bd to be the
anti-diastereomer.

To get further insight into the dependence of the diastereo-
meric preference on the electronic structure of the alkyne sub-
stituent, computational studies of the mechanism of the cyclo-
propanation were performed (computational details can be
found in the ESIf). We investigated a potential concerted
mechanism via the singlet carbene and a stepwise mechanism

320 318 316 314 312 310 308 306 304 302 300 298 296 204 292 290 288 286 284 28 280 278 276 2M 272 270
1 (ppem

Scheme 7 Example of characteristic 'H NMR peaks of compound 2bh

of the cyclopropane bound H-atom used to distinguish the syn- and
anti-diastereomer.
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via the triplet carbene (both mechanistic alternatives pre-
sented in Scheme 8). Taking the cycloaddition of the cyanocar-
bene of alkynyl triazene 1aa and styrene as a model system, we
determined that the addition to the anti-diastereomer pro-
ceeds without a barrier, while addition to the syn-diastereomer
occurs with a barrier of approximately 1.75 kcal mol™'. We
note that the computational method used within this study
tends to underestimate barrier heights by 0.5-2.5 kcal mol™*,*°
therefore this value can be interpreted as a lower estimate of
the real barrier. The reason for this kinetic selectivity of dia-
stereomers is the lack of effective dispersion interaction
during formation of the syn-diastereomer, as the two aromatic
rings are more distant than in the anti diastereomer.
Therefore, singlet cyanocarbenes react with olefins to form
overwhelmingly anti-cyclopropanes.

Since triplet carbenes commonly react as electrophiles,’
we investigated the reaction pathway of nucleophilic attack by
the olefin. It was determined that formation of a triplet bi-
radical species possesses a barrier of 1.73 kecal mol™'. To
balance dispersive attraction between the aromatic substitu-
ents, steric repulsion, as well as the Fermi repulsion of the rad-
icals, the aromatic planes of this biradical are oriented at a
relative angle of 69.3°, which is illustrated in Scheme 8. This
orientation is close enough to perpendicular that solvent col-
lisions and thermal fluctuations can cause the molecule to
cyclize into either the syn- or the anti-diastereomer. Since
these processes are completely isotropic, neither isomer is stat-
istically preferred if the attraction between the aromatic rings
is weak. Introduction of dispersive groups, such as tert-butyl or
trifluoromethyl groups, increases the barrier of rotation and
thus slightly favours formation of the anti-diastereomer.
Notably, the intermediate must first undergo an intersystem
crossing to cyclize, which is a fast process in solution. We thus
conclude that triplet carbenes react with olefins to form an
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Scheme 8 Mechanism of cyclopropanation. Intersystem crossing and
cyclization in the triplet mechanism are assumed to be much faster than
the nucleophilic attack of the olefin. The 3D structure shown depicts the
minimum potential energy geometry for the triplet biradical.
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approximate 1:1 ratio of both diastereomers, where the exact
ratio depends on the dispersive interactions of olefin and
carbene substituents.

These observations allow for a straightforward determi-
nation of the diastereomeric preference of each cyanocarbene:
As the cyano group stabilizes the carbene sufficiently for
solvent or light-mediated intersystem crossing to take place,"
we can assume the carbene spin states to be in chemical equi-
librium. Furthermore, we may view all cyclopropanation steps
as irreversible and neglect the reaction of singlet carbene to
the syn-diastereomer. This mechanistic simplification is poss-
ible despite its small barrier, because it is directly in compe-
tition with the barrierless formation of the anti-diastereomer.
Lastly, we presume the formation of the biradical species to be
the rate-determining step in the reaction of the triplet carbene
with an olefin.

With these assumptions we can predict the two central
determining factors to be the equilibrium between the singlet-
triplet carbene as well as the relative rates of cyclization for
each diastereomer from the biradical mechanism. The former
is physically determined from the adiabatic singlet-triplet gap
of the carbene, which in turn is influenced by the electronic
properties of the carbene substituents. Mesomeric, electron-
withdrawing substituents on the aromatic ring as well as the
cyano group strongly stabilise the triplet state, favouring a
triplet ground state and thus the biradical mechanism. With
increasing electron richness of the aromatic ring, however, the
triplet state gets destabilized, and the singlet mechanism
becomes energetically viable. We want to highlight the
example of 2bc, where the singlet is 3.04 kcal mol™* more
stable than the triplet, which thus causes the observed high
diastereomeric excess.

The relative rates of formation of each diastereomer from
the biradical species are mostly determined by the geometry of
the biradical species and the required energy for rotation of
the aryl planes. If the aromatic substituents show comparably
strong dispersive attraction, the angle between the aromatic
planes decreases and the barrier for rotation increases.
Therefore, aromatic substituents with strong dispersive inter-
actions slightly favour the formation of the anti-diastereomer.
This can especially be seen in 2bg, 2ac and 2ag. We note that
these dispersive forces are nonetheless relatively weak and are
thus only able to exert measurable, but minor influence on the
diastereomeric ratio.

Finally, the synthesis of a cyclopropane via an intra-
molecular reaction of 3a and 3b was evaluated (Scheme 9). The
respective en-yne was synthesized according to a literature pro-
cedure by Echavarren et al.™® and the triazene was synthesized
based on the alkynyl triazene synthesis by Severin et al.* The
structure of the cyclopropane was confirmed by crystallo-
graphic data. Interestingly, in contrast to the previously con-
ducted intermolecular reactions (Scheme 5), only substituted
olefins reacted to form the desired cyclopropane 4a in high
yield.

In the next step, the UV light-mediated cyclopropenation
using alkynyl triazenes with alkynes was studied (Scheme 10).
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Scheme 9 Synthesis of 4a via intramolecular cyclopropanation.
200 pmol triazene in degassed MeCN (0.8 mL). Yield obtained after
purification. Molecular structure of 4a in the solid state (thermal ellip-
soids are shown at a 50% probability). The carbon atoms are shown in
grey, nitrogen in blue.®
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Scheme 10 Synthesis of cyclopropenes 5 with different alkynes and
triazenes. 200 pmol triazene and 5.00 eq. alkyne in degassed MeCN
(0.8 mL). Yields obtained after purification.

Triazenes and alkynes were varied to give a wide range of
nitrile-substituted cyclopropenes 5. Both aryl and alkyl groups
were successfully utilized, yielding the desired products in
good yields of 33% to 81%. Interestingly, alkyl groups at the
alkyne were well tolerated, in contrast to the cyclopropanation
reaction, where only styrenes were successfully employed.
Furthermore, only tolanes were reactive, while cyclopropenes
from terminal alkynes could not be synthesized. This contrasts
with the cyclopropanation reaction, where stilbene showed no
reaction.
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Conclusion

In this work, we explored the use of cyanocarbenes formed by
UV photolysis of alkynyl triazenes with styrenes or alkynes to
form cyclopropanes and cyclopropenes. We studied the effect
of the used olefins and triazenes on the yield and diastereo-
selectivity of the resulting cyclopropanes. Our findings indicate
that electron-rich aryl substituents on the alkynyl triazenes sig-
nificantly increase the diastereomeric excess favouring the
anti-diastereomer over the syn-diastereomer, which in combi-
nation with the easy synthesis of the starting alkynyl triazenes
delivers an attractive metal free alternative towards cyano-sub-
stituted cyclopropanes. These findings led us to further investi-
gate the reactivity of the cyanocarbene precursor via compu-
tational methods. We confirmed that the presence of an elec-
tron-rich aromatic moiety is the central determining factor for
good diastereomeric ratios, as it stabilizes the singlet state of
the cyanocarbene relative to its triplet state. This causes the
reaction to proceed primarily via a concerted [2 + 1] cyclo-
addition mechanism, which strongly favours the anti-diaster-
eomer. We additionally found that dispersive attraction
between the olefin and cyanocarbene play a minor role in
determining the diastereomeric ratio, as strong dispersive
interaction slightly favours the formation of the anti-diastereo-
mer as well. Besides we could demonstrate that this approach
is also feasible for metal-free cyclopropenations in moderate to
good yields.
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