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ABSTRACT: A set of unsymmetrical heteroaryl 1,2-diketones were synthesized by a heteroarylation/oxidation sequence with up to
65% isolated yields. Palladium catalyst XPhos Pd G4 and SeO2 were the key reagents used in this methodology, and microwave
irradiation was utilized to facilitate an efficient and ecofriendly process. The application of heteroaryl 1,2-diketones is demonstrated
through the synthesis of an unsymmetrical 2-phenyl-3-(pyridin-3-yl)quinoxaline (5a) from 1-phenyl-2-(pyridin-3-yl)ethane-1,2-
dione (4a). The lowest energy conformations of 4a and 5a were located using Density Functional Theory (DFT) at the M06-2X/
def2-TZVP level of theory. Two lowest energy conformations of 4a differ with respect to the position of the N atom in the pyridyl
ring and 0.27 kcal/mol energy difference between them corresponds to 60.4 and 39.6% at 50 °C in toluene. Four lowest energy
conformations for 5a have the energy differences of 0.01, 0.03 and 0.07 kcal/mol that corresponds to 26.0, 25.7, 24.9 and 23.4%,
respectively. A comparison of 4a and 5a to the less hindered analogs (oxalyl chloride and oxalic acid) is used to investigate the
structural features and bonding using Natural Bond Orbital (NBO) analysis.

■ INTRODUCTION
The 1,2-diketones are versatile building blocks and are used as
organic intermediates in the total synthesis of natural products,
preparation of bioactive molecules, etc.1−4 A well-known 1,2-
diketone is benzil or 1,2-diphenylethane-1,2-dione (PhCO)2,
which can be synthesized from deoxybenzoins, alkynes,
aldehydes, or α-oxo acid chloride.5−7 Representative reactions
for 1,2-diketones are their condensation reactions with
bifunctional nucleophiles such as diamines and thioureas to
form heterocyclic rings, diamines and diimines (Scheme 1).8

Additionally, 1,2-diketones have demonstrated some uncom-
mon yet interesting reactions including addition/oxy Cope
rearrangement to make 1,6-diketones, and condensation with
1,3-diphenylacetone to make tetraphenylcyclopentadienone
(Scheme 1).9−11 By using different heteroaryl substrates,
appealing molecular entities can be readily prepared and
utilized in many applications, for example pharmaceutical
reagents, catalytic ligands and chemical sensors.12

During our previous research using acetophenone 1a and 3-
iodopyridine 2a to form heteroarylation product 3a,13,14 an
unexpected heteroaryl 1,2-diketone structure 4a was observed

(Scheme 2). The structure of this diketone 4a was confirmed
by 13C NMR (193.0 and 192.8 ppm for carbonyl carbons) and
High Resolution Mass Spectroscopy. This interesting observa-
tion inspired us to develop a route for the synthesis of
unsymmetrical, heteroaryl 1,2-diketone compounds. Though a
wide variety of methods have been developed to synthesize 1,
2-diketones,15−20 the literature on synthetic routes to
heteroaryl 1,2-diketones are sparse.21,22 Katritzky reported
the synthesis of heteroaryl 1,2-diketones from heteroaryl(aryl)-
methyl benzotriazoles and esters using BuLi as a key agent in
2005.23 Kumar investigated a one-pot, two-step procedure to
synthesize heteroaryl 1,2-diketones from nitriles and organo-
boron reagents.24 To the best of the author’s knowledge, these
are the closest examples on the synthesis of a set of heteroaryl

Received: May 10, 2022
Accepted: July 6, 2022
Published: July 20, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

26650
https://doi.org/10.1021/acsomega.2c02914

ACS Omega 2022, 7, 26650−26660

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
T

E
X

A
S 

R
IO

 G
R

A
N

D
E

 V
A

L
L

E
Y

 o
n 

Se
pt

em
be

r 
1,

 2
02

2 
at

 2
1:

21
:2

3 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+J.+Wehrle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Rosen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thu+Vu+Nguyen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kalyn+Koons"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eric+Jump"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mason+Bullard"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalie+Wehrle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Natalie+Wehrle"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Adam+Stockfish"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+M.+Hare"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdurrahman+Atesin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tu%CC%88lay+A.+Ates%CC%A7in"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lili+Ma"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02914&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02914?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
https://pubs.acs.org/toc/acsodf/7/30?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02914?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


1,2-diketones from simple, commercially available starting
materials.
Herein we report our recent research findings on the

construction of unsymmetrical heteroaryl 1,2-diketones from
commercially available ketones and heteroaryl halides. The
optimization, synthesis and potential application of heteroaryl
1,2-diketone compounds were investigated in this study. A
special feature about this reported methodology is that it
allows the synthesis of rarely reported alkyl heteroaryl 1,2-
diketones with minimal effort. The lowest energy conforma-
tions of the heteroaryl 1,2-diketone and its quinoxaline
derivative are located using density functional theory (DFT)

calculations. Natural bond orbital (NBO) analysis was applied
in order to gain insight into electron delocalizations.

■ RESULTS AND DISCUSSION
Reaction Condition Optimization for the Oxidation

Step. The oxidation reaction of a heteroaryl ketone to a
diketone might be induced by accidental exposure to air.
Aerobic oxidations have been reported to convert vinyl or alkyl
groups, especially benzylic alkyl groups to alcohols, aldehydes,
ketones, carboxylic acids, etc.25,26 The oxidation of ketones to
diketones using catalytic 1,4-diazabicyclo[2.2.2]octane
(DABCO) in the presence of air in a recent report showed

Scheme 1. Synthetic Application of 1,2-Diketone Compounds

Scheme 2. Direct α-heteroarylation of Acetophenone (1a) With 3-Iodopyridine (2a) via Palladium-Catalysis

Table 1. Reaction Condition Optimization for the Oxidation Stepa

entry oxidant/additive/solvent T (oC) yield (%)b

1c 1.1 equiv I2, 1.1 equiv CuO, Toluene/DMSO 50 8%
2 1.1 equiv I2, 1.1 equiv CuO, DMSO 50 46%
3 1.5 equiv SeO2, Dioxane 50 59%
4d 1.5 equiv SeO2, Dioxane 50 89%e

aUnless otherwise noted, all reactions were conducted with 1.1 equiv oxidant, 1.1 equiv additive, 1 mL solvent, stir, overnight. The oxidation step
was performed on crude 3a after work-up. bYield reported represents overall transformation of 1a and 2a to 4a. cReagents were added directly to
the step 1 reaction mixture without work-up. dThe oxidation step was performed on purified 3a. eYield reported is specifically the transformation of
3a to 4a.
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similarities with our reaction system.27 The formation of
diketone could also be facilitated by oxidizing agents such as
I2.
28,29 Some mild oxidizing agents have been reported to

successfully facilitate selective oxidation for palladium-
catalyzed reactions.30,31 Practically, iodine I2 is often used in
combination with other oxidants and I2 functions as a
promoter.32,33 Thus, various chemicals were tested in
combination with I2 in our study to further promote the
oxidation step shown in Scheme 2. The addition of I2, DMSO
and CuO directly into the heteroarylation reaction mixture
produced the desired products, though the yields were very
low (Table 1, Entry 1).28,34 In order to obtain better yields, the
heteroarylation product was briefly worked up with a simple
extraction and then the crude product was carried forward to
the oxidation step. This change has dramatically improved the
overall yield (Table 1, Entry 2) for this heteroarylation/
oxidation process. A survey of the literature brought to our
attention selenium oxide (SeO2) which was used to obtain 1,2-
diketones from natural product scaffolds such as camphor.35−37

We tested SeO2 and found the combination of SeO2 and 1,4-
dioxane provided the best yields and purity. While the overall
yield for the two-step heteroarylation/oxidation sequence was
reasonable (Table 1, Entry 3), carrying out the SeO2 oxidation
step only when purified 3a was utilized led to a better yield
(Table 1, Entry 4), indicating the high efficiency of this step.
Several other external oxidants were also tested including 1,4-
benzoquinone, PhI(OAc)2, mCPBA and H2O2, but these
options did not give promising results. Considering the ease of
operation, SeO2 and dioxane was established as the optimal
reaction conditions for the preparation of heteroaryl 1,2-
diketones.

Ketone and Heteroaryl Halide Substrate Scope
Investigation. After optimizing the reaction conditions for
1,2-diketone 4a using the heteroarylation/oxidation sequence,
we proceeded to investigate the substrate scope using various
ketones and heteroaryl halides. The first step, heteroarylation,
was conducted in a sealed reaction vessel under microwave
irradiation using a microwave reactor. The reaction temper-
ature was monitored by an external surface IR sensor, and the
temperature was maintained at the expected reaction temper-
ature in each experiment. The crude product from the
heteroarylation step was subsequently utilized in the second
step in the presence of SeO2 in dioxane to form the 1,2-
diketone product, which was purified by automated flash
chromatography. About twenty 1,2-heteroaryl diketones were
successfully synthesized and purified in up to 65% yields over
the course of the two reactions (Scheme 3). Most of these
molecules have not been reported previously, therefore they
have the potential to lead to the discovery of interesting
molecular entities upon further structural modifications.
It is noteworthy to point out the following observations from

our study. A direct comparison of the reactivity for 3-
iodopyridine, 3-bromopyridine and 3-chloropyridine showed
that heteroaryl iodide was more reactive than heteroaryl
bromide, which was more reactive than heteroaryl chloride
(Scheme 3, compound 4a). This aryl halide reactivity trend is
consistent with most other palladium-catalyzed cross-coupling
processes. Most ketones investigated in this study are good
substrates. Acetophenone with methyl, methoxy, bromine,
chlorine and fluorine substitutions produced the desired
products (compounds 4b−4h) with up to 48% overall yield.
Comparing compounds 4b, 4d, 4e with 4c, 4f, 4g, 4h, it
appears that electron withdrawing groups or ortho-substituents

lower the yields. The developed mild reaction conditions can
tolerate sensitive functional groups, as indicated by the
synthesis of the TBSO-protected heteroaryl 1,2-diketone 4i.
This will extend the substrate scope to heteroaryl diketones
with two or more hydroxyl groups which are of potential
biological interest.38,39 The reactions using volatile ketones
such as methyl isopropyl ketone, pinacolone, or methyl
isobutyl ketone proved to be the most convenient considering
the ease of operation: the excess ketones and other reagents
can be removed by simple extraction and evaporation, and the
pure products 4j−4l are obtained without the need to use flash
chromatography. This unique advantage presents an oppor-
tunity to quickly construct a small pool of alkyl heteroaryl 1,2-
diketones from commercially available reagents. Generally
speaking, aliphatic substrates 4j and 4k provided lower yields
than the aryl substrates; yet, 4l gave the highest yield.
Reactions with heteroaryl ketone substrates such as 3-acetyl-
2,5-dimethylfuran and 3-acetyl-2,5-dimethylthiophene pro-
ceeded smoothly and yielded the expected products 4m and
4n. However, some heteroaryl ketones are challenging and the
reactions with 2, 3 or 4-acetylpyridines have not been
successful yet. In addition to 3-iodopyridine, we also tested

Scheme 3. Substrate Scope Study for the Synthesis of
Heteroaryl 1,2-Diketones via Palladium-Catalysis.a

aUnless otherwise noted, all reactions were conducted under the
following conditions: (1) 1 mol % XPhos Pd G4 catalyst, 2.4
equivalent NaOtBu, 1.0 equivalent heteroaryl halide, 1.1 equivalent
ketone, toluene, microwave irradiation, 150 °C for 10 min; (2) SeO2,
dioxane, 50 °C, overnight. b1.5 equivalent of ketones and 2.9
equivalent of NaOtBu were used.
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the optimized reaction conditions on several other heteroaryl
substrates. The six-membered heteroaryl halide 2-iodopyrazine
produced the expected product 4o. The bicyclic heteroaryl
halides were also investigated and these reactions showed
reasonable yields: 6-bromoquinoline produced 4p, 6-bromo-
quinoxaline produced 4q, 4-bromoisoquinoline produced 4r
and 3-bromoquinoline produced 4s. Compared with com-
pounds 4p, 4r and 4s, the yields for compounds 4o and 4q
were significantly lower, possibly due to the increased chance
of catalyst poisoning. The two carbonyl groups in these 1,2-
diketone compounds showed characteristic IR absorption
signals. For example, aryl heteroaryl 1,2-diketones such as
4c, 4e, 4f, 4n and 4o showed two signals around 1680 and
1660 cm−1. Alkyl heteroaryl 1,2-diketones such as 4j, 4k and 4l
showed two signals around 1700 and 1680 cm−1. The two
distinctive carbonyl signals on the IR spectra clearly support
the unsymmetrical structures of these heteroaryl 1,2-diketones.

Applications and Structural Features of 4a and 5a. To
demonstrate the possible application of these diketone
compounds, a condensation reaction was performed by
refluxing 4a with an equimolar amount of o-phenylenediamine
and catalytic TsOH (0.1 eq.) in toluene overnight. After a
simple aqueous wash and rotatory evaporation, the desired
quinoxaline derivative 5a was obtained in high yields and good
purity (Scheme 4). Quinoxaline, or benzopyrazine, is a useful
scaffold for drug candidates or catalytic ligand design.40,41 For
example, quinoxaline can be oxidized by KMnO4 into a
pyrazine scaffold which can be further modified into drug
molecules such as pyrazinamide and morinamide for the
treatment of tuberculosis. Quinoxaline and its derivatives have
been recently reviewed for their pharmaceutical importance as
an emerging class of antimycobacterials.42

To gain insight on the structural features of the diketones
and their products, geometry optimizations and frequency
calculations for the heteroaryl 1,2-diketone 4a and its
quinoxaline derivative 5a were performed at the M06-2X/
def2-TZVP level of theory, which was previously reported to
be both accurate and efficient for similar organic molecules.43

The lowest energy conformations of 4a and 5a were located
with a dihedral scan around the central carbon−carbon bond
in 4a (Scheme 5) and around the pyridyl ring in 5a (Scheme
6), followed by fully optimizing the structures around the
energy minima.
There are two lowest energy conformations of 4a (Table 2)

that differ with respect to the position of the N atom in the
pyridyl ring. The energy difference between these conforma-
tions is only 0.27 kcal/mol which corresponds to 60.4 and
39.6% of the conformers populated at 50 °C in toluene based
on the Boltzmann distribution.
For the condensation product 5a, there are four lowest

energy conformations that differ not only with respect to the
position of the N atom in the pyridyl ring (Table 3), but also

with respect to the twist angle of the phenyl and the pyridyl
ring. The energy differences between these conformations are
very small with only 0.01, 0.03 and 0.07 kcal/mol higher than
the lowest energy conformer. The corresponding percentages
of these four conformers are 26.0, 25.7, 24.9 and 23.4% at 50
°C in toluene, respectively.
Different from their less hindered analogs such as oxalyl

chloride or oxalic acid (see Tables S5 for the optimized

Scheme 4. Demonstration of a Possible Application of Heteroaryl Diketone in the Synthesis of Heterocycles

Scheme 5. Dihedral Scan Around the Central Carbon−
Carbon Bond in 4a

Scheme 6. Dihedral Scan Around the Pyridyl Ring in 5a

Table 2. Selected Interatomic Distances (Å) for the Lowest
Energy Conformations of 4a

C1−C2 C1−O1 C1−C8 C2−O2 C2−C3
4a-1 1.536 1.207 1.481 1.207 1.483
4a-2 1.537 1.208 1.482 1.207 1.483
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structures), the lowest energy conformers of 4a did not show a
planar structure. The central carbon−carbon bond length is
1.54 Å. The two (hetero)aryl rings are twisted with respect to
one another with a dihedral angle (C8−C1−C2−C3) of 122.1
and 124.2° in 4a-1 and 4a-2, respectively, due to steric
hindrance. Its condensation product 5a showed similar
structural feature. The dihedral angle between two (hetero)aryl
rings (C8−C1−C2−C3) are −8.7, −8.7, 8.4 and 8.9° in the
lowest energy conformers of 5a. The unsymmetrical, non-
planar geometry of compounds 4a and 5a provide oppor-
tunities to further modify these molecules into interesting
chiral ligands or auxiliaries in enantioselective catalytic system
design.
To investigate the conjugation throughout the molecules,

Natural bond orbital (NBO) analysis was conducted on the
lowest energy conformers of 4a and 5a. As a reference, this
analysis has been extended to the less hindered analogs, oxalyl
chloride and oxalic acid. A summary of the Natural population
analysis (NPA) is shown in Table 4, occupancies of NBOs are
summarized in Table 5 and second-order perturbation theory
(PT2F) analysis of the Fock matrix in the NBO basis (E(2)
kcal/mol) from the donor NBO(i) to the acceptor NBO(j) is
summarized in Table 6.
The atomic charges calculated with NPA indicate a partial

positive charge on C1 and C2, and a partial negative charge on

O1/N1 and O2/N2. When 4a-1 and 4a-2 are compared with
oxalyl chloride and oxalic acid, the charges on C and O are
found to be in between those for oxalyl chloride and oxalic
acid. On the other hand, the charges for C and N in the lowest
energy conformers of 5a is less positive and less negative,
respectively than oxalyl chloride, oxalic acid and the lowest
energy conformers of 4a. This is consistent with the occupancy
of the NBOs, particularly the oxygen and nitrogen lone pair
electrons (nO/N) and their participation in the conjugation.
The electron delocalization in these molecules results in a

noticeable change in the occupancy of the NBO. The
occupancy of the oxygen lone pair electrons (1.80−1.88) is
slightly less than the occupancy of the nitrogen lone pair
electrons (1.91), which is consistent with the greater partial
negative charge on the oxygen compared to nitrogen.
The transfer of electron density from the oxygen/nitrogen

lone pair (nO/N) is accompanied by a change in the occupancy
of the σ* antibonding orbital of C1−C2 (0.12−0.18), the π*
antibonding orbitals of C1−O1 (0.11−0.19) and C2−O2
(0.11−0.19) in oxalyl chloride, oxalic acid and the lowest
energy conformers of 4a and in both the σ* antibonding
orbital of C1−C2 (0.06), and the π* antibonding orbitals of
C1−N1(0.27) and C2−N2 (0.28) in the lowest energy
conformers of 5a. There is also considerable electron
delocalization from the πC1‑N1 (1.78) and πC2‑N2 (1.78) orbitals
to the π*C2−N2 (0.28) and π*C1−N1 (0.27) orbitals in the
lowest energy conformers of 5a. To evaluate the electron

Table 3. Selected Interatomic Distances (Å) for the Lowest
Energy Conformations of 5a

C1−C2 C1−N1 C1−C8 C2−N2 C2−C3
5a-1 1.445 1.307 1.486 1.307 1.484
5a-2 1.445 1.306 1.486 1.306 1.484
5a-3 1.445 1.306 1.486 1.306 1.484
5a-4 1.445 1.307 1.486 1.307 1.484

Table 4. Summary of Natural Population Analysis (NPA)

C1 C2 O1 O2

(COCl)2 0.41692 0.41692 −0.42762 −0.42762
(CO2H)2 0.67842 0.67842 −0.53327 −0.53327
4a-1 0.48922 0.49227 −0.51143 −0.51193
4a-2 0.49035 0.49109 −0.51701 −0.50676

C1 C2 N1 N2
5a-1 0.18610 0.17937 −0.36492 −0.36699
5a-2 0.18381 0.17897 −0.36498 −0.36321
5a-3 0.18382 0.17895 −0.36489 −0.36698
5a-4 0.18609 0.17934 −0.36489 −0.36698

Table 5. Occupancy of Natural Bond Orbitals (NBO)

(COCl)2 (CO2H)2 4a-1 4a-2

σC1‑C2 1.97662 1.97700 1.98049 1.98101
πC1‑O1 1.98351 1.98654 1.97346 1.97355
πC2‑O2 1.98351 1.98654 1.97420 1.97334
nO1 1.80284 1.84460 1.87959 1.88102
nO2 1.80284 1.84460 1.88060 1.88017
σ*C1−C2 0.17564 0.15133 0.11595 0.11654
π*C1−O1 0.13205 0.18802 0.11226 0.11300
π*C2−O2 0.13205 0.18802 0.10870 0.10772

5a-1 5a-2 5a-3 5a-4

σC1‑C2 1.98076 1.98085 1.98084 1.98076
πC1‑N1 1.78124 1.78298 1.78299 1.78123
πC2‑N2 1.78470 1.78437 1.78432 1.78467
nN1 1.91369 1.91395 1.91398 1.91370
nN2 1.91411 1.91415 1.91419 1.91410
σ*C1−C2 0.06392 0.06441 0.06443 0.06392
π*C1−N1 0.27313 0.27315 0.27309 0.27311
π*C2−N2 0.27890 0.27775 0.27780 0.27893

Table 6. Second Order Perturbation Theory Analysis of
Fock Matrix in NBO Basis (E(2) Kcal/Mol) From the
Donor NBO(i) to the Acceptor NBO(j)

donor/acceptor (COCl)2 (CO2H)2 4a-1 4a-2

nO1/σ*C1−C2 35.00 33.98 28.92 28.73
nO2/σ*C1−C2 35.00 33.98 28.60 28.84
πC1‑O1/π*C2−O2 5.50 4.80 3.50 3.58
πC2‑O2/π*C1−O1 5.50 4.80 3.32 3.52

5a-1 5a-2 5a-3 5a-4
nN1/σ*C1−C2 14.92 14.92 14.93 14.92
nN2/σ*C1−C2 14.85 14.90 14.90 14.85
πC1‑N1/π*C2−N2 17.38 17.49 17.50 17.38
πC2‑N2/π*C1−N1 17.65 17.56 17.56 17.65
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delocalization, the individual donor−acceptor interactions
were quantified by using second-order perturbation theory
analysis.
The occupancy of σ*C1−C2 orbitals is mainly due to the

electron donation from the oxygen lone pair electrons, nO1 →
σ*C1−C2 and nO2 → σ*C1−C2 and nitrogen lone pair electrons,
nN1 → σ*C1−C2 and nN2 → σ*C1−C2. There is also electron
donation from the πC1‑O1 orbital to the π*C2−O2 orbital and the
πC2‑O2 orbital to the π*C1−O1 orbital in oxalyl chloride, oxalic
acid and the lowest energy conformers of 4a. Similarly, in the
lowest energy conformers of 5a, there is electron donation
from the πC1‑N1 orbital to the π*C2−N2 orbital and the πC2‑N2
orbital to the π*C1−N1 orbital. The magnitude of the
delocalization energies is an indication of the importance of
conjugation on the electronic structure of these molecules.
The slightly higher delocalization energy for nO1 → σ*C1−C2

and nO2 → σ*C1−C2 (35.00 kcal/mol) in oxalyl chloride and
oxalic acid as compared to the delocalization energies of
28.60−28.92 kcal/mol in the lowest energy conformers of 4a is
consistent with the planar geometries of the oxalyl chloride and
oxalic acid and the greater extent of orbital overlap. In the
lowest energy conformers of 5a, although the lone pair
electrons of N1 and N2 are in the same plane as σ*C1−C2, the
lowest delocalization energy for nN1 → σ*C1−C2 and nN2 →
σ*C1−C2 (14.85−14.93 kcal/mol) is due to these atoms being
part of a ring structure and interacting with other atoms and
bonds. In the lowest energy conformers of 5a, the electron
donation between π bonding orbitals and π* antibonding
orbitals of C1−N1 and C2−N2 contributes more to the
conjugation in this molecule. The magnitude of the
delocalization energies in these interactions, 17.38−17.65
kcal/mol, is consistent with the greater electron delocalization
from the πC1‑N1 and πC2‑N2 orbitals compared to the nN1 and
nN1 lone pair electrons.
The HOMO and LUMO of oxalyl chloride and the lowest

energy conformers of 4a and 5a are shown in Figure 1. The
HOMO-1, HOMO, LUMO and LUMO+1 of oxalyl chloride,
oxalic acid, the lowest energy conformers of 4a and 5a
(Scheme S1−Scheme S8) and their energies (Table S6) are
reported in the Supporting Information Although the lowest
energy conformer of 4a does not have a planar geometry like

oxalyl chloride, the HOMO and LUMO are very similar and
the twist in the lowest energy conformer of 4a does not
prevent the conjugation, as can easily be seen from the overlap
of the orbitals. The visual differences in the HOMO and
LUMO of the lowest energy conformer of 5a can be attributed
to the nitrogen atoms being part of a ring structure and
interacting with other atoms and bonds in the quinoxaline
derivative. Compared to the less hindered analogs (oxalyl
chloride and oxalic acid), 4a is surprisingly not planar. The
conformational landscape of 4a and 5a provided insight
regarding the most stable conformers and their rotational
barriers. The conjugation in 4a and 5a were investigated in
comparison to oxalyl chloride and oxalic acid using NBO
analysis. Although these molecules deviate from planarity in
oxalyl chloride or oxalic acid, there is still considerable
delocalization among the carbonyl groups which suggests
similar affinity toward nucleophiles.
In summary, a heteroarylation/oxidation reaction sequence

has been developed to synthesize 1, 2-diketones with
heteroaryl groups. The features of this method include mild
neutral conditions, ease of practical operation, and access to
unsymmetrical heteroaryl diketones. This method has been
applied in a condensation reaction with diamines to make a
biologically interesting quinoxaline derivative. Using DFT
calculations, two lowest energy conformers for the 1,2-
diketone 4a and four for the quinoxaline derivative 5a were
located. The structural features and bonding in these lowest
energy conformers demonstrate the impacts of their non-
planar geometries on the electronic structure of the molecules
and should help to inform future derivation reactions.

■ METHODS EXPERIMENTAL SECTION
General Information. Unless otherwise noted, the

chemical reagents were obtained from commercial vendors
and used without further purification. Pd catalysts and NaOtBu
were kept in a glovebox under N2. Toluene solvent was
vigorously purged with argon for 2 h before use. The
MultiwavePro microwave reaction system from Anton Paar
Instruments was utilized in this study to conduct the
microwave-assisted reactions. The microwave reaction vessels
consist of a disposable Wheaton glass vial (Item# 224882), a
special PEEK screw cap, and a PTFE seal (reaction volume
0.3−3 mL, operation pressure 20 bar). Four silicon carbide
(SiC) 96-well plates on a rotor (4 × 24MG5) were used for
homogeneous heating. Column chromatography was per-
formed using pre-packed RediSep Rf Silica columns on a
CombiFlash Rf Flash Chromatography system (Teledyne
Isco). A Joel 500 MHz spectrometer was used to obtain
NMR spectra. Chemical shifts were reported in parts per
million (ppm) relative to the tetramethylsilane (TMS) signal at
0.00 ppm. Coupling constants, J, were reported in hertz (Hz).
A Micromass Q-TOF 2 or a Thermo Scientific LTQ-FT mass
spectrometer was employed to obtain high resolution mass
spectra and electrospray (ES) mode was used. Infrared spectra
were recorded on a Thermo Scientific Nicolet iS 10 FTIR
Spectrometer.
General procedure for synthesis of 1,2-diketones via

palladium-catalyzed heteroarylation followed by a Riley
Oxidation.
Microwave reaction vials (standard Wheaton glass vials,

Item# 224882) containing stirring bars were dried in an oven
overnight before use. In the following sequence and inside a
glove box, 2.4 equiv NaOtBu, 1.1 equiv Ketone, 3.0 mL toluene

Figure 1. A comparison of HOMO and LUMO of oxalyl chloride and
the lowest energy conformers of 4a and 5a.
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and 1 mol % XPhos Pd G4 catalyst were added to a dried
microwave reaction vial. The reaction mixture was stirred at
room temperature for 10 min before the addition of 1.1 equiv
Heteroaryl halide. After the reaction vial was secured with a
Teflon seal (Anton Paar Cat No 41186) and closed finger-tight
with a PEEK cap (Anton Paar Cat No 41188), it was
transferred from the glovebox to the MultiwavePro microwave
reaction system (Anton Paar USA, Inc). The reaction mixture
was subject to microwave irradiation at 150 °C for 10 min.
After cooling to ambient temperature, the reaction mixture was
transferred to a separatory funnel. The crude product was
extracted with diethyl ether (25 mL) and washed three times
with saturated NH4Cl (3 × 25 mL). The ether layer was dried
over anhydrous MgSO4, followed by rotatory evaporation to
obtain the crude product. To a 20 mL scintillation vial, the
crude product, 1,4-dioxane (3 mL), and 1.5 equiv SeO2 was
added and then stirred at 50 °C overnight. After filtering
through Celite, the filtrate was transferred to a separatory
funnel followed by the addition of diethyl ether (25 mL). The
crude product was washed three times with water (3 × 25
mL). The ether layer was collected and dried over anhydrous
MgSO4 before removing the solvent by rotatory evaporation.
Automated flash column chromatography was utilized to
obtain the purified product (0−100% ethyl acetate: hexanes or
0−20% MeOH/CH2Cl2).

1-Phenyl-2-(pyridin-3-yl)ethane-1,2-dione (4a)..19,21 Syn-
thesized according to the general procedure described above.
Yield, 59%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.05 (s, 1H),
8.73 (dd, J = 4.8, 1.6 Hz, 1H), 8.17 (dt, J = 8.0 Hz, 2.0 Hz,
1H), 7.88 (d, J = 7.2 Hz, 2H), 7.56 (t, J = 7.4 Hz, 1H), 7.41 (t,
J = 7.8 Hz, 2H), 7.35 (dd, J = 7.9 Hz, 4.9 Hz, 1H). 13C{1H}
NMR (125 MHz, CDCl3, ppm): δ 193.0, 192.8, 154.9, 151.4,
136.9, 135.3, 132.5, 130.1, 129.2, 128.7, 123.9. HRMS calcd
for C13H10NO2 [M + H] 212.0712; found, 212.0718.

1-(Pyridin-3-yl)-2-(m-tolyl)ethane-1,2-dione (4b). Micro-
wave reaction vials (standard Wheaton glass vials, Item#
224882) containing stirring bars were dried in an oven
overnight before use. In the following sequence and inside a
glove box, 2.4 equiv NaOtBu, 1.1 equiv ketone, 3.0 mL toluene
and 1 mol % XPhos Pd G4 catalyst were added to a dried
microwave reaction vial. The reaction mixture was stirred at
room temperature for 10 min before the addition of 1.1 equiv
heteroaryl halide. After the reaction vial was secured with a
Teflon seal (Anton Paar Cat No 41186) and closed finger-tight
with a PEEK cap (Anton Paar Cat No 41188), it was
transferred from the glovebox to the MultiwavePro microwave
reaction system (Anton Paar USA, Inc). The reaction mixture
was subject to microwave irradiation at 150 °C for 10 min.
After cooling to ambient temperature, the reaction mixture was
transferred to a separatory funnel. The crude product was
extracted with diethyl ether (25 mL) and washed three times
with saturated NH4Cl (3 × 25 mL). The ether layer was dried
over anhydrous MgSO4, followed by rotatory evaporation to
obtain the crude product. A microwave reaction vial was
charged with the crude product, DMSO (1 mL), 1.1 equiv I2
and 1.1 equiv CuO. After microwave irradiation at 150 °C for
10 min, the crude product was transferred to a separatory
funnel and extracted with EtOAc (3 × 15 mL)/NH4Cl (5
mL). The final product was purified using flash column
chromatography (0−100% ethyl acetate: hexanes). Yield, 50%.
1H NMR (500 MHz, CDCl3, ppm): δ 9.17 (s,1H), 8.88 (dd, J
= 4.8 Hz, 1.7 Hz, 1H), 8.31 (dt, J = 8.0 Hz, 1.9 Hz, 1H), 7.82−
7.76 (m, 2H), 7.50 (dd, J = 7.2 Hz, 5.8 Hz, 2H), 7.42 (t, J =

7.6 Hz, 1H), 2.42 (s, 3H). 13C{1H} NMR (125 MHz, CDCl3,
ppm): δ 193.3, 193.0, 154.8, 151.4, 139.3, 137.0, 136.2, 132.6,
130.4, 129.1, 128.9, 127.5, 124.0, 21.4. HRMS calcd for
C14H12NO2 [M + H] 226.0868; found, 226.0860.

1-(2-methoxyphenyl)-2-(pyridin-3-yl)ethane-1,2-dione
(4c). Synthesized according to the general procedure described
above. Yield, 37%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.09
(s, 1H), 8.82 (dd, J = 4.8 Hz, 1.6 Hz, 1H), 8.22 (dt, J = 7.9 Hz,
1.9 Hz, 1H), 7.99 (dd, J = 7.8 Hz, 1.6 Hz, 1H), 7.61 (t, J = 7.0
Hz, 1H), 7.45 (dd, J = 8.0 Hz, 4.9 Hz, 1H), 7.13 (t, J = 7.6 Hz,
1H), 6.94 (d, J = 8.6 Hz, 1H), 3.58 (s, 3H). 13C{1H} NMR
(125 MHz, CDCl3, ppm): δ 193.8, 192.1, 160.4, 154.1, 151.0,
136.9, 136.5, 130.7, 128.7, 123.8, 123.6, 121.9, 112.4, 55.8.
HRMS calcd for C14H12NO3 [M + H] 242.0817; found,
242.0817.

1-(3-methoxyphenyl)-2-(pyridin-3-yl)ethane-1,2-dione
(4d). Synthesized according to the general procedure described
above. Yield, 40%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.15
(s, 1H), 8.87 (dd, J = 4.8 Hz, 1.4 Hz, 1H), 8.30 (dt, J = 8.0 Hz,
1.9 Hz, 1H), 7.55 (s, 1H), 7.50 (t, J = 6.5 Hz, 2H), 7.42 (t, J =
7.9 Hz, 1H), 7.24 (dd, J = 8.2 Hz, 2.6 Hz, 1H), 3.88 (s, 3H).
13C{1H} NMR (125 MHz, CDCl3, ppm): δ 192.9, 192.7,
160.3, 154.7, 151.3, 137.1, 133.8, 130.3, 128.9, 124.1, 123.4,
122.4, 113.1, 55.7. HRMS calcd for C14H12NO3 [M + H]
242.0817; found, 242.0811.

1-(4-methoxyphenyl)-2-(pyridin-3-yl)ethane-1,2-dione
(4e). Synthesized according to the general procedure described
above. Yield, 48%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.16
(s, 1H), 8.85 (dd, J = 4.8 Hz, 1.7 Hz, 1H), 8.29 (dt, J = 8.0 Hz,
2.0 Hz, 1H), 7.97 (d, J = 8.9 Hz, 2H), 7.47 (ddd, J = 8.9 Hz,
4.9 Hz, 0.8 Hz, 1H), 6.99 (d, J = 9.0 Hz, 2H), 3.90 (s, 3H).
13C{1H} NMR (125 MHz, CDCl3, ppm): δ 193.1, 191.5,
165.4, 154.7, 151.4, 137.0, 132.7, 129.0, 125.7, 123.9, 114.6,
55.8. HRMS calcd for C14H12NO3 [M + H] 242.0817; found,
242.0809.

1-(4-bromophenyl)-2-(pyridin-3-yl)ethane-1,2-dione (4f).
Synthesized according to the general procedure described
above. Yield, 25%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.13
(s, 1H), 8.84 (dd, J = 4.8 Hz, 1.7 Hz, 1H), 8.26 (dt, J = 8.0 Hz,
2.0 Hz, 1H), 7.84 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 8.6 Hz, 2H),
7.46 (ddd, J = 8.0 Hz, 4.9 Hz, 0.7 Hz, 1H). 13C{1H} NMR
(125 MHz, CDCl3, ppm): δ 192.0, 191.6, 154.9, 151.3, 137.2,
132.7, 131.5, 131.3, 131.1, 128.7, 124.1. HRMS calcd for
C13H9NO2Br [M + H] 289.9817; found, 289.9804.

1-(4-chlorophenyl)-2-(pyridin-3-yl)ethane-1,2-dione (4g).
Synthesized according to the general procedure described
above. Yield, 34%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.20
(s, 1H), 8.90 (d, J = 4.4 Hz, 1H), 8.38 (d, J = 8.0 Hz, 1H), 7.97
(d, J = 8.5 Hz, 2H), 7.56 (dd, J = 8.0 Hz, 5.0 Hz, 1H), 7.53 (d,
J = 8.6 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ
192.0, 191.4, 154.8, 151.3, 142.2, 137.2, 131.5, 130.9, 129.7,
128.7, 124.1. HRMS calcd for C13H9NO2Cl [M + H]
246.0322; found, 246.0318.

1-(4-fluorophenyl)-2-(pyridin-3-yl)ethane-1,2-dione (4h).
Microwave reaction vials (standard Wheaton glass vials,
Item# 224882) containing stirring bars were dried in an
oven overnight before use. In the following sequence and
inside a glove box, 2.4 equiv NaOtBu, 1.1 equiv Ketone, 3.0 mL
toluene and 1 mol % XPhos Pd G4 catalyst were added to a
dried microwave reaction vial. The reaction mixture was stirred
at room temperature for 10 min before the addition of 1.1
equiv heteroaryl halide. After the reaction vial was secured with
a Teflon seal (Anton Paar Cat No 41186) and closed finger-
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tight with a PEEK cap (Anton Paar Cat No 41188), it was
transferred from the glovebox to the MultiwavePro microwave
reaction system (Anton Paar USA, Inc). The reaction mixture
was subject to microwave irradiation at 150 °C for 10 min.
After cooling to ambient temperature, the reaction mixture was
transferred to a separatory funnel. The crude product was
extracted with diethyl ether (25 mL) and washed three times
with saturated NH4Cl (3 × 25 mL). The ether layer was dried
over anhydrous MgSO4, followed by rotatory evaporation to
obtain the crude product. A microwave reaction vial was
charged with the crude product, DMSO (1 mL), 1.1 equiv I2
and 1.1 equiv CuO. After microwave irradiation at 150 °C for
10 min, the crude product was transferred to a separatory
funnel and extracted with EtOAc (3 × 15 mL)/NH4Cl (5
mL). The final product was purified using flash column
chromatography (0−100% ethyl acetate: hexanes). Yield, 43%.
1H NMR (500 MHz, CDCl3, ppm): δ 9.18 (s, 1H), 8.89 (d, J =
3.9 Hz, 1H), 8.32 (dt, J = 8.0 Hz, 1.9 Hz, 1H), 8.08−8.02 (m,
2H), 7.50 (dd, J = 8.0 Hz, 4.8 Hz, 1H), 7.22 (t, J = 8.6 Hz,
2H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ 192.1, 191.4,
155.0, 151.4, 142.2, 137.1, 131.5, 131.0, 129.7, 128.7, 124.0.
HRMS calcd for C13H9NO2F [M + H] 230.0617; found,
230.0609.

1-(3,4-bis((tert-butyldimethylsilyl)oxy)phenyl)-2-(pyridin-
3-yl)ethane-1,2-dione (4i). Synthesized according to the
general procedure described above. Yield, 57%. 1H NMR
(500 MHz, CDCl3, ppm): δ 9.16 (s, 1H), 8.85 (dd, J = 4.9 Hz,
1.6 Hz, 1H), 8.32 (dt, J = 8.0 Hz, 1.9 Hz, 1H), 7.53 (d, J = 2.2
Hz, 1H), 7.50 (dd, J = 7.8 Hz, 5.0 Hz, 1H), 7.44 (dd, J = 8.4
Hz, 2.2 Hz, 1H), 6.89 (d, J = 8.4 Hz, 1H), 0.98 (s, 18H), 0.24
(s, 6H), 0.22 (s, 6H). 13C{1H} NMR (125 MHz, CDCl3,
ppm): δ 192.9, 191.4, 154.5, 154.2, 151.0, 147.8, 137.4, 129.2,
126.2, 125.6, 124.1, 121.6, 120.9, 25.9, 25.8, 18.6, 18.5, −4.0,
−4.1. HRMS calcd for C25H36NO4Si2 [M + H] 472.2339;
found, 472.2336.

3-Methyl-1-(pyridin-3-yl)butane-1,2-dione (4j). Synthe-
sized according to the general procedure described above
with the exception of the amount of ketone (1.5 equiv) and
base (2.9 equiv) used. Yield, 29%. 1H NMR (500 MHz,
CDCl3, ppm): δ 9.12 (s, 1H), 8.81 (dd, J = 4.7 Hz, 1.4 Hz,
1H), 8.24 (dt, J = 8.0 Hz, 1.8 Hz, 1H), 7.43 (dd, J = 8.0 Hz, 4.9
Hz, 1H), 3.46−3.35 (m, J = 7.0 Hz, 1H), 1.18 (d, J = 7.0 Hz,
6H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ 204.9, 191.7,
154.6, 151.5, 137.2, 128.5, 123.8, 36.1, 17.0. HRMS calcd for
C10H12NO2 [M + H] 178.0868; found, 178.0861.

4-Methyl-1-(pyridin-3-yl)pentane-1,2-dione (4k). Synthe-
sized according to the general procedure described above with
the exception of the amount of ketone (1.5 equiv) and base
(2.9 equiv) used. Yield, 24%. 1H NMR (500 MHz, CDCl3,
ppm): δ 9.20 (s, 1H), 8.81 (dd, J = 4.8 Hz, 1.6 Hz, 1H), 8.30
(dt, J = 8.0 Hz, 1.8 Hz, 1H), 7.43 (dd, J = 8.0 Hz, 4.8 Hz, 1H),
2.78 (d, J = 6.9 Hz, 2H), 2.31−2.20 (m, J = 6.7 Hz, 1H), 0.99
(d, J = 6.6 Hz, 6H). 13C{1H} NMR (125 MHz, CDCl3, ppm):
δ 201.4, 195.3, 154.0, 151.4, 137.9, 128.2, 123.9, 46.9, 24.3,
22.7. HRMS calcd for C11H14NO2 [M + H] 192.1025; found,
192.1018.

3,3-Dimethyl-1-(pyridin-3-yl)butane-1,2-dione (4l). Syn-
thesized according to the general procedure described above
with the exception of the amount of ketone (1.5 equiv) and
base (2.9 equiv) used. Yield, 65%. 1H NMR (500 MHz,
CDCl3, ppm): δ 8.97 (s, 1H), 8.81 (dd, J = 4.8 Hz, 1.7 Hz,
1H), 8.13 (dt, J = 8.0 Hz, 2.0 Hz, 1H), 7.43 (dd, J = 7.9 Hz, 4.9
Hz, 1H), 1.29 (s, 9H). 13C{1H} NMR (125 MHz, CDCl3,

ppm): δ 209.3, 193.7, 154.7, 151.1, 136.5, 128.7, 123.9, 42.9,
26.1. HRMS calcd for C11H14NO2 [M + H] 192.1025; found,
192.1020.

1-(2,5-Dimethylfuran-3-yl)-2-(pyridin-3-yl)ethane-1,2-
dione (4m). Synthesized according to the general procedure
described above. Yield, 21%. 1H NMR (500 MHz, CDCl3,
ppm): δ 9.19 (s, 1H), 8.85 (dd, J = 4.8 Hz, 1.7 Hz, 1H), 8.31
(dt, J = 8.0 Hz, 2.0 Hz, 1H), 7.47 (dd, J = 8.0 Hz, 4.9 Hz, 1H),
6.28 (s, 1H), 2.58 (s, 3H), 2.27 (s, 3H). 13C{1H} NMR (125
MHz, CDCl3, ppm): δ 191.8, 187.5, 161.4, 154.6, 151.6, 151.5,
137.2, 128.5, 123.8, 118.7, 105.9, 14.7, 13.1. HRMS calcd for
C13H12NO3 [M + H] 230.0817; found, 230.0807.

1-(2,5-Dimethylthiophen-3-yl)-2-(pyridin-3-yl)ethane-1,2-
dione (4n). Synthesized according to the general procedure
described above. Yield, 42%. 1H NMR (500 MHz, CDCl3,
ppm): δ 9.16 (s, 1H), 8.85 (dd, J = 4.8 Hz, 1.7 Hz, 1H), 8.30
(dt, J = 8.0 Hz, 2.0 Hz, 1H), 7.48 (ddt, J = 7.8 Hz, 4.9 Hz, 0.8
Hz, 1H), 6.91 (s, 1H), 2.76 (s, 3H), 2.38 (s, 3H). 13C{1H}
NMR (125 MHz, CDCl3, ppm): δ 192.5, 187.6, 154.6, 152.9,
151.5, 137.1, 136.7, 131.5, 128.6, 126.7, 123.9, 16.2, 14.9.
HRMS calcd for C13H12NO2S [M + H] 246.0589; found,
246.0585.

1-Phenyl-2-(pyrazin-2-yl)ethane-1,2-dione (4o). Synthe-
sized according to the general procedure described above.
Yield, 23%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.40 (s, 1H),
8.82 (d, J = 2.3 Hz, 1H), 8.64 (dd, J = 2.4 Hz, 1.4 Hz, 1H),
7.96 (dd, J = 8.4 Hz, 1.2 Hz, 2H), 7.68 (t, J = 7.5 Hz, 1H), 7.54
(t, J = 7.8 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3, ppm):
δ 194.5, 194.0, 148.8, 146.4, 144.8, 144.3, 135.2, 132.8, 129.8,
129.2. HRMS calcd for C12H9N2O2 [M + H] 213.0664; found,
213.0657.

1-Phenyl-2-(quinolin-6-yl)ethane-1,2-dione (4p). Synthe-
sized according to the general procedure described above.
Yield, 52%. 1H NMR (500 MHz, CDCl3, ppm): δ 9.05 (dd, J =
4.2 Hz, 1.7 Hz, 1H), 8.43 (s, 1H), 8.35 (dd, J = 8.9 Hz, 1.9 Hz,
1H), 8.25 (t, J = 7.3 Hz, 2H), 8.04 (d, J = 7.2 Hz, 2H), 7.69 (t,
J = 7.4 Hz, 1H), 7.54 (t, J = 4.2 Hz, 2H), 7.50 (q, J = 4.2 Hz,
1H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ 194.2, 193.8,
153.6, 150.9, 137.9, 135.2, 133.2, 133.0, 131.0, 130.9, 130.1,
129.2, 127.7, 127.6, 122.4. HRMS calcd for C17H12NO2 [M +
H] 262.0868; found, 262.0866.

1-Phenyl-2-(quinoxalin-6-yl)ethane-1,2-dione (4q). Syn-
thesized according to the general procedure described above.
Yield, 24%. 1H NMR (500 MHz, CDCl3, ppm): δ 8.96 (d, J =
1.6 Hz, 1H), 8.94 (d, J = 1.6 Hz, 1H), 8.65 (d, J = 1.8 Hz, 1H),
8.42 (dd, J = 8.9 Hz, 2.0 Hz, 1H), 8.27 (d, J = 8.8 Hz, 1H),
8.04 (d, J = 8.0 Hz, 2H), 7.70 (t, J = 7.4 Hz, 1H), 7.55 Hz (t, J
= 7.8 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ
193.8, 193.7, 147.4, 146.4, 146.0, 142.5, 135.3, 134.3, 133.8,
132.8, 131.0, 130.1, 129.3, 128.2. HRMS calcd for C16H11N2O2
[M + H] 263.0821; found, 263.0821.

1-(Isoquinolin-4-yl)-2-phenylethane-1,2-dione (4r). Syn-
thesized according to the general procedure described above.
Yellow solid. Yield, 58%. 1H NMR (500 MHz, CDCl3, ppm): δ
9.42 (s, 1H), 9.22 (d, J = 8.6 Hz, 1H), 8.88 (s, 1H), 8.09 (d, J
= 8.2 Hz, 1H), 8.03 (d, J = 7.4 Hz, 2H), 7.96 (t, J = 7.4 Hz,
1H), 7.77 (t, J = 7.6 Hz, 1H), 7.68 (t, J = 7.4 Hz, 1H), 7.53 (t,
J = 7.9 Hz, 2H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ
196.6, 193.6, 158.8, 150.6, 135.2, 133.9, 133.2, 133.1, 130.2,
129.2, 128.9, 128.8, 128.7, 125.2, 123.0. HRMS calcd for
C17H12NO2 [M + H] 262.0868; found, 262.0864.

1-Phenyl-2-(quinolin-3-yl)ethane-1,2-dione (4s). Micro-
wave reaction vials (standard Wheaton glass vials, Item#
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224882) containing stirring bars were dried in an oven
overnight before use. In the following sequence and inside a
glove box, 2.4 equiv NaOtBu, 1.1 equiv Ketone, 3.0 mL toluene
and 1 mol % XPhos Pd G4 catalyst were added to a dried
microwave reaction vial. The reaction mixture was stirred at
room temperature for 10 min before the addition of 1.1 equiv
Heteroaryl halide. After the reaction vial was secured with a
Teflon seal (Anton Paar Cat No 41186) and closed finger-tight
with a PEEK cap (Anton Paar Cat No 41188), it was
transferred from the glovebox to the MultiwavePro microwave
reaction system (Anton Paar USA, Inc). The reaction mixture
was subject to microwave irradiation at 150 °C for 10 min.
After cooling to ambient temperature, the reaction mixture was
transferred to a separatory funnel. The crude product was
extracted with diethyl ether (25 mL) and washed three times
with saturated NH4Cl (3 × 25 mL). The ether layer was dried
over anhydrous MgSO4, followed by rotatory evaporation to
obtain the crude product. A microwave reaction vial was
charged with the crude product, DMSO (1 mL), 1.1 equiv I2
and 1.1 equiv CuO. After microwave irradiation at 150 °C for
10 min, the crude product was transferred to a separatory
funnel and extracted with EtOAc (3 × 15 mL)/NH4Cl (5
mL). The final product was purified using flash column
chromatography. The final product was purified using column
chromatography (0−100% ethyl acetate: hexanes). Yield, 36%.
1H NMR (500 MHz, CDCl3, ppm): δ 9.50 (s, 1H), 8.74 (s,
1H), 8.19 (d, J = 8.7 Hz, 1H), 8.06 (d, J = 7.1 Hz, 2H), 7.93
(d, J = 8.1 Hz, 1H), 7.90 (t, J = 7.0 Hz, 1H), 7.71 (t, J = 7.4
Hz, 1H), 7.65 (t, J = 7.5 Hz, 1H), 7.56 (t, J = 7.8 Hz, 2H).
13C{1H} NMR (125 MHz, CDCl3, ppm): δ 193.2, 192.9,
150.5, 149.3, 140.3, 135.4, 133.1, 132.8, 130.2, 129.8, 129.8,
129.3, 128.0, 126.7, 125.6. HRMS calcd for C17H12NO2 [M +
H] 262.0868; found, 262.0864.

2-Phenyl-3-(pyridin-3-yl)quinoxaline (5a). To a 20 mL vial
containing 1-phenyl-2-(pyridin-3-yl)ethane-1,2-dione (67.3
mg, 0.32 mmol), was added benzene-1,2-diamine (34.9 mg,
0.32 mmol) and toluene (5 mL). With stirring, tosic acid
monohydrate (5.7 mg, 0.03 mmol) and 3−4 crushed 3 Å sieves
were added. After the solution was stirred at reflux overnight, it
was cooled to room temperature and filtered. The filtrate was
diluted with ether (20 mL) and washed with saturated sodium
bicarbonate (20 mL) and water (2 × 20 mL). The organic
phase was dried over magnesium sulfate, filtered, and
concentrated in vacuo to afford the product (88% yield) as
an orange solid. 1H NMR (500 MHz, CDCl3, ppm): δ 8.80 (s,
1H), 8.61 (dd, J = 4.8 Hz, 1.4 Hz, 1H), 8.23−8.16 (m, 2H),
7.85 (dt, J = 8.0 Hz, 2.0 Hz, 1H), 7.83−7.79 (m, 2H), 7.51 (d,
J = 6.2 Hz, 2H), 7.43−7.35 (m, 3H), 7.29 (dd, J = 7.8 Hz, 4.9
Hz, 1H). 13C{1H} NMR (125 MHz, CDCl3, ppm): δ 153.4,
150.4, 150.3, 149.4, 141.6, 141.4, 138.5, 137.5, 135.2, 130.7,
130.4, 129.9, 129.4, 129.4, 129.4, 128.8, 123.1. HRMS calcd
for C19H14N3 [M + H] 284.1188; found, 284.1183.

Computational Details. Gaussian 16 suite of programs
was used for all density functional theory calculations.44

Gaussian input files were generated using GaussView6.45

Structures 4a and 5a were optimized in gas phase with no
symmetry constraints using redundant internal coordinates 44
and M06-2X hybrid functional.46 in gas phase with DFT and a
wave function incorporating the hybrid functional of Truhlar
and Zhao, M06-2X.47 Def2-TZVP basis set was used to
represent all atoms.48,49 Structures were reoptimized with
solvation model based on density (SMD)50 to evaluate the
solvent effects on the geometries and energies in toluene.

Optimized geometries were confirmed with zero imaginary
frequencies and zero-point energies, thermal and entropic
corrections were calculated by frequency calculations with the
same basis set. Gibbs free energies at 298.15 K and 1 atm and
with Truhlar’s quasi-harmonic corrections are used throughout
the text.51,52 Natural bond orbital analysis was calculated using
the natural population analysis method53 as implemented
within G16. Optimized structures and molecular orbitals were
illustrated using UCSF Chimera.54
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