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Abstract: We recently reported two unexplored reactivities of
alkynes and azides. The first method reacts nucleophilic
alkynes and electrophilic azides to synthesize sulfonyl-
substituted  1,5-disubstituted-1,2,3-triazoles. The second
method reacts electrophilic alkynes with nucleophilic azides to
form alkynyl-azides that immediately extrude dinitrogen to
form cyanocarbenes which were trapped by O-H insertion,
sulfoxide complexation, and cyclopropanation. The design and
discovery of these reactions, along with key observations, is
discussed herein.
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The toolbox of a synthetic chemist is full of many
different and individually useful reactions that can be
used to construct a targeted molecule. These tools
range from the screw driver of classic reactions like
the Diels-Alder reaction to the utility knife of the
Sharpless asymmetric epoxidation. Just like there are
many different types of tools, reactions often include
selected reactive intermediates such as radicals,
cations, and anions. One of the most overlooked, yet
powerful reactive intermediates to be used as a means
to adding complexity to a molecule is the carbene.
Few reactive intermediates can claim direct utilization
of transformations such as C-H, O-H, N-H, and Si-H
insertions, sulfoxide complexation, addition to double
bonds, addition to triple bonds, rearrangements, and
reacting as a nucleophile, electrophile, and diradical.!
With so many possible reactions, the carbene is the
hammer in our toolbox. Fortunately, substitution of
the carbene modulates its reactivity from that of a jack
hammer to a sledge hammer or even a claw hammer.
This means that controlling what the carbene interacts
with and how it reacts requires judicious choices prior
to carbene formation.

Our original idea to work in this area spawned from
the work of the Lee group’® where they utilized the
metallotropic bond shift of propargylic carbenes
(conversion of 3a to 3b) and trapped them via
subsequent metathesis reactions (Scheme 1). It was
envisioned that the analogous nitrogen version, an
alkynyl nitrene (5a), would be in equilibrium with a
cyanocarbene (5b). It was also hypothesized that
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alkynyl-nitrene 5a could be accessed from an alkynyl-
azide (4).? Although alkynyl-azides had not been
reported in the literature, we felt that this could be due
to the potential facile extrusion of N, and the
incredibly high reactivity of the resultant alkynyl-
nitrene or cyanocarbene.?
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Scheme 1 Propargylic carbene rearrangements.

Feeling confident in our reaction concept, a search of
the chemical literature quickly revealed what often
occurs in science; researchers had already begun work
in the area. The first reported attempt to isolate an
alkynyl-azide was in 1910 by Forster and Newman via
base-induced elimination in aqueous solution of 1-
azido-1,2-dibromoethane but only 2-
bromoacetaldehyde was isolated.* Subsequent reports
of theoretical® and experimental findings®®® were
published of efforts to access cyanocarbenes from
alkynes and azides. The most fruitful of these
involved a collaboration between Auer and Banert
where they predicted in 2007 that cyanocarbenes
could form from alkynyl-azides.2b In 2010, the Banert
group was able to isolate products that result from
trapping of a proposed cyanocarbene after its
formation from an assumed alkynyl-azide.1d These
reactions were performed with sodium azide and
several chloro-alkynes. Not discouraged by the
originality of our idea being thwarted, we decided to
see if we could improve upon Banert’s work by
experimenting with different precursors to the
alkynyl-azide and subsequent cyanocarbene.

Towards the goal of forming cyanocarbenes from
nucleophilic alkynes and electrophilic azides, we first
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examined the reaction of n-pentylacetylide with
sulfonyl azides.” This led us to the formation of 1,5-
disubstituted-1,2,3-triazoles (7) as the primary
products (Scheme 2). This reaction has been
previously reported,” however, the yields were often
poor and the scope was never explored. Importantly,
the products we were synthesizing were different from
the 1,4-disubstituted-1,2,3-triazoles synthesized usin%
the more classic conditions, Cul and 2,6-lutidine.
Specifically, the processes to synthesize 1,5-
disubstituted-1,2,3-triazoles utilize either a ruthenium
catalyst™ or acetylides,™* neither of which has been
shown to be form 1,5-disubstituted sulfonyl—triazoles.9
Conditions using copper salts and amine bases with
sulfonyl-azides has received much attention since the
initially formed 1,4-disubstituted products can
undergo further reactions such as to make amides and
imides.”®  Indeed, the 1,4-disubstituted sulfonyl-
triazoles are rarely stable to the reaction conditions
and often react further. For example, there are reports
of 1,4-disubstituted sulfonyl-triazoles reacting with
amine bases to form the respective 2,4-disubstituted-
1,2,3-triazoles.™ It therefore appeared that the reaction
we had come across (Scheme 2) had the opportunity
to fill a hole in the types of triazoles that can be easily
accessed.

1 n-BuLi

2) ATSO,N, —
3) NH,Cl
6 7
R=n-pentyl  Ar = 4-Me-Ph (90%; 2,4,6-1i--Pr-Ph (67%); 4-NO,-Ph (79%)
R =Ph Ar = 4-Me-Ph (799%); 2,4,6-1ri-i-Pr-Ph (85%6); 4-NO,-Ph (87%)
R = 4-MeO-Ph Ar = 4-Me-Ph (80%)

Scheme 2 Synthesis of 1,5-Substituted Triazoles.

In order to optimize this reaction, we tried different
bases, solvents, temperatures and ratios of reagents,
finding that the more efficient reaction conditions
were when a slight excess of the alkyne was used and
the reaction was run cold in THF. Deviation from
these conditions often resulted in either a lower yield
or decrease in the selectivity for the 1,5-substituted
product. A series of alkynes and sulfonyl azides were
used giving moderate to good yields (Scheme 2).

Consideration of the mechanism illustrates that we
were not far off from our quest to synthesize alkynyl-
azides (Scheme 3). If triazene anion 8a had
eliminated the arylsulfinate anion, the goal would
have been accomplished. As it turns out, cyclization in
a 5-endo-dig fashion was lower in energy to form
triazole anion 8b. Although our mechanistic
understanding has not heretofore led to an alternative
to the cyclization, it was realized that the reaction of
the triazole anion (8b) with other electrophiles could
lead to structures with increased molecular
complexity. When electrophiles other than Bransted
acids were used to quench the triazole anion,
trisubstituted triazoles (11) with a sulfonyl group, an
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alkyl group and a ketone, ester, silyl, or alkyl group
were formed when reacted with an acid chloride,
chloroformate, silyl chloride, or alkyl halide,
respectively (Scheme 4). The products were typically
obtained in moderate yields, however, the less reactive
electrophiles resulted in lower yields, often due to
quenching from exogenous water.

SO,Ar
© N
\N A0S\ Ny
1) n-BuLi
R—= ’(/ B — —
2) ATSO,N3 R—— [S)]
6 8a 8b
E+ l H*
Arozs\N/N\\N Arozs\N,N\\N
9 7
Scheme 3 Proposed mechanism.
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1y n-BuLi A SN SN n-Prcocl (66%)
n-pentyl. —_—
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3)E" n-pentyl E TBSCI (17%)
10 11 Mel (64%)

Scheme 4 Synthesis of 1,4,5-Trisubstituted —triazoles.

During the purification of the disubstituted triazoles
(7), we observed isomerization and decomposition if
the silica gel chromatography was not performed
quickly.  Luckily, we were able to crystallize the
products from ethyl acetate and hexane for
purification. As a major confirmation of our findings,
we were able to obtain suitable crystals to perform X-
ray analysis and unequivocally assign our products as
1,5-disubstituted sufonyl-triazoles.  Unexpectedly,
crystals isolated and spectroscopically identified as
1,5-sulfonyl triazoles were found to isomerize to 1,4-
sulfonyl triazoles if stored in solid state for periods
longer than a week (Figure 1). To investigate this
isomerization, a sample was kept in an NMR tube in
CDCl; at room temperature and compared with a
crystallized sample.  Surprisingly, the sample in
CDCl; had no observed isomerization while the solids
significantly isomerized within 28 days. We
hypothesize that this reaction potentially occurs in the
crystal lattice due to a) the relatively short distance,
5.39 A, between the nitrogen atom at the 3-position of
one triazole and the sulfur atom on a neighboring
triazole, b) the orientation of this nitrogen and the
sulfur atom, and c) the experimental evidence that the
crystalized product isomerizes.
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Figure 1 A) Day 1. B) Day 28 in solution at rt. C) Day 28 solid
kept at -20 °C. D) Day 42 solid kept at -20 °C.

The described reactions of acetylides and sulfonyl-
azides combine commercially available starting
materials to synthe5|ze 1,5-disubstituted-1,2,3-
triazoles in an efficient way.” It was also possible to
achieve the formation of trisubstituted triazoles in a
completely regioselective fashion. Currently, we are
working to study the reactivity of the 1,5-disubstituted
triazoles under thermal and transition metal catalyzed
conditions. Initial results indicate the extrusion of
dinitrogen and potentially carbene or radical
intermediates.

The discovery of a route to 1,5-sulfonyl triazoles was
an unexpected success, however, we decided to return
to the initial goal of accessing cyanocarbenes from
alkynyl-azides. For our second generation attempt, we
used an umpolung approach implementing
hypervalent iodonium alkynyl triflates (HIATS) as
electrophilic alkynes to be reacted with nucleophilic
azide sources.”? The use of HIATs stemmed from the
work of Stang et al., 13 Zhdankin et al.,** and Zefirov
et al.”® in that they all clearly demonstrated the
synthesis, isolation, and reactivity of these highly
electrophilic, yet moderately stable species.

In 1988, it was reported that when hypervalent
iodonium phenylethynyl tosylate (12) was reacted
with NaN3; in MeOH at -70 °C and then warmed to
ambient temperature, a 3% vyield of an vinylidene
carbene O-H insertion product (14) and a 23% vyield of
a substituted azirine (15) was observed (Scheme 5).%
We questioned whether the structural assignment of
the azirine was correct and instead hypothesized that
perhaps phenyl cyanocarbene had formed and reacted
with methanol in an O-H insertion reaction to yield
cyanoether 16 (Scheme 7). The *C NMR of the
reported azirine product contained a peak at 116.89
ppm which was assumed to be part of the benzene
ring, however, we envisioned that this was actually the
carbon of the nitrile. The most downfield-shifted
carbon reported was 133.16 ppm, but this still is
unlikely for the C=N of the azirine.
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Scheme 5 Previously reported products from a reaction of
iodonium alkynes and azides.?

Further scrutiny of the literature was highly rewarding
since 2- methoxy 2-phenylacetonitrile (16) is a known
compound”” and the characterization data matched
that of the reported azirine (15).” The apparent
misinterpretation of data was a minor point in a brief
communication so we anticipated that this had gone
unnoticed.  This seems to be the case, and it
fortunately led us down the path to successfully form
cyanocarbenes from azides and alkynes.

Our proposed mechanism of substitution involves the
addition of an azide source to the B-carbon of the
HIAT (17), thereby forming the iodo-ylide (19) which
decomposes to iodobenzene and the vinylidene
carbene (20)." Vinylidene carbene 20 can then
undergo a 1,2-rearrangement via migration of either
the azide or the R-group to afford alkynyl-azide 21.
This alkynyl-azide has previously been shown to
extrude dinitrogen to form cyanocarbene 18 which can
react with a substrate.'® ¥ We envisioned that vinyl-
azide 20 could also eliminate dinitrogen with
concomitant  rearrangement to  directly form
cyanocarbene 18.  Either of these mechanistic
possibilities could form desired cyanocarbene 18.

©
Cz@ow Ns [RJ//N }
h ~

17

© N,
eon/l N, / \
\/ “Ph 1,2-Shift_
—sr \( Nj

N3
19 21

Scheme 6 Formation of cyanocarbenes from HIATS.

With the knowledge that we were about to create the
hammer of reactive intermediates, we decided to first
soften the blow by trapping the cyanocarbene with
solvent (Scheme 7). Several HIATs have been
synthe3|zed by our group but in our recently published
article’® we chose to focus on two specific HIATs that
show the viability and variability with both aryl and
alkyl groups.
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Scheme 7 Reactions with phenyl-HIAT and either NaN3 or
NBu4N3 with the solvent as DMSO, DCM/H,0, MeOH,
respectively. Highest yields are shown from a series of reaction
conditions.

The reaction with MeOH lead to products 24 and 16
and the yields and ratios of products varied upon
changing temperature, molar equivalency, and azide
sources. Lower temperatures did not favor the
extrusion of iodobenzene and instead preferred the
faster reaction of direct protonation of iodo-ylide 19 to
form iodonium alkenyl ftriflate 24. By raising the
temperature to 25 °C, the selectivity of the reaction
could be altered and, gratifyingly, a 75% yield of a
product resulting from a cyanocarbene could be
isolated. This represents the highest yield for the O-H
insertion reaction’® of a cyano-carbene formed from
an alkyne and an azide and is the same product as was
misinterpreted as an azirine in a previous publication
(vide supra).”®

Interestingly, the n-pentyl-HIAT (25) had less of a
propensity to rearrange and form the cyanocarbene
than did the phenyl-HIAT (Scheme 8). The n-pentyl-
HIAT preferred to react as the vinylidene carbene
intermediate (20) rather than rearrange and extrude
N,. This information implies that the rearrangement is
facilitated by the phenyl group electronics with either
the azide or the phenyl group migrating to form the
intermediate alkynyl azide (21).

n-pentyl
. n-pentyl © n-pentyl
|‘| Co(r;dnmns p VY\”:h P yﬁ/\OMe
S
N N N
Ph—®%%rr > o ’
25 26 (36%) 27 (14%)

Scheme 8 Reaction with n-pentyl-HIAT and either NaN; or
NBu4N3 with the solvent as DCM/H,0, or MeOH.

Although the reaction with solvent is of limited
practicality, it was crucial in the determination of how
the HIAT could be used to obtain the cyanocarbene.
With our preliminary experimental knowledge we
were able to then turn our attention to other reactions
and found immediate success with cyclopropanations
(Scheme 9). The cyclopropanation reaction series
consisted of either running the reaction in minimal
DCM or solventless. The yields for reactions without
solvent increased by about 20% compared to when
DCM is used as the solvent. This is due to the carbene
intermediates reacting with DCM, as determined by
running reactions in DCM and d,-DCM.
Unfortunately, these byproducts were never isolable
due to volatility. It should also be noted that the n-
pentyl-HIAT appears to undergo cyclopropanation
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with allylbenzene similar to the Ph-HIAT, but the
product was not stable to silica gel and thus definitive
characterization was unobtainable.

R CN

R styrene % R =Ph (61%)
P R = n-pentyl (50%

Il ON, 28 =)

R_ CN
Ph—I® Og allylbenzene
—>

17 R = Ph (42%)

B

29

Scheme 9 Reaction used NBu,;N3 with the solvent as DCM or
solventless. Highest yields for the solventless reaction are shown.

The cyclopropanation reactions with the n-pentyl-
HIAT rearrange and extrude dinitrogen to form the
cyanocarbene before undergoing the cyclopropanation
whereas previously the n-pentyl-HIAT was reacting as
the vinylidene carbene (compare Scheme 8 versus
Scheme 9). It is hypothesized that the alkenes, styrene
and allyl benzene, are less reactive than methanol and
therefore the rate of intramolecular rearrangement and
formation of the cyanocarbene out-competes reaction
with the alkenes. Further investigation into the factors
which  influence  vinylidene  carbene  versus
cyanocarbene formation are warranted as the results
could add significant steps to controlling the yield and
thus availability of this reaction to the synthesis
community.

In order to gain more insight into what factors
influence cyanocarbene formation, some exploratory
reactions were run (Scheme 10). The deuterium
exchange demonstrates that the vinyl proton of the
iodonium-alkene  (26) is abnormally acidic,
presumably due to formation of the iodo-ylide. Under
basic conditions, the O-H insertion products*® of
vinylidene carbenes (27 and 31) were formed from
both the phenyl- and n-pentyl-iodonium alkenes.
Only the Ph-HIAT precursor was able to form the
product resulting from a cyanocarbene (16). This
result supports the hypothesis that the conversion of
vinylidene carbene 20 to cyanocarbene 18 can be
interrupted with a sufficiently reactive trapping agent.
When treating iodonium alkene 24 with a non-
nucleophilic base in the presence of styrene, the
cyanocarbene was formed and cyclopropanation was
observed in a modest yield.
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Scheme 10 Deprotonation of alkenyl iodoniums.

Contemporaneous and independent of the research of
our group,”? the Banert group was able to use
conditions similar to ours to isolate and characterize
an alkynyl azide, one hundred and two years after the
first reported efforts to synthesize them.®  The
alkynyl azide, azido-acetylene, was isolated by
reacting ethynyl iodonium salts with
hexadecyltributylphosphonium azide in DCM at -40
°C. Under vacuum, highly volatile azidoacetylene and
the solvent were recondensed into another flask
cooled by liquid nitrogen. This Ied to a solution of
azidoacetylene (yield ca. 40%, 'H NMR), which
contained only traces of iodobenzene. It is noted for
safety that during recondensation an explosion of
azidoacetylene is possible. Banert et al. was able to
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