
Chemical
Science

EDGE ARTICLE

O
pe

n 
A

cc
es

s A
rti

cl
e.

 P
ub

lis
he

d 
on

 3
0 

A
ug

us
t 2

02
4.

 D
ow

nl
oa

de
d 

on
 9

/1
7/

20
24

 6
:4

3:
50

 P
M

. 
 T

hi
s a

rti
cl

e 
is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

Li
ce

nc
e. View Article Online

View Journal
Modular synthes
aDepartment of Chemistry, University of Cal

rsarpong@berkeley.edu
bDepartment of Chemistry, Colorado State

E-mail: rpaton@colostate.edu
cDepartment of Chemistry, University of Utah

sigman@chem.utah.edu

† Electronic supplementary information (
and crystallographic data in CIF or
https://doi.org/10.1039/d4sc04885g

Cite this: DOI: 10.1039/d4sc04885g

All publication charges for this article
have been paid for by the Royal Society
of Chemistry

Received 23rd July 2024
Accepted 30th August 2024

DOI: 10.1039/d4sc04885g

rsc.li/chemical-science

© 2024 The Author(s). Published b
is of aryl amines from 3-alkynyl-2-
pyrones†

Kristen E. Gardner, a Louis de Lescure,b Melissa A. Hardy, c Jin Tan,a

Matthew S. Sigman,*c Robert S. Paton *b and Richmond Sarpong *a

The synthesis of aryl amines from 3-alkynyl-2-pyrones and various amines is described. Mechanistically, the

aryl amines are proposed to arise from the 3-alkynyl-2-pyrone substrates through their selective opening in

a 1,6-fashion by secondary amines followed by decarboxylation and an unexpected rearrangement. The

proposed mechanism is supported by quantum chemical transition-state calculations, which are

consistent with the regiochemical outcome. The scope of this transformation spans a variety of 3-

alkynyl-2-pyrones and a range of secondary amines. The influence of the secondary amine coupling

partners on reaction efficiency was elucidated through data-driven modeling as well as scope

exploration. These latter studies revealed that the steric bulk of the secondary amine coupling partner

under the reaction conditions serves as a strong indicator of overall reaction efficiency.
Introduction

Methods for fragment coupling (i.e., bringing together two reactive
addends), especially in a convergent fashion, are highly valuable
for the efficient preparation of complex organic molecules.1 In
particular, metal-catalyzed cross-coupling reactions to form
carbon–carbon or carbon–heteroatom bonds have become robust
tools for fragment couplings.2,3 Palladium-catalyzed cross-
coupling reactions are powerful tools for this purpose and
continue to be widely used in both academia and industry.4

Because aryl amines feature prominently in agrochemicals,5

pharmaceuticals6,7 (see Scheme 1A), natural products,8,9 and
organic molecules of relevance to materials science,10–12 methods
for the robust and facile synthesis of C(sp)2–N bonds (e.g., Buch-
wald–Hartwig amination reactions13 or nucleophilic aromatic
substitution14) are of fundamental importance in organic
synthesis. In this Article, we report an alternative approach to
prepare aryl amines using 3-alkynyl-2-pyrones. This trans-
formation presents a complement to established approaches for
C(sp2)–N bond formation to form aryl amines.

The versatility of 2-pyrones (1, Scheme 1B) as starting
materials in ring-forming processes has been explored for
almost a century.15 Direct pericyclic annulations of 2-pyrones,
Scheme 1 (A) Biologically active molecules containing the aryl amine
motif. (B) Overview of annulations enabled by the versatility of 2-
pyrones. (C) This work: access to aryl amines from 3-alkynyl 2-
pyrones.
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Scheme 2 (A) Prior work of Rh-mediated cyclization to substituted benzoates. (B) Initial discovery of unexpected formation of rearranged
product 11a with no-metal-added.

Table 1 Optimization table with alkynyl 2-pyrone (7a). All reactions
run on 5.0 mg scale unless otherwise noted

Entry Equiv. 8a Solvent Temp. Additive Yielda

1 1.5 THF (0.05 M) 60 °C — 28%
2 2 THF (0.025 M) 60 °C — 38%
3 2 THF (0.025 M) 23 °C — 61%
4 5 THF (0.025 M) 23 °C — 62%
5 2 THF (0.025 M) 23 °C 10 mol% PPh3 55%
6 2 THF (0.025 M) 23 °C 10 mol% acetic acid 45%
7 2 THF (0.025 M) 23 °C 10 mol% NEt3 54%
8 2 THF (0.025 M) 23 °C No celite ltration 74%b

9 2 THF (0.025 M) 23 °C No celite ltration 52%c

a Isolated yields. b Reaction run on 0.05 mmol scale. c Reaction run on
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such as [4 + 2] cycloadditions16 and 4p electrocyclizations,17

have proven to be effective tactics for accessing synthetically
versatile bicycles. Previously, we developed novel annulation
reactions enabled by the nucleophilic 1,6-18,19 or 1,2-20 openings
of 2-pyrones to access diverse ring systems using, for example,
intermediates 2 or 3. Our ongoing efforts in this area have
focused on expanding the scope of this versatile pyrone
remodeling strategy to build other scaffolds.

Recently, we reported the synthesis of substituted benzoates
from 2-pyrones by exploiting a metal-mediated Hopf cyclization
of dienyne adducts accessed from a 1,6-opening of 3-alkynyl-2-
pyrones with NaCN (Scheme 2A).21 Mechanistically, we
proposed that nucleophilic attack on a 3-alkynyl-2-pyrone (4) in
a 1,6-fashion with NaCN followed by trapping of the resulting
carboxylate with MeI yields a 1,3-dien-5-yne (5). Intermediates
such as 5 are then further elaborated to substituted benzoates (6)
facilitated by Rh-catalysis. However, the scope was limited to aryl
groups on the alkyne (R1 = Ar, Scheme 2A) and the trans-
formation was intolerant of substitution at C5 of the pyrone
substrate. On the basis of the proposed mechanism, we
hypothesized that the electron-withdrawing nitrile group in 5was
responsible for the poor reactivity of various substrates. We
postulated that introduction of a more electron-releasing group
(i.e., an amine group; see 8a) would increase reaction efficiency
and broaden the substrate scope.

To test this proposal, 3-alkynyl-2-pyrone 7a was subjected to
morpholine (8a), an electron-rich secondary amine. Previously,
en route to our total synthesis of delavatine A,18 we observed
spontaneous decarboxylation when substituted pyrones
engaged with morpholine in a 1,6-opening. On that basis, we
predicted that upon reaction of 7a and 8a, spontaneous decar-
boxylation would occur to form 9a. Subjection of 9a to metal
catalysis (analogous to our observation for 5 / 6) was then
expected to lead to 10a. To our surprise, we directly isolated an
unexpected constitutional isomer, aryl amine (11a), in 28%
yield (conrmed by X-ray crystallographic analysis of a single
Chem. Sci.
crystal). The observed isomer implied that the morpholine unit
had migrated to a different position following its initial addi-
tion in a 1,6-fashion. Overall, this transformation serves as
a complement to the Buchwald–Hartwig amination reaction
(and other C(sp2)–N cross-couplings such as Ullman-type
couplings) to access aryl amines.22–26 We studied this trans-
formation in detail in order to explore the substrate scope and
gain a mechanistic understanding of this process.
Results and discussion

With the discovery of this “no-metal-added” synthesis of aryl
amines from 3-alkynyl-2-pyrones, we rst sought to optimize the
initial hit (Table 1, entry 1). Decreasing the concentration of the
1 mmol scale under air.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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reaction from 0.05 M to 0.025 M, which was expected to inhibit
undesired intermolecular reactions to favor the desired intra-
molecular cyclization, led to a slight increase in yield (entry 2).
We found that lowering the reaction temperature to room
temperature (23 °C) led to a signicant increase in yield (entry
3). We observed that using a large excess of morpholine (8a, 5
equiv.) led to no improvement in yield (entry 4). Several addi-
tives were evaluated. For example, addition of PPh3 to aid in E/Z
isomerization of the ring opened intermediate arising from 1,6-
addition (entry 5), acid to aid in proton transfers (entry 6), or
base to increase nucleophilicity of 8a (entry 7) did not improve
the reaction efficiency. Modifying the workup to circumvent the
poor solubility of the tri-aryl product (11a) by direct concen-
tration of the reactionmixture (see the ESI† for more details) led
to a signicant increase in the isolated yield of 11a to 74% yield
(entry 8). On a 1 mmol scale, 11a was isolated in 52% yield.

Using these conditions, we investigated the scope of this
operationally simple transformation. We began by varying the
substituents on the 3-alkynyl-2-pyrone coupling partner
(Scheme 3). Alkynyl-pyrone substrates with varied substitution
patterns were readily synthesized in two-steps from 3,5-dibro-
mopyrone through Suzuki cross-coupling of various boronic
acids to install a substituent at C5,19,27 followed by Sonogashira
cross-couplings of various acetylenes to install the alkyne units
at C3.28 A variety of substrates featuring various groups at the
alkyne terminus, including electron-donating (see 11d) and
electron-withdrawing (see 11c and 11e) groups were tolerated in
Scheme 3 Substrate scope of alkynyl 2-pyrone. aR1 was TMS. bAlso isol

© 2024 The Author(s). Published by the Royal Society of Chemistry
this reaction. Additionally, for non-aromatic alkynyl substitu-
ents (e.g., 11g), the desired product was obtained even at room
temperature, albeit in lower yields compared to substrates
featuring aryl groups at the alkyne terminus. We also found that
a variety of 3-alkynyl-2-pyrone precursors bearing varied
substituents at C5 including electron-withdrawing (see 11j),
electron-donating (see 11n), and heterocyclic (see 11l) groups
performed reasonably well in the transformation. However,
when 3-phenyl-alkynyl-5-bromo-2-pyrone was subjected to the
reaction conditions, we observed trace product (see 11k) as well
as some of the bis-morpholine adduct. Finally, with a non-
aromatic substituent at C5, we observed poor yields of the
anticipated product (see 11m).29

To investigate the scope of secondary amine coupling part-
ners, we evaluated a variety of cyclic secondary amines (8a to 8o,
Scheme 4A), which were generally well tolerated in this reaction,
except in cases where there is increased steric bulk around the
nitrogen atom (e.g., 8j, 8k, and 8m). Several acyclic amines (8p,
8q, 8r, 8s, 8t), which are inherently less rigid, were effective
coupling partners, albeit leading to the products in somewhat
reduced yields than had been achieved using cyclic amines.
However, for acyclic a-branched amines (see amines 8u and 8v),
as well as for bis(methoxyethyl)amine (8w), we observed no
reactivity and only recovered starting material. Not surprisingly,
using non-nucleophilic amines such as N-methyl aniline and
indole did not result in any observed reaction.30
ated 2% of bis-morpholine product.

Chem. Sci.
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Scheme 4 (A) Substrate Scope of amine. a1 : 2 mix cis/trans (from amine starting material) bNMR yield. (B) Single parameter classification and
regressionmodel tested using the selected external validation substrates (right). Observed yields are in black with predicted yields italicized in red.
Validation statistics are presented excluding compound 8af.
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To quantify the observed steric effect of the amine coupling
partner, we compared the yield of the coupling products (i.e.,
aryl amines) to molecular descriptors of the corresponding
amine. Yield can be a particularly challenging output to model
as it is sensitive to multiple factors that are oen unique from
the intended pathway (e.g., side reactions, isolation, etc.).31

Modeling is additionally complicated at the bounds of yield (0%
and 100%) where the relationship becomes non-linear.30 To
Chem. Sci.
address these challenges, we employed a classication algo-
rithm32 based on calculated amine descriptors to bin results
where productive reaction did not occur. Amine reactivity was
classied as “reactive” and “unreactive” regions based on
whether the %VBurN3.0Å was less than or greater than 73%
(Scheme 4B). These steric descriptors were obtained for the
lowest energy amine conformer structures optimized in the gas
phase at the B3LYP-GD3BJ/6-31G(d,p) level of theory with single
© 2024 The Author(s). Published by the Royal Society of Chemistry
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point energies determined at the M062X/def2-TZVP level of
theory. Validation substrates were selected from the inactive
region to probe the robustness of this threshold (8x, 8y, 8z, and
8aa) with the %VBurN3.0Å ranging from 73 to 82%. Consistent
with the classication model, each of these coupling partners
did not react, providing support for the robustness of this
threshold with respect to false negatives.

At this stage, linear regression algorithms appeared well-
suited to model the “reactive” substrates. The best performing
model as given by the training statistics (i.e., R2, Q2, and mean
average error (MAE)) relied on the same %VBurN3.0Å descriptor
used for classication, indicating that in general sterically less-
congested amines produce higher yields. Five additional
amines (8ab, 8ac, 8ad, 8ae, and 8af) were selected to validate the
predictive power of the linear regression model, spanning the
range of buried volumes previously tested (60% to 73%). While
the experimental yields were typically in reasonable agreement
with the predicted yield (±20%), the poorest prediction was for
amine 8af, which was predicted to give 43% yield but was found,
empirically, to be unreactive. Of note, this compound contains
an electron-withdrawing group that is not present in our
training data. It is therefore not surprising that this poorly
nucleophilic amine (by virtue of the inductively withdrawing
CF3 group) is outside the domain of applicability of the model.
When amine 8af was excluded, the validation statistics were
comparable to the training set, indicating that while this model
is not particularly precise, it offers simple and interpretable
insight into the effect of the amine. We hypothesized that the
steric bulk of the amine could affect either the addition of the
amine to the pyrone, or the rearrangement of the amine-pyrone
Fig. 1 Computed Gibbs free energy profile at 296.15 K, 1 M standard s
theory. Morpholine structure abbreviated for clarity.

© 2024 The Author(s). Published by the Royal Society of Chemistry
adduct (i.e., Int-I, Fig. 1) to the corresponding aryl amine,
prompting us to undertake further mechanistic studies.

Specically, we investigated the reaction of 7a and morpho-
line, evaluating potential reaction mechanisms with density
functional theory (DFT). All structures were optimized at the
uB97X-D/6-31+G(d,p) level of theory, followed by uB97X-D/def2-
TZVP single point energy evaluation. All calculations include an
implicit SMD (solvation model based on density) description of
tetrahydrofuran. Full computational details are described in the
ESI.† We computed a reaction pathway that begins with the
irreversible addition of morpholine to the C6 position of pyrone
7a via TS-I (Fig. 1), resulting in Int-I with an associated barrier of
17.7 kcal mol−1. Of the two positions on the pyrone that will lead
to productive reactivity (i.e., C4 and C6) the C6 position is more
electrophilic based onNPA-computed atomic charges (0.21 for C6
vs. −0.10 for C4). At this stage, we rst calculated a pathway
where ring opening and decarboxylation lead to dienyne Int-V-A-
Allenewhich can then undergo ring closure to cyclic allene Int-VI-
Allene (see Fig. S8† for details). However, the activation energy of
this process was found to be 39.1 kcal mol−1 (via TS-VI-Allene)
making it an unlikely route towards the product.

In contrast, our calculations revealed that the addition of
a second equivalent of amine nucleophile at C2 of the allene is
both kinetically and thermodynamically feasible and provides
access to an intermediate for which ring-opening is much more
facile. This pathway rst involves exergonic tautomerization to an
allene (Int-II, DG=−2.3 kcal mol−1). The cis conguration of the
amine relative to the allene is slightly more stable than the trans
diastereomer. Nucleophilic addition of a second equivalent of
morpholine, now to Int-II (via TS-III,DG‡= 16.4 kcal mol−1) leads
tate at the SMD uB97X-D/def2-TZVP//uB97X-D/6-31+G(d,p) level of

Chem. Sci.
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to Int-III (DG = −5.9 kcal mol−1). Competing attack on the other
face of the allene, which would lead to the Z alkene, was found to
be higher in energy (TS-III-Z, 17.7 kcal mol−1). Intramolecular
proton transfer at this point yields Int-IV, which then undergoes
extremely facile ring opening (DG‡ = 5.7 kcal mol−1, TS-V) to
produce triene Int-V (DG = −3.8 kcal mol−1).

Isomerization of the central double bond in E,Z,Z-congured
triene Int-V to E,E,Z-congured Int-VI is thermodynamically
favorable (DG = −4.3 kcal mol−1) and facilitates electrocyclic
ring-closure (DG‡ = 18.0 kcal mol−1 via TS-VII), to give cyclo-
hexadiene Int-VII in exergonic fashion (DG=−11.2 kcal mol−1).
Ring closure from an E,E,E-conguration has a higher
computed barrier (19.9 kcal mol; see TS-VII-TRANS, Fig. S6†).
The subsequent steps involve decarboxylation via TS-IX (barrier
of 9.5 kcal mol−1) and then elimination/rearomatization. We
envisioned an acid promoted E1 pathway for this elimination
step; N-protonation results in spontaneous departure of the
amine during geometry optimizations. This process is exergonic
by 25.7 kcal mol−1 to give the nal product at −67.9 kcal mol−1

relative to starting materials. Overall, we obtained a Gibbs
energy prole in which each step is kinetically feasible at the
reaction temperature, and also exergonic. The largest activation
barriers on this computed PES are associated with the initial
nucleophilic addition of morpholine at C6 (TS-I,
17.7 kcal mol−1), and with the ring-closure (TS-VII,
17.9 kcal mol−1) step. 33 Additionally, the activation barrier for
ring closing (TS-VII) is sensitive to steric bulk, and the barriers
for ring closing show good correlation with reaction yields and
our linear regression model.34

Furthermore, we investigated the electronic structure of the
ring opening (via TS-V) and ring closing steps (via TS-VII) using
Nucleus Independent Chemical Shi (NICS)30 calculations. TS-V
has a NICS(0)zz value of 9.8 ppm, the absence of ring current
indicative of a polar process, consistent with the small barrier
associated with this step. In contrast, TS-VII has a NICS(0)zz
value of −10.1 ppm, the result of diamagnetic shielding from
a circulating aromatic ring current in this TS, consistent with
a pericyclic 6p-electrocyclic ring closure.
Conclusion

In conclusion, we have developed a novel method for the
conversion of 3-alkynyl-2-pyrones to aniline derivatives under
mild conditions. A proposed reaction mechanism involving 2
equivalents of a secondary amine coupling partner is supported
by DFT calculations. Additionally, a robust linear regression
model based on steric bulk to predict the reactivity of the amine
coupling partner was demonstrated. This mild transformation
serves as a complement to traditional Buchwald–Hartwig ami-
nation and other metal-catalyzed C(sp2)–X amination reactions
and expands the scope of ring systems that can be accessed
from 2-pyrones.
Data availability

All the primary data for this article is included in the ESI.†
Chem. Sci.
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