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ABSTRACT: A variety of Huisgen cyclization or nitrene/carbene alkyne cascade reactions with different types of termination were
investigated. Accessible nitrene precursors were assessed, and carbonazidates were found to be the only effective initiators. Solvents,
terminal alkynyl substituents, and catalysts can all impact the reaction outcome. Study of the mechanism both computationally (by
density functional theory) and experimentally revealed relevant intermediates and plausible reaction pathways.

■ INTRODUCTION
Carbenes are neutral, divalent carbon species containing two
unshared electrons that play an important role in organic
synthesis due to their high and divergent reactivity.1 Electro-
philic carbenes, such as those derived from diazocarbonyl
compounds by catalysis, thermolysis, or photolysis, provide
numerous useful transformations in organic synthesis.2 The
reaction types include, but are not limited to, Wolff
rearrangement,3 cyclopropanation,4 C−H insertion,5 X−H
insertion,6−8 Buchner reaction,9 and ylide formation,10 giving
chemists a powerful tool to build C−C and C−X bonds.
Current efforts in the development of carbene-based methods
focus on the synthesis of difficult atomic structures at the core
of important molecules.
Heteroatom-containing polycyclic structural motifs can be

found in many biologically active natural products. Of these
motifs, two important examples are bridged polycycles and
propellanes. Carnosol,11 maoecrystal V,12 harringtonolide,13

ialibinone A,14 and gelsemine15 are examples of natural
products that include a bridged polycyclic motif (Figure 1).
Propellanes are tricyclic compounds in which the three rings
share a common C−C single bond.16 Brazilide A,17

lapidilectine B,18 isoschizogamine,19 and batrachotoxin A20

are examples of natural products which contain propellane
structures.
Many diverse strategies for the construction of bridged

polycycles have been explored. The Diels−Alder reaction has
been a common strategy used for the synthesis of the bridged
bicyclo[2.2.2]octane core (2) of maoecrystal V (Scheme 1a).21

However, this approach is not applicable to all bridged ring
isomers. For example, it would not be able to produce the
bicyclo[3.2.1]octane isomer (4) via 1,4-diene 3. In compar-
ison, a general methodology that started from easily accessible
precursors via carbene intermediates by utilizing C−H
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Figure 1. Examples of natural products with bridged polycycles and
propellanes.
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insertion to construct bridged polycycles would be more
universal. Thus, our group and others have developed a variety
of carbene/alkyne cascade reactions for the synthesis of
polycycles.22,23

Carbene/alkyne cascades were initially explored by the
Hoye23a and Padwa23b groups. Recently, our group reported a
series of cascade reactions that terminated in C−H bond
insertion after catalytic diazo decomposition of an α-diazo
ester 7 and carbene/alkyne metathesis to synthesize bridged
polycycles 10 (Scheme 1b).22a Thus, multiple C−C bonds and
multiple rings were formed in a single reaction step.
Hydrazone-initiated carbene/alkyne cascades from diazoal-
kanes 11 also produced a variety of bridged polycycles 12 with
carbocyclic rings fused to the bridged core.22b In addition,
many other carbene cascade-based methods have been
reported in recent years.23c−e

Nitrogen, as found in several natural products, is particularly
relevant to biological activity; however, nitrogen-containing
targets often present significant synthetic challenges. Nitrene/
alkyne cascades, which start from alkynyl-bound nitrene
precursors, can rapidly build N-heterocyclic compounds,
usually in only one step.24 Therefore, the selective synthesis
of bridged azacycles through this method caught our attention.
To this end, we planned to investigate the possibilities of using
different nitrogen-containing substrates to achieve bridged
azacycles. By using different nitrene precursors to 13, a variety
of N-heterocyclic compounds 15 could then be synthesized
chemoselectively (Scheme 2).
Computational Methods.25 Density functional theory

(DFT) calculations were performed using Gaussian 16.26

Without geometrical constraints, optimization and frequency

calculations for all structures were performed at the CPCM-
(dichloromethane)-ωB97XD/6-311++G(d,p)27,28 level for all
intermediates and transition-state structures (TSSs). Individual
TSSs were confirmed by both a relevant imaginary frequency
and intrinsic reaction coordinate (IRC) calculations.29 All
singlet and triplet structures were optimized with an
unrestricted wavefunction with the keyword guess=(mix,al-
ways).

■ RESULTS AND DISCUSSION
Investigation of Outcomes from Phenyl Alkyne-

Appended Alkyl Azides and Amides. Initial trials of
potential nitrene initiators, such as alkynyl alkyl azide 16
(Table 1), yielded no cascade products in any of the reactions.
The azides were unreactive at room temperature, even in the
presence of a rhodium catalyst (entries 1 and 2). Increasing the
reaction temperature led to triazole 17 that was generated by a
[3 + 2] Huisgen cycloaddition (entries 3 and 4). Dinitrogen
extrusion did not occur after the formation of the triazoles,
even in the presence of Rh2(esp)2.

Scheme 1

(A) Comparison of Diels−Alder vs Carbene-Initiated Cascade Reaction Synthetic Strategies for Bridged Polycyclic Rings. (B) Carbene/alkyne
cascades in synthesis. (C) Proposed approach for nitrene/alkyne cascades in synthesis.

Scheme 2. Designed Nitrene-Initiated Cascade Reactions
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Amide 19 was also tested as a nitrene precursor with typical
conditions (Scheme 3). When using Rh2(esp)2 as the catalyst
in the presence of PhI(OAc)2 and MgO, the Curtius
rearrangement product acetamide 20 was produced in 86%
yield. With the alternative oxidant PhI(OPiv)2 and the additive
CaO,30 the corresponding pivalamide 21 was obtained in 47%
yield along with a urea product 22 in 36% yield. The formation
of both the amides and the urea revealed that, after nitrene
generation, a Curtius rearrangement was faster than the
nitrene/alkyne metathesis reaction.
These early studies showed the scope and importance of

cascade initiation and are important controls that show the
importance and unique reactivity of the carbonazidate
functional group, as discussed below. For example, 16 and
17 show the feasibility of the Huisgen cyclization, but a
discrete nitrene intermediate would be operative for the
Curtius rearrangement of amide 19. The carbonazidate could
follow either of these initiations, which is what prompted the
more detailed studies that follow.

Investigation of Silanol and Vinyl Nitrile Formation
from Silyl Alkyne-Appended Carbonazidates and
Mechanistic Study. During the development of Huisgen
cyclization/carbene cascade reactions from carbonazidates, we
found that a silyl alkynyl carbonazidate like 24 (Scheme 4a)
can form the anticipated bridged tricyclic product 25 in 31%
yield, which illustrated that the carbonazidate could be used as
an effective starting material for the construction of bridged
azacycles.31 However, an unusual silanol product 26 was
isolated as the major product in 41% yield. The reaction also
generated two different byproducts: tetrahydropyranone 27
and silyl vinyl nitrile 28. We did not observe silanol product 26
in the NMR of the crude reaction material; instead,
azasilacyclopentene 34 (Scheme 4b) was determined to be
the reaction product before an aqueous workup caused silanol
formation by hydrolysis of the Si−N bond. Therefore, we
proposed the mechanism for the formation of silanol 25 and
bridged tricycle 26 shown in Scheme 4b. Carbonazidate 24 can
first undergo Huisgen cyclization to form triazole 29. Then, α-
imino carbene 30 can be generated via ring opening of triazole
29, followed by extrusion of nitrogen. After carbene
generation, a C−H bond insertion occurs with the ether-
activated methylene (Ha), building the bridged iminyl-tricycle
32 and subsequent tautomerization via a proton transfer to
form the bridged enamine-tricycle 25. Alternatively, tertiary
C−H bond insertion on the isopropyl silyl group (Hb) leads to
the formation of a kinetically unstable silacyclopropane 33,
which could rearrange in a pseudo-sigmatropic fashion to
azasilacyclopentene 34. The weak Si−N bond in azasilacyclo-
pentene can undergo rapid hydrolysis and give silanol 26.
Validating these proposed mechanistic steps and the
unexpected C−C bond fragmentation seen in 27 and
rearrangement seen in 28 prompted further mechanistic
investigation.
To verify our proposed mechanisms, DFT calculations were

performed. Our calculations predicted that the ground state for
31 is a triplet state, 31 (T), which is 6.4 kcal mol−1 lower in
energy than the singlet state, 31 (S). Accurately computing S−
T gaps is a known challenge for the current theoretical
methods due to the energetic proximity between the two states
and the difficulties in fair comparison of the open- and closed-

Table 1. Cascade Reaction of Alkyl Azides

entry n catalyst additive solventa temp. result

1 2 none none DCEb rtb >95% S.M.
recoveredc

2 2 Rh2(esp)2
b,d none DCE rt >95% S.M.

recoveredc

3 2 none none toluene reflux 17a, 77% yield
4 1 Rh2(esp)2

d 4 Å
M.S.e

toluene reflux 17b, 73%
yield

a0.1 M for azide 16. bAbbreviations: Rh2(esp)2 = Rh2(α,α,α′,α′-
tetramethyl-1,3-benzenedipropionate). DCE = 1,2-dichloroethane. rt
= room temperature (∼20 °C). c>95% of the starting material was
recovered. d5 mol %. eMolecular sieves were added. See the
Supporting Information for more details.

Scheme 3. Amide-Initiated Cascades
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shell systems. Therefore, while we urge caution in assigning
high confidence to the ∼6 kcal mol−1 S−T gap for 31 (and 47)
in a quantitative sense, we are fairly confident that the
qualitative trend, the triplet state(s) of 31 (and 47) is favored,
is correct for the carbenes reported.32,33 Here, we selected a
DFT method since it includes correlation within a self-
consistent field formalism and has less spin contamination, but
calculations of S−T with DLPNO-CCSD(T) give qualitatively
similar results (see the Supporting Information).31 The
performance of DFT methods in calculating S−T gaps also
has been assessed in previous studies.34 Here, our analysis set
the free energy of 31 (T) as the relative zero. There are several
sites in 31 where the carbene center C4 can react intra-
molecularly. First, we discuss the C4 insertion into C10−Ha

with a barrier (singlet) of 7.4 kcal mol−1 (see numbering in
Scheme 4 and Figure 2). This leads to the formation of a
bridged iminyl-tricyclic intermediate 32 (S). Solvent-assisted
proton transfer of 32 (S) leads to the enamine-tricyclic product
25 (S), which is 54.3 kcal mol−1 downhill relative to 31 (T)a
TSS for solvent-assisted proton transfer was not modeled here.
Alternatively, C4 can insert into C3−Hb with a barrier (singlet)
of 18.9 kcal mol−1, which results in the formation of a
silacyclopropane intermediate 33 (Scheme 4 and Figure 2).
Through a pseudopericyclic [1,3] sigmatropic shift,35 33 (S)
forms 34 (S) with a barrier of 11.3 kcal mol−1 (Figure 2).
Subsequently, water can add to 34 (S), followed by a solvent-
assisted tautomerization, forming 26 (S). Based on the

calculated barriers, we predicted that the formation of 26
(S) is thermodynamically favored over 25 (S), but formation
of 25 (S) is kinetically favored over 26 (S).
We have also considered these mechanisms on the triplet

surface, but the triplet versions of all intermediates in Figure 2
have consistently higher free energies. Predicted barriers (see
the Supporting Information for details) also exceed the limit to
be kinetically feasible under the current experimental
conditions. Thus, it is likely that 31 (T) has to be excited to
31 (S) to form 25 (S) and 26 (S). However, we also cannot
eliminate the possibility of surface crossing elsewhere along the
reaction paths.
Mechanisms for formation of ketone 27 and silyl vinylnitrile

28 are still unclear. In our original communication, we
proposed the formation of a highly strained bicyclic azirine
intermediate 35 via electrocyclization of α-imino carbene 31
(Scheme 5a). An internal C−N bond fragmentation led to the
ring-expanded product 36. Two pathways could follow: (a)
C−C bond fragmentation to provide ketone 27 (path A); (b)
decarboxylation via a retro-hetero Diels−Alder reaction
followed by a 1,2-silyl migration to yield the silyl vinylnitrile
28 (path B).
To more fully understand the mechanism for the formation

of all observed products, we investigated possibilities via
computational methods (Scheme 5b and Figure 3). However,
36 (S) failed to optimize as a minimum on the potential energy
surface. Although 36 (T) is predicted to be a minimum (ΔG =

Scheme 4

(A) Multiple Products Obtained from a Carbonazidate-Initiated Cascade Reaction of TIPS-Alkynyl Carbonazidates. (B) Early proposed
mechanisms for the formation of multiple products.
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18.8 kcal mol−1), we failed to identify any TSS from carbene
31 (T) to 36 (T) by scanning the potential energy surface.
This led us to an alternative mechanism which does not
involve 36 (S). In this pathway (path B′), 31 (S) forms 35 (S)
endergonically with a predicted barrier of 18.0 kcal mol−1.
Starting from path A, we were able to identify a TSS from 35
(S), which leads to 27 (S) and 27a (S), but the predicted
barrier is 55.1 kcal mol−1, much too high for the reaction
temperature used (Figure 3a). We failed to identify any
energetically viable mechanism from 35 (S) to 27 (S).
Alternatively, 31 (S) can fragment directly to 27 (S) and 27a
(S) in a single step with a predicted barrier of 12.9 kcal mol−1.
Therefore, 27 (S) may be formed directly from 31 (S) instead
of 35 (S). 27a is unusual because of its ethyne isocyanate
substructure. Alkynyl isocyanates have been previously
synthesized and characterized36 and are relevant to polymer
chemistry, atmospheric chemistry, and interstellar chemis-
try.33,37 Here, we expect 27a to react further and possibly
contribute to the formation of other side products.
For path B, the lowest-energy computed pathway for the

formation of the silyl vinylnitrile 28 proceeds through a
vinylidene carbene intermediate 39, which can react with silyl
nitrile 40 via Si−C bond insertion (Figure 3b). More
specifically, we propose that 35 (S) first undergoes
decarboxylation to form 38 (S), with a predicted barrier of
18.5 kcal mol−1 (Figure 3, bottom). In an endergonic step, 38
(S) then dissociates into an unsaturated carbene 39 (S) and a
nitrile 40 (S). Although unsaturated carbenes are known to
undergo rearrangement, for example, vinylidenes isomerize to

alkynes,12 we suspect that such a transformation is infeasible
for 39 due to the resulting increase in ring strain. Instead, 39
(S) can combine with 40 (S) to form 28 (S). However, the
overall barrier for path B is predicted to be 44.3 kcal mol−1

from 38 (S) to 39-28-TSS (S), again too high for the reaction
conditions used. An alternative mechanistic pathway was
computed, but it resulted in an even higher (75.5. kcal mol−1)
predicted barrier relative to 31 (T)it could be that an
energetically allowed spin surface crossing occurs on the way
to product 28 (S), but so far, strong evidence for that remains
elusive (see the Supporting Information, Figures CS2-4).
Known synthetic methods were attempted to try and replicate
vinyl nitrile formation38 but failed.
In order to avoid the insertion at the α-silyl C−H bonds and

force bridged bicycle formation, a reaction with tert-
butyldiphenyl silylacetylene carbonazidate 41 was tested,
from which five products were isolated (Scheme 6a). The α-
diazo oxazolone 43 was proven to be an intermediate in this
Huisgen cyclization/carbene cascade reaction since purified 43
can form ketone 44, vinyl nitrile 45, and silanol 46 when
heated in dichloroethane. The formation of silanol 46
appeared to proceed through a 1,2-phenyl migration.
Previously, we proposed that after 1,2-phenyl migration in α-
imino carbene 47, the silanol product 46 was produced from
imine 49 by hydrolysis (Scheme 6b). However, computations
suggested that an alternative Si−N cyclobutene containing
intermediate 50 would be ∼30 kcal mol−1 lower in energy than
imine 49, which would add water to give product 46.

Figure 2. Free-energy diagram for mechanisms forming 25 (S) (left) and 26 (S) (right). Energies are reported in kcal mol−1 but not drawn to scale.
Only singlet TSSs and intermediates are reported here. Triplet versions of these structures were also considered, but their calculated barriers exceed
the limit of kinetic feasibility under the given reaction temperature (see the Supporting Information for details).
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From 47, two mechanistic pathways were considered that
led to 46 (Figure 4): (1) a pathway on the carbene singlet
surface (accessed by initial excitation; Figure 4, pathway in
blue) and (2) a pathway on the carbene triplet surface (Figure
4, black) from the ground state of 47. The results of our
calculations predict that the former is overall energetically
favored over the latter, but we describe below why neither can
be ruled out completely simply based on the energiesin
other words, both pathways are possible and could be
simultaneously operative.

Silanol 46 can be formed via the singlet pathway (in blue)
following excitation of 47 (T) to the singlet surface (47 (S),
6.3 kcal mol−1). 48-TSS exists on both the singlet and triplet
surfaces, and these two TSSs differ by 21 kcal mol−1, favoring
the singlet pathway (i.e., 8.5 kcal mol−1 vs 30.2 kcal mol−1,
both relative to ground-state 47). Whereas 48-TSS (S) leads to
the Si−N cyclobutene intermediate 50 (S) by an IRC
calculation,28 the analogous 48-TSS (T) leads directly to the
imine intermediate 49 (T), which then leads directly to 46 (T)
after addition of water. Intermediate 50 (S) is predicted to face
a barrier of 32.8 kcal mol−1; however, in both the singlet and

Scheme 5

(A) Possible Mechanistic Pathways for the Ketone 27 and Vinyl Nitrile 28 Formation. See Figure 3 for transition-state energies. (B) Pathways
investigated in our calculations. The carbon backbone is numbered 31.
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triplet pathways, a barrier of approximately 30 kcal mol−1 must
be overcome. Formation of alternative product 44 can be
explained by a one-step process, wherein a C−C bond
fragmentation occurs for 47 (S) to form 44 (S) and an
unusual, linear fragment, 44a, that we suspect goes on to form
undesired side products (Figure 4, left).
To garner experimental support for the mechanism that was

based on our calculations, an NMR study was performed using

a 15N-labeled carbonazidate 15N-41 in CDCl3 at 75 °C under
extremely anhydrous conditions (Figure 5a). The 13C NMR
spectrum showed that intermediate α-diazo oxazolone 15N-43
was formed after 40 h and then consumed after 180 h (Figure
5b). All of the expected products were observed in the finished
reaction prior to exposure to water without any formation of
silanol 15N-46. After 180 h, the 15N NMR peak with the
greatest area appeared slightly downfield from the starting

Figure 3. Free-energy diagram for mechanisms forming 27 (S) (A, top) and 28 (S) (B, bottom). Free energies are reported in kcal mol−1 but not
drawn to scale. Only singlet TSSs and intermediates are reported. Triplet versions of these structures were also considered, but their calculated
barriers exceed the limit of kinetic feasibility under the given reaction temperature (see the Supporting Information for details).

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.2c00696
J. Org. Chem. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig3&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.joc.2c00696/suppl_file/jo2c00696_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig3&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


carbonazidate (Figure 5c). After exposing the reaction mixture
to wet air, the peak disappeared, and a new peak that
corresponded to silanol 15N-46 appeared further upfield than
the intermediate peak. Consequently, it appeared that the
transient peak at δ = 112.8 ppm belonged to the product of the
reaction before water addition, which would be 15N-49 or 15N-
49. The chemical shift of ∼112 ppm matches the reported
values for enamine structures39 but not for imines.40 We also
noticed that there was a relatively small peak at δ = 305.9
which could have been from an imine product. These results
strongly suggested that the Si−N cyclobutene containing
enamine 15N-50 is more likely to be the most abundant
intermediate before water addition, consistent with the
computational results. The trace amount of imine formation
also indicated that an equilibrium might exist between imine
15N-49 and enamine 15N-50 that favors the latter, which is also
corroborated by computational results (50 (S) is energetically
favored over 49 (S) by 27 kcal mol−1).
Formation of vinyl nitrile 45 is predicted by our calculations

to involve a more complex energetic landscape. Upon
excitation of 47 to the singlet surface, azirine 51 (S) can
form in a step predicted to be endergonic by 14.1 kcal mol−1

(Figure 6). Then, 51 (S) can decarboxylate, leading to azirine
intermediate 52 (S), which is then predicted to fragment to

vinylidene 53 and nitrile 54. Recombination is predicted to
have only a 13.6 kcal mol−1 barrier to product 45. The overall
predicted barrier (an energy difference between 53-45-TSS
and 52) is 40.5 kcal mol−1, which is likely kinetically infeasible
under the reaction conditions used. We pursued alternative
mechanisms for the formation of 45 but found none with
barriers lower than the overall barrier reported in Figure 6 (see
the Supporting Information).
Numerous attempts to find reasonable mechanisms for the

formation of 28 and 45 from 31 (T) and 47 (T), respectively,
demonstrate the major challenges that face the discovery of
mechanisms based solely on chemical intuition in computa-
tional mechanistic organic studies such as these (see the
Supporting Information). Computational tools beyond intu-
ition-driven discovery, such as automated reaction path
exploration, have been valuable for smaller systems,41 but
applying such methods to complex systems like the one
discussed here is beyond the scope of this study. Thus, limited
by our intuition, creativity, and computing time, a reasonable
mechanism that explains the formation of 28 and 45 remains
elusive.

Investigation of Azacycle Formations from Phenyl
Alkyne-Appended Carbonazidates. To avoid α-silyl C−H
bond insertion and alkyl and aryl migration, we prepared

Scheme 6

(A) Multiple Products from the Cascade Reaction of a tert-Butyldiphenylsilyl Carbonazidate. (B) Possible mechanistic pathways for the formation
of multiple products.
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phenylethynyl carbonazidates, such as 55, for the cascade
reaction (Table 2). Our initial trials quickly showed that the
temperature of the thermolysis is very important; higher
temperatures caused elimination to form an enyne, while at
lower temperatures (below 100 °C), no reaction occurred.
Interestingly, different solvents for this cascade reaction result
in different ratios of the bridged tricycle 56 to propellane 57.
In line with previous observations,22 the bridged tricyclic
product 56 can easily rearrange with trace acid or base to
propellane 57. Polar aprotic solvents, such as MeCN, showed a
high propellane selectivity (entry 1). Nonpolar solvents such as
benzene provided some preference for the bridged tricycle
(entry 2). Cyclohexane was the most selective for the
formation of the bridged tricycle 56 (entry 5). In addition,
increasing the concentration inverted the selectivity for
propellane 57 over the bridged tricycle 56, suggesting that
the rearrangement may undergo an autocatalytic process
(entries 4 and 5).
To assess the propensity for rearrangement to the

propellane, carbonazidates with different heterocyclic rings
were also investigated for the cascade reaction.22d When the
oxygen atom of 55 was replaced by an N-t-butyloxycarbonyl
(N-Boc) group in the starting material, bridged tricyclic
product 59 was produced from carbonazidate 58 without
rearrangement (Scheme 7a). Due to the facile rearrangement
of bridged azacycles such as 55 with a heteroatom connected

to the bridgehead carbon, their purification was quite difficult.
One way to extend the shelf life of these bridged structures is
by making relatively more stable N-Boc-protected bridged
tricycles such as 60 (Scheme 7b). To form propellane
structures such as 57 exclusively, simple acidification after
the cascade reaction can be utilized to achieve that goal
(Scheme 7c).
We also tried to use cycloalkyl-containing alkynyl carbo-

nazidates as starting materials to avoid rearrangement.
However, the synthesis of the starting carbonazidates was
impeded by the preferential formation of the corresponding
enynes 63 via elimination (Scheme 8). The failed syntheses of
cyclohexyl alkynyl carbonazidates from the corresponding
alcohols suggested that the trans-diaxial elimination of tertiary
cycloalkyl carbonazidate 62 is facile.22d To avoid elimination,
one strategy was to bias the substrate to maintain the
carbonazidate group in an equatorial position (i.e., the
conformation seen in 61). Cis-substituted propargyl cyclo-
hexanol 64 could be generated by the axial nucleophilic attack
of phenylacetylide 66 on 3-substituted cyclohexanone 65, and
this propargylic alcohol could be converted to carbonazidate
61. The substituent at the 3-position, trans to the alkyne,
would also activate the methine C−H bond for insertion. After
the Huisgen cyclization and dinitrogen extrusion from 67, an
α-imino rhodium carbene 68 could be generated in a favorable
conformation for a transannular C−H insertion into the

Figure 4. Free-energy diagram for mechanisms forming 46 (S) (blue right), 46 (T) (black), and 44 (S) (blue left). Free energies are reported in
kcal mol−1 and not drawn to scale.
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Figure 5. NMR study for mechanisms forming 46. (A) Possible 15N-labeled mechanistic intermediates. (B) 13C NMR during reaction progress
with peaks labeled for reaction intermediates. (C) 15N NMR during reaction progress with peaks labeled for reaction intermediates.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.2c00696
J. Org. Chem. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.2c00696?fig=fig5&ref=pdf
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


activated methine, which leads to the bridged tricycle 69. To
our delight, the yield of bridged azacycle increased to greater
than 70% when carbene insertion occurred at a tertiary,
benzylic, or allylic C−H bond.
Investigation of Alternate Outcomes from Phenyl

Alkyne-Appended Carbonazidates with Different Sol-
vents. During the solvent screen for phenylethynyl carbo-
nazidates, we found out that when hydrocarbons such as
hexane or cyclohexane were used as solvents, ketone
byproducts were formed (e.g., 58 to 70, Scheme 9a). However,
when the solvent was changed to i-PrOAc, ketone 70 was
hardly detected in the crude reaction material. Instead, vinyl

imidate 72 was isolated in 34% yield.42 Removal of the Rh
catalyst gave vinyl imidate 72 as the major product in a 48%
isolated yield (Scheme 9b). To further investigate this new
reactivity, we prepared an acyclic carbonazidate 73 and found

Figure 6. Free-energy diagram for mechanisms forming 45 (S). Free energies are reported, and units are in kcal mol−1. Energies are not to scale.
Only singlet TSSs and intermediates are reported here. Triplet versions of these structures were also considered, but their calculated barriers exceed
the limit of kinetic feasibility under the given reaction temperature (see Supporting Information for details).

Table 2. Formation of Bridged Tricycle 56 vs Propellane 57

entry solvent conc.a ratio of 56:57b

1 MeCN 0.02 M <1:99
2 benzene 0.02 M 3.7:1
3 i-PrOAc 0.02 M 8.3:1
4 cyclohexane 1.0 M 1:22
5 cyclohexane 0.02 M 17:1

aConcentration of carbonazidate 55. bRatio determined by 1H NMR
analysis of peak integrations.

Scheme 7

(A) Formation of Bridged Azacycle. (B) Formation of bridged
azacycle. (C) Formation of a heterocyclic propellane.
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that the best condition for the formation of vinyl imidate 74
was exactly the same as bridged azacycle formation shown
previously. In addition, we did not observe any fused bicyclic
product 75 in this case.
Besides saturated hydrocarbon- and ester-based solvents,

amide-based solvents were also examined with the expectation
that their Lewis basicity would impact reactivity somewhat
similarly to esters. However, amide solvents failed to give
similar solvent adducts to the esters. With N,N-dimethylfor-
mamide (DMF), N,N-dimethylcarbamate 78 was obtained in a
50% yield along with 29% of propargyl alcohol 77 (Scheme
10). The carbamate product could be due to nucleophilic

substitution by dimethylamine, which is a thermal decom-
position product from DMF.43 The propargyl alcohol by-
product has not been observed in previous transformations.
Another amide solvent, N,N-dimethylacetamide (DMAc), gave
propargyl alcohol 77 as the major product in a 49% yield.
Additionally, an intriguing N,N-dimethyl hydrazine product 79
was isolated in a 29% yield. We propose that nitrene
generation followed by C−N insertion between carbonyl and
nitrogen in DMAc formed that product. A similar rhodium(II)-

Scheme 8. Conformation Effects in the Cascade Reaction

Scheme 9. Effect of the Solvent on Product Formationa

a(A) Reaction in the hydrocarbon-based solvent. (B) Reaction in the ester-based solvent.

Scheme 10. Outcome from Carbonazidate Reaction with
Amides and DMSO
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catalyzed nitrene insertion into an amide C−N bond was
reported by Nemoto’s group in 2018,44 which aided and
supported our product structural assignment and proposed
mechanism. DMSO is another common solvent in organic
chemistry. When it reacted with a carbonazidate, dimethylsul-
foximine 80 was isolated in 41% and 29% of propargyl alcohol
77. The formation of dimethylsulfoximine 80 from a nitrene
precursor and DMSO is a known reaction that has been
published by several independent research groups.45 Nitrene
formation could result in C−O bond cleavage for formation of
the propargyl alcohol. We also tried extremely anhydrous
solvents with molecular sieves; however, a similar yield of
propargyl alcohol was isolated. These results were all

suggestive of direct generation of a nitrene from the
carbonazidate instead of a Huisgen cyclization. We conclude
that high-polarity aprotic solvents such as amides and
sulfoxides can facilitate nitrene generation from carbonazidates.
In comparison, medium-to-low-polarity aprotic solvents such
as esters and hydrocarbons favored Huisgen cyclization from
carbonazidates as the bridged azacycle formation and vinyl
imidate formation shown above.

Investigation of Alternate Outcomes from Phenyl
Alkyne-Appended Carbonazidates with Copper Catal-
ysis. During the development of this cascade reaction,
different metal catalysts were also examined. For instance, a
Cu(II) catalyst gave an unusual 4-acyl-oxazolinone product

Scheme 11. Metal-Catalyzed Oxidative Carbene/Alkyne Cascade Reactionsa

a(A) Copper catalysis discovered in the May group. (B) Gold catalysis from Hashmi’s group. (C) Rhodium catalysis from the Shi group.
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82a and 82b in a 33% combined yield with no formation of
vinyl imidate 83 or fused bicyclic product 84 (Scheme 11a).
Unlike the previously discussed Huisgen cyclization/carbene
cascade reactions that required at least 100 °C for reaction
initiation, this new oxidative reaction occurred at 80 °C and
was complete within 12 h. This observation along with the
different product distribution suggested a new reaction
mechanism. The generation of acyl oxazolinone products
(82a and 82b) was believed to arise from oxidation of the
carbene generated from a nitrene/alkyne metathesis reaction
via 85a and 85b.
Metal-catalyzed oxidative carbene/alkyne cascade reactions

have been actively developed in the past 2 decades, especially
with gold catalysts.46 For example, Hashmi’s group developed
a gold-catalyzed oxidative diene cyclization in 2013 (Scheme
11b).47 The reaction was initiated by gold-catalyzed alkyne
activation (86 to 87), followed by an oxygen transfer from a N-
oxide 88 to form gold-bound α-oxo carbene 89. After the
second carbene/alkyne metathesis was terminated by alkyl
migration, β-alkenyl enone product 92 was generated.
Rhodium-catalyzed oxidative amination from sulfamates
could be utilized for the synthesis of an aroyl group containing
azacycles 98 via nitrene/alkyne cyclization, followed by
nucleophilic trapping of in situ-generated carbene by H2O
along with oxidation (Scheme 11c).48

To avoid possible side reactions and simplify the product
characterization, methyl alkynyl carbonazidate 76 was used for
the optimization of the reaction conditions (select examples in
Table 3).49 In i-PrOAc, a 47% combined yield was obtained of

the two isomers 99a and 99b in a ratio of 1:3 (entry 1).
Unfortunately, separating these two isomers by silica gel
chromatography was infeasible. When 5 equiv of H2O was
added to toluene as a solvent, the reaction afforded 99a and
99b in a 37% yield (entry 2). The observation that only the
starting material was recovered from the reaction in anhydrous
toluene suggested that water is important in the reaction
initiation. Dioxane has been an efficient solvent in some
carbene reactions,50 and a 33% combined yield was afforded in
this case (entry 3). Likewise, DMSO can be used as both a
solvent and an oxidant in carbene oxidation reactions.51

Gratifyingly, undehydrated DMSO gave 99a and 99b in a 63%
yield (entry 4). Anhydrous DMSO that had been degassed
with N2 also gave 99a and 99b in a 62% yield (entry 5). To
further determine the active oxidant in the reaction, an NMR
experiment was performed with the reagents assembled in a
glovebox under near-complete anhydrous and oxygen-free
conditions. Nonetheless, 64% of 99a and 99b were still formed
(entry 6). Since this was nearly identical to previous yields
(entry 4−6), this outcome supported that DMSO was also
acting as the oxidant. To test the catalyst’s turnover ability,
both higher and lower catalyst loadings were examined, and 5
mol % of the Cu catalyst was found to be efficient enough for
this transformation (entry 7).
The two isomeric products can be due to a [3,3]-sigmatropic

propargyl-allenyl rearrangement. Since there is no C−H
insertion product nor ester solvent adduct formation after
the second carbene generation (Scheme 11a), we propose that
this reaction is not initiated by Huisgen cyclization and triazole
ring opening. Instead, direct nitrene generation from the
carbonazidate is more likely. Water is thought to aid the
nitrene generation with the Cu(II) catalyst since there was no
starting carbonazidate consumed when anhydrous toluene was
used (entry 5, see Supporting Information). If the reaction is
initiated by Huisgen cyclization, an allenyl carbonazidate from
[3,3]-sigmatropic rearrangement or a triazole formation should
be observed even with anhydrous conditions. We also carefully
analyzed all the products from the optimized reaction in
DMSO (entry 15, Scheme 12a) and found that there was only
3% of dimethylsulfoximine 80 formation, showing that
nitrene/alkyne cyclization is a faster reaction than the
dimethylsulfoximine formation with Cu(II) catalysts present.
To exclude the possibility that dimethylsulfoximine 80 could
serve as a precursor for nitrene/alkyne cyclization or not (i.e.,
was an active mechanistic intermediate), dimethylsulfoximine
80 was treated with the optimized Cu-catalyzed conditions.
However, no cyclized products 99a and 99b were detected,
and all starting materials decomposed to indeterminable high-
polarity products after 36 h. We also performed a solvent
exchange reaction between dimethylsulfoximine 80 and
DMSO-d6. After 24 h under 100 °C, no deuterated
dimethylsulfoximine D-80 was isolated and 99% of non-
deuterated dimethylsulfoximine 80 was recovered. These
results illustrated that the dimethylsulfoximine is quite
kinetically stable and cannot act as a nitrene precursor. A
proposed mechanism that takes into account these consid-
erations is shown in Scheme 12. First, we believe that the
copper catalyst can not only facilitate nitrene generation from
carbonazidate but also activate the triple bond to form copper
nitrene 100a (Scheme 12b). The propargyl nitrene 100a then
can undergo [3,3]-sigmatropic rearrangement to form allene
nitrene 100b. Both 100a and 100b can generate α-imino
copper carbene 101a and 101b via exo-cyclization, respectively.
With carbene oxidation by DMSO, the final 4-carbonyl-4-
oxazolin-2-one 99a and 99b can be formed.

■ CONCLUSIONS
In conclusion, a general guide for reactivities and trans-
formations from alkynyl carbonazidates is presented. Carbo-
nazidates can be utilized for Huisgen cyclization/carbene
alkyne cascade reactions, while other nitrene precursors proved
ineffective. Different substituents on the alkyne can affect the
major outcome of the reaction: (a) silanols are the major
products when starting from silyl alkynyl carbonazidates; (b)

Table 3. Optimization of 4-Acyl-oxazolinone Formation

entry catalyst and additive solventa
NMR
yieldb

ratio of
99a:99bc

1 Cu(OTf)2 (10 mol %) i-PrOAc 47% 1:3.0
2 Cu(OTf)2, H2O (5

equiv)
toluene 37% 1:1.7

3 Cu(OTf)2 (10 mol %) 1,4-dioxane 33% 1:2.0
4 Cu(OTf)2 (10 mol %) DMSO 63% 1:1.3
5 Cu(OTf)2 (10 mol %) DMSOd 62% 1:2.2
6 Cu(OTf)2 (10 mol %) DMSOe 64% 1:2.1
7 Cu(OTf)2 (5 mol %) DMSO 64% 1:1.8

a0.1 M of 76 in solvent. bCombined yield of 99a and 99b based on
1H NMR peak integration relative to methyl-4-nitrobenzoate. cRatio
determined by 1H NMR analysis of peak integration. See the
Supporting Information for more details. dDegassed 15 min by N2.
eReaction was carried out in a glovebox.
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bridged azacycles become the major products when starting
from aryl alkynyl carbonazidates. Computational investigation
shed light on key intermediates, pointing to the likely
involvement of triplet carbenes, vinylidene carbenes, and an
unusual Si−N cyclobutene in the Huisgen cyclization/carbene
alkyne cascade reactions. Solvents exerted great control over
the reactivity of alkynyl carbonazidates. Carbonazidates in low-
polarity aprotic solvents such as hydrocarbons favor Huisgen
cyclization and fragmentation to a ketone as a byproduct.
Medium-polarity aprotic solvents changed the major product
to bridged azacycles when starting from cyclic carbonazidates
or vinyl imidates when starting from acyclic carbonazidates.
High-polarity aprotic solvents such as amides and DMSO can
facilitate nitrene generation from the carbonazidates. In
contrast to Rh(II) catalysts, Cu(II) catalysts can activate the
triple bond and facilitate nitrene generation from carbonazi-
dates, which allows an oxidative nitrene/alkyne cascade
reaction to form 4-acyl-oxazolinone.
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Malacria, M. Efficient Copper-Mediated Reactions of Nitrenes
Derived from Sulfonimidamides. Org. Lett. 2004, 6, 3573−3575.
(46) Zheng, Z.; Wang, Z.; Wang, Y.; Zhang, L. Au-Catalysed
Oxidative Cyclisation. Chem. Soc. Rev. 2016, 45, 4448−4458.
(47) Nösel, P.; dos Santos Comprido, L. N.; Lauterbach, T.;
Rudolph, M.; Rominger, F.; Hashmi, A. S. 1,6-Carbene Transfer:
Gold-Catalyzed Oxidative Diyne Cyclizations. J. Am. Chem. Soc. 2013,
135, 15662−15666.
(48) Pan, D.; Wei, Y.; Shi, M. Rh(II)-Catalyzed Chemoselective
Oxidative Amination and Nucleophilic Trapping of gem-Dimethyl
Alkynyl-Tethered Sulfamates. Org. Lett. 2018, 20, 84−87.
(49) See the Supporting Information for full details.
(50) Le, P. Q.; May, J. A. Hydrazone-Initiated Carbene/Alkyne
Cascades to Form Polycyclic Products: Ring-Fused Cyclopropenes as
Mechanistic Intermediates. J. Am. Chem. Soc. 2015, 137, 12219−
12222.
(51) (a) O’Connor, N. R.; Bolgar, P.; Stoltz, B. M. Development of a
Simple System for the Oxidation of Electron-Rich Diazo Compounds
to Ketones. Tetrahedron Lett. 2016, 57, 849−851. (b) Bakulev, V. A.;
Tarasov, E. V.; Morzherin, Y. Y.; Luyten, I.; Toppet, S.; Dehaen, W.

Synthesis and Study of the Rearrangements of 5-(1,2,3-Triazol-4-Yl)-
1,2,3-Thiadiazoles. Tetrahedron 1998, 54, 8501−8514.

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.2c00696
J. Org. Chem. XXXX, XXX, XXX−XXX

R

https://doi.org/10.1039/b208277m
https://doi.org/10.1039/b208277m
https://doi.org/10.1039/b208277m
https://doi.org/10.1088/0004-637x/720/2/1717
https://doi.org/10.1088/0004-637x/720/2/1717
https://doi.org/10.1051/0004-6361/202037839
https://doi.org/10.1051/0004-6361/202037839
https://doi.org/10.1051/0004-6361/202037839
https://doi.org/10.1021/acs.joc.5b02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.5b02582?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-2006-950307
https://doi.org/10.1055/s-2006-950307
https://doi.org/10.1021/ja042893r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja042893r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja042893r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cber.19871200428
https://doi.org/10.1002/cber.19871200428
https://doi.org/10.1002/cber.19871200428
https://doi.org/10.1002/wcms.1354
https://doi.org/10.1002/wcms.1354
https://doi.org/10.1021/acs.jpca.8b10007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpca.8b10007?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-physchem-071119-040123
https://doi.org/10.1146/annurev-physchem-071119-040123
https://doi.org/10.1038/nchem.2099
https://doi.org/10.1021/acs.jctc.9b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.9b00126?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c03619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c8ra04985h
https://doi.org/10.1039/c8ra04985h
https://doi.org/10.1002/chem.201805878
https://doi.org/10.1002/chem.201805878
https://doi.org/10.1002/chem.201805878
https://doi.org/10.1016/s0040-4039(01)92592-4
https://doi.org/10.1016/s0040-4039(01)92592-4
https://doi.org/10.1016/s0040-4039(01)92592-4
https://doi.org/10.1021/ol0485520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0485520?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c5cs00887e
https://doi.org/10.1039/c5cs00887e
https://doi.org/10.1021/ja4085385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4085385?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.7b03425?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b08157?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2016.01.020
https://doi.org/10.1016/j.tetlet.2016.01.020
https://doi.org/10.1016/j.tetlet.2016.01.020
https://doi.org/10.1016/s0040-4020(98)00449-9
https://doi.org/10.1016/s0040-4020(98)00449-9
pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.2c00696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

