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ABSTRACT

The in situ generation of alkynyldifluoroboranes in the presence of N-heterocycle substituted tetrazines provides a convenient and direct
method for the synthesis of pyridazine difluoroboranes. The reactions proceed in 10 min under ambient conditions and provide the opportunity
to assemble unsymmetrical products with complete regiocontrol.

The inverse electron demand Diels-Alder reactions of 3,6-
disubstituted 1,2,4,5-tetrazines (Carboni-Lindsey reaction)
provides an effective method for the synthesis of highly
substituted pyridazines.1 When alkynes are employed as
substrates, the reactions typically require extensive heating
and/or suffer from long reaction times unless highly reactive
ynamines or ynol ethers or strained alkynes are employed.2

In connection with our interest in the cycloaddition reactions
of alkynylboronates, we demonstrated that the Carboni-
Lindsey reaction can be employed to rapidly generate
pyridazine boronic esters.3 In line with the aforementioned
alkyne reactivity profile, these cycloadditions require elevated

temperatures but provide the corresponding products in high
yield (Scheme 1).

We were intrigued by the potential of alkynyltrifluorobo-
rates to perform as dienophiles in the [4 + 2] cycloaddition
to generate pyridazine trifluoroborates. In addition to potential
synthetic utility, we were particularly interested in the relative
ease of cycloaddition of these alkynes by comparison with
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the corresponding boronic esters.4 Aromatic trifluoroborates
have recently emerged as practical alternatives to boronic
acid derivatives for cross-coupling and functionalization
reactions.5 These compounds are typically air- and moisture-
stable crystalline solids and usually are generated from the
corresponding boronic acid derivatives after treatment by
KHF2. While many of the reactions of organoboronic acid
derivatives have been found to be compatible with the
corresponding trifluoroborates, cycloaddition processes are
significantly under-represented. Indeed, only recently has it
been shown that 1,3-dienyl 2-trifluoroborates undergo
Diels-Alder reactions with activated dienophiles, albeit at
elevated temperatures.6 Accordingly, we decided to inves-
tigate the potential of alkynyltrifluoroborates in [4 + 2]
cycloaddition reactions with tetrazines, and our preliminary
observations are reported herein.

We began our studies by investigating the cycloaddition
of alkynyltrifluoroborates bearing potassium and tetraethy-
lammonium counterions with tetrazine 1; our results are
depicted in Scheme 2. Our initial observations were rather

surprising; heating a mixture of potassium salt 6 and 1 in
various solvents at reflux resulted in consumption of the
tetrazine, but the corresponding pyridazine could not be
identified from the resulting crude mixture. In marked
contrast, however, the corresponding tetraethylammonium
salt 7 underwent a remarkably smooth cycloaddition with 1
to provide the corresponding pyridazine 8 in quantititative
yield. This observation suggested that tetraethylammonium

alkynyltrifluoroborates are more reactive toward the Car-
boni-Lindsey reaction than the corresponding pinacol bo-
ronic esters as these dienophiles required significantly higher
reaction temperatures and longer reaction times (cf. Schemes
1 and 2). We then extended our studies to the corresponding
bis(3,5-dimethylpyrazol-1-yl) (DMPY) substituted tetrazine
4. To our surprise, alkynyltrifluoroborates were found to be
significantly less reactive in this case toward cycloaddition,
independent of the counterion.

In an effort to further explore this dichotomy, we attempted
to prepare 9 (Scheme 2) from the corresponding pinacol
boronate 5 to aid characterization in any subsequent cy-
cloaddition optimization studies.7

Accordingly, treatment of 5 with KHF2 followed by
addition of Et4NOH provided a new compound. To our
surprise, however, the 1H NMR spectrum indicated the
absence of the expected tetraethylammonium counterion
while HRMS suggested the product to be the pyridazine
difluoroborane 10.

Aromatic difluoroboranes with adjacent amines have been
reported and are known to exist as Lewis acid-base
complexes.8 We therefore suspected that the surprising
formation of the difluoroborane over the expected trifluo-
roborate was due to complexation from the adjacent pyrazole
moiety. This led us to speculate that the tetrazine cycload-
dition could well be promoted by these Lewis basic substit-
uents if the corresponding alkynyldifluoroboranes were
employed.9 The difluoroboranes can be generated in situ by
addition of mild Lewis acids such as TMSCl.10 Indeed,
exposing a solution of alkyne 11 and tetrazine 4 in CH2Cl2

to TMSCl resulted in rapid consumption of both starting
materials at room temperature within 10 min. Chromato-
graphic purification provided the corresponding pyridazine
12 in excellent yield. The product was characterized by X-ray
crystallography and allowed the proposed pyrazole-borane
complex to be confirmed (Scheme 3).11

We next wished to explore the scope of the nitrogen-
directed cycloaddition, and our results are highlighted in
Table 1. Pleasingly, the remarkable rate enhancements
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observed in these processes are maintained over a series of
alkyne substrates, and the corresponding products were
obtained in high yield (entries 1 and 2). Moreover, we were
able to extend these studies to the bis-2-pyridyl substituted
tetrazine 15 (entries 3 and 4); notably, this substrate is not
reactive enough to undergo cycloaddition with alkynylbor-
onates. Further evidence for the role of a basic N-atom in
promoting the cycloaddition was obtained by performing the
reaction with unsymmetrical tetrazine 18; pleasingly, the
reaction was completely regioselective and the expected
products 19 and 20 were obtained in excellent yield (entries
5 and 6). Finally, free aminotetrazine 21 was also found to
undergo cycloaddition to provide 22 as a single regioisomer,
albeit in a more modest yield (entry 7).12

The remarkable rate enhancements afforded by this N-
directed Carboni-Lindsey reaction suggested that this
paradigm could be employed to promote cycloadditions of

significantly less reactive dienes. Specifically, 1,2,4-triazines
typically require strongly electron-withdrawing substituents
to facilitate a reaction with simple alkynes and alkenes.13

Indeed, we have found these heterocycles to be unreactive
toward alkynylboronates. These substrates therefore provided
an ideal opportunity to exploit this technique in this challenging
cycloaddition process. In the event, 3-(2-pyridyl)-1,2,4-triazine
23 required moderate heating to promote a reaction with 11;
however, complete conversion was observed within 20 min to
provide bipyridine 24 in good yield. Again, a single product
regioisomer was obtained (Scheme 4).14

With a series of novel pyridazine difluoroboranes in hand,
our final goal was to confirm the potential of the cycloadducts
in further functionalization reactions. We first wanted to
demonstrate that these products could be converted to the
corresponding pinacol esters, as we have shown that these
compounds can undergo various C-C and C-O bond-
forming reactions.3a,c Pleasingly, heating a THF solution of
pinacol and 13 in the presence of base provided pinacol ester
25 in good yield. We next wanted to demonstrate that the
difluoroboranes could undergo cross-coupling reactions
directly. Indeed, after examining a series of trifluoroborate

Scheme 5

Table 1. Nitrogen-Directed Cycloaddition Reactionsa

a Reaction conditions: a CH2Cl2 solution of tetrazine (1 equiv) and
tetraethylammonium alkynyltrifluoroborate (1.5 equiv) was treated with
TMSCl (1.5 equiv), and the reaction was stirred at room temperature until
the red color of the tetrazine had faded (∼10 min). b Isolated yields. 2-Py:
2-pyridyl.
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cross-coupling conditions,5,15 we found Ag2O to be particu-
larly effective15a and were able to successfully prepare
compounds 26 and 27 after some Pd-catalyst screening
(Scheme 5).16

In conclusion, we report a novel N-directed cycloaddition
reaction of difluoroalkynylboranes for the mild and regiose-
lective synthesis of heteroaromatic borane derivatives. Stud-
ies are underway to establish the scope and generality of
this strategy.
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