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10 ABSTRACT: Heteroaryl compounds are valuable building
11 blocks in medicinal chemistry and chemical industry. A
12 palladium-catalyzed direct α-C(sp3) heteroarylation of
13 ketones under microwave irradiation is developed and
14 reported in this study. Under optimized conditions, twenty-
15 eight (28) heteroarylated ketones were prepared in this study
16 to demonstrate the substrate scope of this reaction. The
17 ground-state optimized structure of Pd(0) active catalyst with
18 2-dicyclohexylphosphino-2′ ,4′ ,6′-triisopropylbiphenyl
19 (XPhos) in toluene, and the products of its reaction with 3-
20 bromopyridine and acetophone were studied using all-atom
21 density functional theory. This study provided insightful information for palladium catalytic system design to generate
22 heteroaryl compounds.

23 ■ INTRODUCTION

24 Palladium catalysis is becoming more and more important in
25 organic chemistry, medicinal chemistry, and chemical indus-
26 tries.1 In particular, recent developments in palladium-
27 catalyzed α-arylation of C(sp3)-H bonds in ketones, aldehydes,
28 esters, and other carbonyl compounds have provided a general
29 route to make α-arylated carbonyl compounds.2 Compared to
30 the conventional methods, the palladium-catalyzed α-arylation
31 of carbonyl compounds has many advantages. For example, the
32 aryl halide substrates are not limited to highly reactive halides
33 only. Also, it utilizes a catalytic amount instead of a
34 stoichiometric amount of transition metal reagents.3 Therefore,
35 several catalytic systems have been developed for this
36 transformation. Among them, the catalytic systems developed
37 by the research groups of Miura,4 Buchwald,5 Hartwig,6 and
38 Rossi7 are the most commonly utilized for the α-arylation of
39 carbonyl compounds.
40 In contrast, the α-heteroarylation of carbonyl compounds is
41 rarely reported in the literature. Because of the difficulty in
42 their synthesis, these compounds tend to be prohibitively
43 expensive despite their simple scaffold (e.g., HetAr-1 and

f1 44 HetAr-2 in Figure 1). Heteroaryl compounds are valuable
45 building blocks in medicinal chemistry and chemical industry.
46 C ompo u n d N - m e t h y l - 2 - o x o - 1 - ( p y r i d i n - 3 - y l ) -
47 cyclohexanecarbothioamide8 HetAr-3 (Figure 1) is a potas-
48 sium channel opener, and it was developed as an
49 antihypertensive and antianginal agent. Metyrapone9 and its

50analogues have been used in the treatment of Cushing’s
51syndrome by inhibiting the 11β-hydroxylase CYP11B1 with
52very low IC50 value (15 nM). The heteroaryl compounds are
53thought to be difficult substrates due to the coordination of the
54heteroarenes to the transition metal catalyst that can obstruct
55the catalytic cycle or lead to catalyst poisoning.10 In addition to
56the potential poisoning effect, α-heteroarylation also suffers
57from two other problems commonly reported in the Pd-
58catalyzed α-arylation of the carbonyl compounds. First,
59(bishetero)arylation or (multihetero)arylation are frequently
60encountered since the α-H in the mono(hetero)arylation
61product is more acidic than those in the starting material.
62Second, the self-condensation of carbonyl compounds could
63occur, especially when more than 1 equiv of carbonyl
64compounds are used. This may be suppressed by using excess
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Figure 1. Selected α-heteroaryl ketones as important synthetic
building blocks or bioactive molecules.
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65 base to convert ketones to enolates. Historically, relevant
66 problems in the α-heteroarylation reactions of carbonyl
67 compounds have been solved using Si, Zn, Sn, and Cu
68 enolates.11 Many of these reactions suffered from a narrow
69 substrate scope; for example, copper-catalyzed heteroarylation
70 is limited to active methylene (−COCH2CO−) carbons only.
71 Also, the requirement of stoichiometric amounts of tin
72 reagents and/or preparation of an enol ether limit their
73 application as a general method. An early example of direct α-
74 arylation of a ketone was reported by Natsume in 1997 using
75 an intramolecular reaction and PdCl2 as a catalyst.

12 In 2002,
76 Nolan reported an arylation reaction using (SIPr)Pd(allyl)Cl
77 as a catalyst, which also works on a few heteroaryl substrates.13

78 Biscoe and Buckwald reported a monoarylation of aryl methyl
79 ketones and acetate esters using tBuXPhos-[Pd] catalyst in
80 2009.5b This catalytic system also works for some heteroaryl
81 halides such as pyridyl, pyrazinyl, and benzothiazole chlorides.
82 This system represents the closest example of palladium-
83 catalyzed direct α-heteroarylation of ketones. Following this
84 discovery, several new catalysts and ligands were investigated

s1 85 in palladium-catalyzed coupling reactions (Scheme 1).14

86 Recent mechanistic studies on palladium catalysis have shed
87 light on the role of ligands: the more electron-rich ligands tend
88 to facilitate the oxidative addition of the (hetero)aryl halide by
89 stabilizing the palladium(II) intermediate, while the sterically
90 hindered ligands make the reductive elimination more facile by
91 pushing the aryl and enolate groups at the palladium center
92 closer together in space so that they coordinate in a cis
93 mode.15 Inspired by these findings, the discovery of sterically
94 bulky phosphine ligands and a pretreated catalyst/ligand

95complex has been an active field of study. First, it is possible
96that strongly coordinating and sterically bulky ligands could
97shield the active metal catalyst and lead to effective catalyst
98systems for α-heteroarylation.16 Second, the use of a bulky
99ligand could potentially slow down the bisheteroarylation of
100the monoheteroarylated product and therefore favor the
101monoheteroarylation reaction. Third, pretreated catalyst or
102precatalysts will provide the highly active form of palladium/
103ligand complex to rapidly convert the starting materials,
104preventing potentially undesirable decomposition of enolates
105or ketone self-condensation products.
106In this project, we investigated the palladium-catalyzed
107direct α-heteroarylation of ketones under microwave irradi-
108ation. Specifically, a variety of palladium catalysts, ligands,
109bases, and solvents were investigated for the proposed catalytic
110system. The substrate scope for this catalytic system was
111examined on a range of ketones and heteroaryl halides.
112Microwave irradiation was utilized to facilitate the reactions
113since α-heteroarylation of ketones normally requires high
114temperature and long reaction times. This work provided
115useful knowledge to expand the palladium catalysis scope, to
116understand the roles of palladium catalysts, ligands, and bases,
117and to facilitate the functionalization of ketones or heteroaryl
118compounds. Additionally, the development of an efficient
119catalytic system under microwave irradiation is important for
120green chemistry since it requires less chemicals, produces fewer
121byproducts, and generates less chemical waste.

122■ RESULTS AND DISCUSSION
123Optimization of Reaction Conditions for the Palla-
124dium-Catalyzed α-Heteroarylation of Ketones. As a
125starting point to investigate the palladium-catalyzed direct α-
126heteroarylation of ketones, the reaction between acetophenone
127and 3-bromopyridine was used as a model reaction to optimize
128the reaction conditions. These reactions were carried out at 0.1
129mmol scale in valved pressure NMR tubes (Wilmad-LabGlass,
130528-LPV-8) in toluene-d8. Several inert compounds such as
131diethyl phthalate, benzyl ether, bibenzyl, and mesitylene were
132tested, and bibenzyl (δ = 2.80 ppm in Tol-d8, δ = 2.91 ppm in
133CDCl3) was used as an internal NMR reference for yield
134calculation. This model reaction was utilized to screen various
135 t1catalysts, ligands, and bases (Table 1). The optimal reaction
136conditions for the direct α-heteroarylation of ketones were 1
137equiv of 3-bromopyridine, 1.1 equiv of acetophenone, 1 mol %
138XPhos Palladacycle Gen. 4 catalyst (XPhos Pd G4), 2.4 equiv
139of NaOtBu, and toluene. Decent yields were obtained after 4 h
140at 100 °C or 16−22 h at 60 °C.
141The major findings for these reactions are as follows: (1)
142The ligands that possess bulky groups such as tBuXPhos (L1),
143XPhos (L2), and JackiePhos (L4) showed good activities,
144which is in agreement with the literature report on similar
145reaction systems.17 From XPhos Pd G1 to XPhos Pd G4
146catalysts, the steric hindrance of the ligand is getting larger. In
147our experiments, the best results were obtained with XPhos
148Palladacycle Generation 4 catalyst (Table 1, entry 17), which is
149in agreement with our hypothesis. (2) The effective catalyst/
150ligand system for this reaction included Pd2(dba)3·tBuPHBF4
151(Sigma 718246), Pd2(dba)3/XPhos, XPhos Pd G1 (STREM
15246-0268), XPhos Pd G2 (STREM 46-0281), XPhos Pd G3
153(STREM 46-0320), and XPhos Pd G4 (STREM 46-0327),
154with yields in the range of 60−90%. Some catalysts such as
155(SIPr)Pd(allyl)Cl, PdCl2, and Pd(OAc)2 showed some
156catalytic reactivity with yields between 20 and 40%. The rest

Scheme 1. α-Heteroarylation of C(sp3)-H Bond in Ketones
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157catalysts such as Pd(PPh3)2Cl2 and Pd(PPh3)4 had poor or no
158catalytic ability for this transformation. (3) Premixing of
159catalysts and ligands for 30 min (Table 1, entry 3 vs entry 6)
160before the addition of the substrate or the use of precatalysts
161(Table 1, entries 14−17) showed enhanced reactivity. The
162pretreatment lets the palladium coordinate to ligands before
163they are exposed to heteroaryl halides to avoid the potential
164inhibitory effect of heteroatoms on the in situ formation of the
165catalytically active Pd(0)/ligand complex.18 (4) The basicity
166and equivalents of bases were important for the success of
167heteroarylation. A strong base such as NaHMDS or tBuONa is
168necessary since the reaction is believed to involve the
169activation of precatalyst by base and the coupling of
170heteroarylpalladium species with enolate generated in situ.3a

171More than 2 equiv of bases was used in the model reaction to
172suppress the ketone self-condensation side product. No
173heteroarylation products were observed in the NMR spectra
174when weak bases such as K2CO3 or 1,4-diazabicyclo[2.2.2]-
175octane (DABCO) or Et3N were utilized, possibly due to their
176inability to generate enolates (Table 1, entry 9). Low yields
177and too many side products were noticed when a stronger base
178such as KOtBu was used (Table 1, entry 10). These results
179provided important insights into the direct α-heteroarylation of
180carbonyl compounds, and this information could be used to
181guide the development of more general and robust catalyst
182systems.
183Microwave-Assisted Palladium-Catalyzed Direct α-
184Heteroarylation of Ketones. Microwave irradiation has
185been applied in palladium-catalyzed cross-coupling reactions
186recently to enhance the reaction efficiency.19 Microwave
187irradiation can be expedient to the synthetic process, especially
188for reactions that require high activation energy such as
189cyclizations and the construction of sterically hindered sites.20

190The direct α-heteoarylation of ketones normally took 16−22 h
191at 60 °C or 4 h at 100 °C under thermal conditions in our
192study. For unactivated or sterically hindered substrates, it was
193necessary to increase the reaction temperature or to use
194prolonged reaction time, which is disadvantageous for
195monoheteroarylation reaction since thermodynamic conditions
196favor the bisheteroarylation side product. Therefore, we
197decided to utilize our recently acquired microwave reactor
198(Anton Paar Multiwave Pro) to facilitate the reaction process.
199This microwave reactor has two magnetrons that provide a
200very high maximum microwave power of 1500 W. The
201reactions were run in sealed vials in 0.5−1 mmol scale. Up to
20296 parallel reactions can be set up on four silicon carbide (SiC)
203plates. Silicon carbide, an inert stable material, has high
204microwave absorbance and excellent heat capacity; therefore, it
205is used to efficiently heat low-absorbing solvents in a
206microwave environment.21 The combination of the high
207microwave power and SiC plates make it possible for nonpolar,
208low microwave-absorbing solvents such as toluene to achieve
209the desired reaction temperature in a relatively short time (5−
21010 min).
211With the optimized reaction conditions (catalyst, ligand, and
212base) under thermal heating in hand, we set out to optimize
213the conditions under microwave irradiation to speed up and
214improve the reaction efficiency. The only factors being
215optimized at this point were reaction temperature and time.
216Among the reaction temperatures (100, 110, 120, 130, and 140
217°C) and times tested (5, 10, 20, and 30 min), the combination
218of 130 °C for 10 min provided the best isolated yields for
219compound 1a in the range of 75 to 98%. Low conversions

Table 1. Reaction Condition Optimization for the Direct α-
Heteroarylation of Ketonesa

entry catalyst and ligand (L)b base
yield
(%)c

1 Pd(OAc)2, L1 NaHMDS 36
2 PdCl2, L1 NaHMDS 26
3 Pd2(dba)3, L1 NaHMDS 65
4 Pd2(dba)3·tBuPHBF4, L1 NaHMDS 68
5 (SIPr)Pd(allyl)Cl, L1 NaHMDS 24
6d Pd2(dba)3, L1 NaHMDS 46
7 Pd2(dba)3, L2 NaHMDS 68
8 Pd2(dba)3, L2 NaOtBu 78
9 Pd2(dba)3, L2 K2CO3 or DABCO or

Et3N
N.A.

10e Pd2(dba)3, L2 KOtBu 56
11e Pd2(dba)3, L3 NaOtBu 44
12e Pd2(dba)3, L4 NaOtBu 52
13 Pd2(dba)3,

L5 or L6 or L7 or L8
NaOtBu <5

14 XPhos Pd G1 NaOtBu 82
15 XPhos Pd G2 NaOtBu 76
16 XPhos Pd G3 NaOtBu 84
17 XPhos Pd G4 NaOtBu 90

aReaction conditions are as follows unless otherwise noted: 1.0 equiv
of heteroaryl halide, 1.1 equiv of ketone, 1 mol % Pd catalyst/1 mol %
ligand (or 1 mol % precatalyst), 2.4 equiv of base, and toluene.
bStructures of selected catalysts and ligands are as follows:

cNMR yields using bibenzyl as internal reference compounds.
Average of two runs. N.A., not available. dNo premixing. eSimilar
yields were obtained when the reactions were performed at 60 °C for
16−22 h.
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220 occurred when the temperature was below 120 °C or the time
221 was shorter than 10 min. More side products were observed on
222 the 1H NMR spectra when the reaction temperature was over
223 140 °C. Using the optimized reaction time and temperature
224 under microwave irradiation, we further examined other
225 solvents such as tetrahydrofuran (THF), dimethoxyethane
226 (DME), dioxane, and n-butanol for the heteroarylation
227 reaction. These solvents did not provide better reaction
228 outcomes than toluene.
229 Compared to the traditional thermal conditions for the
230 direct α-heteoarylation of ketones, the microwave-assisted
231 heteroarylation provide the following advantages: (1) It is
232 rapid and efficient. The total reaction time was reduced from
233 16−22 h at 60 °C to only 10 min at 130 °C. This is very
234 important for the rapid screening of reaction conditions and
235 efficient synthesis of a pool of diversity-oriented bioactive
236 molecules. (2) This heteroarylation is more selective and has

237less side products. Because of the rapid heating and cooling
238process under microwave conditions, the starting materials and
239reagents have less chance to be exposed to high temperature
240for a long time; thus, the condensation or polymerization side
241products were reduced. The comparison between the NMR
242spectra for the crude products obtained under traditional
243heating and under microwave irradiation revealed much higher
244purity for the heteroarylated ketones, which were produced
245under microwave irradiation. Overall, the microwave-assisted
246palladium-catalyzed heteroarylation reaction enabled the
247establishment of a rapid and efficient approach to functionalize
248the ketone α-carbons with various heteroaryl moieties.
249Investigation of Ketone and Heteroaryl Halide
250Substrate Scopes. With the reaction conditions optimized
251and the microwave-assisted synthetic method established, we
252set off to investigate the ketone and heteroaryl halides
253substrate scopes. The heteroaryl halide and ketone substrates

Scheme 2. Substrate Scope for Pd-Catalyzed Heteroarylation of Ketonesa

aReaction conditions are as follows unless otherwise noted: 1.0 equiv of heteroaryl halide, 1.1 equiv of ketone, 1 mol % XPhos Pd G4 catalyst, 2.4
equiv of tBuONa, toluene, and microwave irradiation at 130 °C for 10 min. bReaction was conducted at room temperature for 3 days. cPd2(dba)3
was used as the catalyst, and XPhos was used as the ligand. The catalyst and ligand were premixed in toluene for 30 min under Ar before the
addition of the remaining reagents. Reactions were conducted under microwave irradiation at 120 °C for 20 min. dReaction was conducted at 130
°C for 20 min.
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254 were chosen to represent a diverse range of structures: (1)
255 aromatic and aliphatic substrates; (2) sterically hindered
256 substrates; (3) electron-poor or electron-rich substrates; and
257 4) substrates with different halides, different ring sizes, or
258 different number of heteroatoms.5g Twenty-eight (28)
259 heteroarylation products were successfully prepared and

s2 260 isolated in good to excellent yields (Scheme 2).
261 For heteroaryl substrate reactivity, the results are compli-
262 cated yet interesting. First, heteroaryl halides with only one
263 heteroatom generally gave good to excellent yields under the
264 optimized reaction conditions established above (Scheme 2,
265 compounds 1a, 5a, 8a, 9a, 10a, and 11a). Although there were
266 a few successful examples (Scheme 2, compounds 2a, 3a, 6a,
267 and 7a), heteroaryl halides with two heteroatoms such as 4-
268 bromoisoxazole, 2-bromothiazole, and 5-bromo-1-methyl-1H-
269 imidazole tended to decompose and were not able to form the
270 desired products (compounds 12a, 13a, and 14a). Second,
271 better yields were achieved when the N atom is one or more
272 carbon atoms away from the carbon with the halide attached
273 (Scheme 2, compounds 1a, 8a, 9a, 10a, and 11a). Low yields
274 (compounds 3a, 4a, and 6a) or no yields (compounds 15a,
275 16a, and 17a) were observed when the N atom is adjacent to
276 the carbon with the halide. This is probably due to the
277 increased chances of catalyst poisoning when the N atom is
278 getting closer to the metal center. Third, the effect of different
279 leaving groups (Cl, Br, and I) on heteroaryl substrate reactivity
280 was investigated in this catalytic system. Heteroaryl iodides
281 demonstrated higher yields than heteroaryl bromides, which
282 showed higher reactivity than heteroaryl chlorides (Scheme 2,
283 compound 1a, X = Cl, Br, and I). Additionally, some
284 heteroarylation only happened when the corresponding iodides
285 were used (Scheme 2, compounds 2a, 3a, and 7a). Last, when
286 the heteroaryl atoms are not on the ring directly attached to
287 the ketone, the reactions went smoothly, and the products
288 were easily purified and isolated (Scheme 2, compounds 8a
289 and 9a). This observation inspired us to test the current
290 catalytic system on aryl halides such as bromobenzene and
291 iodobenzene. High isolated yields were obtained for these
292 reactions, broadening the applicable area of the palladium
293 catalytic system developed in this study.
294 For the ketone substrate scope investigation, the palladium-
295 catalyzed direct heteroarylation reaction went smoothly in
296 general. First, aryl methyl ketones, represented by acetophe-
297 none, showed great compatibility with many substituents such
298 as methyl, methoxy, hydroxyl, and halides on the benzene ring
299 (Scheme 2, compounds 1b−8b). Alkyl methyl ketones were
300 also reactive in this reaction, with expected regioselectivity due
301 to steric effect; the reactions occurred exclusively on the
302 methyl side instead of the alkyl side (Scheme 2, compounds
303 9b−11b). Second, when a primary carbon (−CH3) is not
304 available on the α-position of the ketone, higher reaction
305 temperature or longer reaction time was required to drive the
306 reaction to completion due to the increased steric hindrance
307 for secondary carbon (compounds 12b). Third, it was exciting
308 to find out that this catalytic system also worked well for
309 heteroaryl methyl ketones including 3-acetyl-2,5-dimethylfuran
310 (Scheme 2, compound 13b), 3-acetyl-2,5-dimethylthiophene
311 (compound 14b), 2-acetylpyridine (compound 15b), 3-
312 acetylpyridine (compound 16b), and 4-acetylpyridine (com-
313 pound 17b). Last, the ketones with active methylene groups
314 (1-phenyl-1,3-butanedione, 1,3-cyclohexanedione, ethyl levuli-
315 nate, etc.) did not give expected products, probably due to the
316 strong basicity of tBuONa. For these reactions, the use of a

317weaker base such as NaOEt might give improved results. For
318ketones bearing cyano or nitro groups, no α-heteroarylation
319was observed possibly due to their reactions with strong bases
320and nucleophiles. Overall, most ketones reacted smoothly in
321the palladium-catalyzed direct heteroarylation reactions,
322demonstrating that the palladium-catalyzed direct heteroar-
323ylation of ketones is of great value to access synthetically or
324pharmaceutically important molecules.
325Investigation on the Mechanism of Palladium-
326Catalyzed Heteroarylation of Acetophone with 3-
327Bromopyridine. Palladium catalysis is used in a wide range
328of coupling reactions. The understanding of the mechanistic
329steps involved in the catalytic cycle is very important for
330mechanism-driven reaction design.22 The actual mechanism
331for palladium catalysis requires the consideration of many
332factors such as palladium aggregates and palladium stereo-
333isomers. Even though the mechanistic steps are not clear and
334still need further investigation, it has been proposed that the
335catalytic cycle for Pd-catalyzed (hetero)arylation typically
336involves the following steps: oxidative addition of (hetero)aryl
337halides to generate the Pd(II) intermediate, the trans-
338metallation with enolates, and the reductive elimination to
339form the α-(hetero)arylation product and regenerate the Pd(0)
340active catalyst.3a The (hetero)aryl-Pd(II) enolate was consid-
341ered as the reactive intermediate. On the basis of this
342 s3understanding, the mechanism shown in Scheme 3 is proposed
343for the Pd-catalyzed heteroarylation of acetophone with 3-
344bromopyridine.2a,3a,4,5,10a,12

345The precatalyst XPhos Pd G4 is an amine-ligated oxidative
346addition complex. After being activated by a strong base, this
347precatalyst undergoes reductive elimination to produce a
348monoligated XPhos Pd(0) active catalyst along with other side
349products such as indoline, tBuOH, and NaOMs. We first
350reexamined the ground-state structure of the XPhos Pd(0)
351active catalyst in toluene by an all-atom DFT approach using

Scheme 3. Proposed Mechanism for Pd-Catalyzed
Heteroarylation of Acetophenone with 3-Bromopyridine
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352 SMD(toluene) M06/SDD(d,f)-6-311++G(d,p)//SMD-
353 (toluene) M06/SDD(d,f)-6-31G(d,p) (see Computational
354 Methods for details). It was established previously that
355 inclusion of the entire ligand structure in these types of
356 calculations is important to obtain accurate results.23 The
357 lowest-energy rotamer of XPhos Pd(0), 1c1, has a C1-C2-P-Pd
358 dihedral angle of −157° and an asymmetrical Pd η2-arene
359 interaction of the nonphosphine-containing ring of the ligand
360 with Pd−C(ortho) and Pd−C(meta) distances of 2.23 and

f2 361 2.42 Å, respectively (Figure 2). In the previously reported gas-

362 phase optimized structure, this interaction was described as an
363 η1-arene coordination due to a much longer Pd−C(meta)
364 distance of 2.58 Å compared to Pd−C(ortho) distance of 2.31
365 Å.23b The second lowest-energy rotamer has a C1-C2-P-Pd
366 dihedral angle of 162° and Pd η2-arene interaction on the
367 opposite side of the C2-P-Pd plane (see the Supporting
368 Information). The energy difference between these two
369 rotamers is 0.9 kcal/mol. The other two high-energy isomers
370 have C1-C2-P-Pd dihedral angles of −32° and 71° and relative
371 energies of 11.0 and 12.6 kcal/mol, respectively. The isomers
372 with C1-C2-P-Pd dihedral angles of −32°, 1c2, is shown in
373 Figure 2. The Pd metal center in the XPhos Pd(0) active
374 catalyst is stabilized by being positioned proximal to the
375 nonphosphine-containing ring of the ligand prior to the
376 oxidative addition of 3-bromopyridine by the Pd−arene
377 interactions in the two lowest-energy rotamers.
378 Oxidative Addition of 3-Bromopyridine to XPhos
379 Pd(0). The Pd(0) active catalyst undergoes oxidative addition
380 reaction with 3-bromopyridine to produce a palladium(II)
381 intermediate. By performing ground-state energy optimiza-
382 tions, we located two possible isomers of the oxidative addition
383 product resulted from the reaction of the lowest-energy

f3 384 rotamer of XPhos Pd(0) with 3-bromopyridine (Figure 3).
385 One of these isomers, 2c1, has the bromide ligand trans to the

386phosphine atom, while the other one, 2c2, has a cis orientation.
387The interchange of the bromide and 3-pyridiyl groups results
388in a 5.6 kcal/mol energy difference, the trans isomer being
389more stable than the cis isomer. The trans orientation of the
390phosphine and bromide has been previously observed in the X-
391ray crystal structures of various monoligated Pd(aryl)X
392species24 and anticipated to be a result of the trans influence
393of the phosphine.25 Trans influence means the tendency of a
394ligand to selectively weaken the bond trans to itself.26

395The Pd metal center is directly above the ipso carbon of the
396nonphosphine-containing ring of the ligand (Pd-C(ipso)
397distance of 2.63 and 2.41 Å in trans and cis isomers of the
398oxidative addition product, respectively). The Pd−arene
399interactions get weaker upon formation of the oxidative
400addition products. It was proposed that the ability of XPhos to
401stabilize the Pd(II) center of oxidative addition complexes
402through labile Pd−arene interaction is partially responsible for
403the effectiveness of XPhos as a supporting ligand in Pd-
404catalyzed cross-coupling reactions.23

405Transmetallation with Sodium Enolate. The XPhos
406Pd(II) oxidative addition product subsequently reacts with the
407sodium enolate to afford the (hetero)aryl-Pd(II) enolate. The
408optimized geometries of three possible isomers of the
409transmetallation products resulted from the reaction of the
410trans isomer of the oxidative addition product (hetero)aryl-
411 f4Pd(II) bromide with enolate are shown in Figure 4.
412The lowest-energy isomer, 3c1, is a Pd(II) η1-alkyl complex.
413The η3-Pd(II) complex, 3c2, is 4.4 kcal/mol higher in energy,
414and the Pd(II) η1-oxo complex, 3c3, is 9.6 kcal/mol higher in
415energy. The relative stabilities of these isomers depend on the
416Pd metal center being proximal or distal to the nonphosphine-
417containing ring of the ligand. As it was postulated before, we
418propose that the reductive elimination would be more facile
419when the Pd center is proximal to the nonphosphine-
420containing ring of the ligand than the distal one due to
421increased steric pressure caused by this ring.
422In the final step of the catalytic cycle, the (hetero)aryl-
423Pd(II) enolate undergoes reductive elimination through
424transition state 4c (Figure 4) to produce the final product
425and regenerate the active Pd(0) catalyst. The relative free
426energies of the optimized structures on the PES for the Pd-
427catalyzed heteroarylation of acetophenone with 3-bromopyr-
428idine are calculated with respect to the most stable isomer of
429XPhos Pd(0), 1c1, acetophenone, and 3-bromopyridine
430 f5(Figure 5). The transition state energy is 22.3 kcal/mol, and
431the reaction is overall exothermic by −3.9 kcal/mol. Recent
432studies revealed that the electronic properties, geometry,
433flexibility, and distance of the ligands are very important for
434their function in the active palladium intermediates.27 The
435electron-poor or electron-rich nature of the substrates,
436especially the heteroaryl halides, might change their reactivity
437significantly.28 On the basis of our observations so far, the
438distance of heteroatoms from the metal center also seems very
439important. Further investigation on the reaction mechanism
440for the palladium-catalyzed direct α-heteroarylation of ketone
441is currently in progress.

442■ CONCLUSIONS
443In conclusion, we have developed a highly efficient palladium-
444catalyzed direct α-C(sp3) heteroarylation of ketones under
445microwave irradiation. The optimized conditions were 1 mol %
446XPhos Pd G4, 2.2 equiv of NaOtBu, toluene, and microwave
447irradiation at 130 °C for 10 min. Twenty-eight (28)

Figure 2. Optimized geometries of (a) the lowest-energy rotamer and
(b) a higher-energy rotamer of active catalyst XPhos Pd(0) in toluene.
Relative energies (ΔG) are shown in kcal/mol. Silver: carbon; orange:
phosphorus; ocean green: palladium. Hydrogen atoms are omitted for
clarity.

Figure 3. Optimized geometries of two possible trans and cis isomers
of the oxidative addition product resulted from the reaction of the
lowest-energy rotamer of XPhos Pd(0) with 3-bromopyridine.
Relative energies (ΔG) are shown in kcal/mol. Silver: carbon;
orange: phosphorus; ocean green: palladium; brown: bromine; blue:
nitrogen. Hydrogen atoms are omitted for clarity.
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448 heteroarylation compounds with various functional groups
449 were prepared at 0.5−1.0 mmol scale. It is feasible to scale up
450 these reactions by using large reaction vessels (e.g., Rotor
451 16HF100) or a kilolab microwave reactor (e.g., Masterwave
452 BTR from Anton Paar Inc.). The structural analyses were
453 conducted on the Pd(0) active catalyst and Pd(II)
454 intermediates with the XPhos ligand in toluene using an all-
455 atom DFT approach. The Pd−arene interactions in the lowest-
456 energy structures contribute to the stability of the XPhos Pd
457 complexes in the catalytic cycle. Efforts to further investigate
458 the reaction mechanism with complete energy profiles and to
459 apply this reaction in bioactive molecule synthesis are currently
460 underway and will be reported in the near future.

461 ■ EXPERIMENTAL SECTION
462 General Information. The chemicals and solvents were obtained
463 from commercial vendors and used without further purification,
464 unless otherwise noted. Toluene was vigorously purged with argon for
465 2 h before use. Pd catalysts and NaOtBu were stored in a glove box
466 under N2. The microwave-assisted reactions were conducted on a
467 MultiwavePro microwave reaction system from Anton Paar Instru-
468 ments. The pressure vessels consist of disposable Wheaton glass vials
469 (item # 224882) with a special PEEK screw cap and a PTFE seal
470 (reaction volume, 0.3−3 mL; operation pressure, 20 bar). Rotor
471 (4x24MG5) and four SiC well plates were used for homogeneous
472 heating of up to 96 g-scale experiments in parallel. Thin-layer
473 chromatography was performed using precoated silica gel F254 plates
474 (Whatman). Column chromatography was performed using pre-
475 packed RediSep Rf Silica columns on a CombiFlash Rf Flash
476 Chromatography system (Teledyne Isco). NMR spectra were
477 obtained on a Joel 500 MHz spectrometer. Chemical shifts were

478reported in parts per million (ppm) relative to the tetramethylsilane
479(TMS) signal at 0.00 ppm. Coupling constants, J, were reported in
480Hertz (Hz). The peak patterns were indicated as follows: s, singlet; d,
481doublet; t, triplet; dt, doublet of triplet; dd, doublet of doublet; m,
482multiplet; q, quartet. High-resolution mass spectra were recorded on a
483Micromass Q-TOF 2 or a Thermo Scientific LTQ-FT mass
484spectrometer operating in electrospray (ES) mode.
485Computational Methods. All quantum mechanical calculations
486were performed using the Gaussian 1629 suite of programs. The
487previously reported optimized structures of palladium complexes,
488when available, were used as a starting point for the calculations.23

489Ground-state geometries were fully optimized in redundant internal
490coordinates without any symmetry constraints,30 with all-atom DFT
491and a wave function incorporating the hybrid functional of Truhlar
492and Zhao’s M06.31 The Pd, P, and Br atoms were represented with
493the effective core pseudopotentials of the Stuttgart group, and the
494associated basis sets were improved with a set of f-polarization
495functions for Pd (α = 1.472)32 and a set of d-polarization functions
496for P (α = 0.387) and Br (α = 0.428).33 The remaining atoms (C, H,
497N, and O) were represented with the 6-31G(d,p) basis sets.34 Solvent
498effects on the geometries and the relative stabilities of the stationary
499points were evaluated by reoptimizing the stationary points using the
500Solvation Model based on Density (SMD)35 and toluene as the
501solvent. Frequency calculations were performed on the optimized
502geometries using the same basis sets to confirm that each optimized
503ground state has zero imaginary frequencies. The zero-point energies,
504thermal corrections, and entropic corrections were calculated from the
505frequency calculations. Single-point energy calculations on the
506optimized geometries were performed using the M06 density
507functional with the same basis set detailed above for Pd, P, and Br
508and the polarized and diffuse 6-311++G(d,p)36 basis set for all other
509atoms. The free energy corrections were calculated by adding the
510thermal corrections calculated from the SMD(toluene) M06/
511SDD(d,f)-6-31G(d,p) unscaled vibrational frequencies to the SMD-
512(toluene) M06/SDD(d,f)-6-311++G(d,p) electronic energies. The
513energies discussed throughout the text are the Gibbs free energies at
514298.15 K and 1 atm. Optimized structures are illustrated using UCSF
515Chimera.37

516General Procedure for Synthesis of Heteroarylated of
517Ketones via Palladium Catalysis under Microwave Irradiation.
518To an oven-dried microwave reaction vial (standard Wheaton glass
519vials, item # 224882) containing a stirring bar was charged with 1 mol
520% XPhos Pd G4 catalyst, 2.4 equiv of NaOtBu, 1.1 equiv of ketone,
521and 2.0 mL of toluene. The reaction mixture was stirred at room
522temperature for 10 min before the addition of 1.0 equiv of heteroaryl
523halide. The reaction vial was then secured with a Teflon seal and
524PEEK cap. The reaction mixture was subject to microwave irradiation
525at 130 °C for 10 min. After cooling down to room temperature, the
526reaction mixture was transferred to a separatory funnel, followed by
527the addition of saturated NH4Cl solution (2 mL). The crude product
528was extracted with ethyl acetate three times (3 × 10 mL). The
529combined organic layer was dried over anhydrous MgSO4. After
530rotatory evaporation to remove the solvents, the product was purified

Figure 4. Optimized geometries of three possible isomers of (hetero)aryl-Pd(II) enolate resulted from the transmetallation of the trans isomer of
the oxidative addition product (hetero)aryl-Pd(II) bromide with enolate and reductive elimination transition state. Relative energies (ΔG) are
shown in kcal/mol, and distances are shown in Å. Silver: carbon; orange: phosphorus; ocean green: palladium; brown: bromine; blue: nitrogen;
red: oxygen. Hydrogen atoms are omitted for clarity.

Figure 5. Free energy diagram of the Pd-catalyzed heteroarylation of
acetophenone with 3-bromopyridine. The structures on the lowest-
energy pathway are shown in black. Energies (ΔG) are reported in
kcal/mol.
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531 using column chromatography (0−100% ethyl acetate/hexanes or 0−
532 20% MeOH/CH2Cl2).
533 1-Phenyl-2-(pyridin-3-yl)ethanone (1a).9 1a was synthesized from
534 acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 3-iodopyridine
535 (0.50 mmol, 1 equiv, 48.2 μL) according to the general procedure
536 described above, yielding a pale yellow solid. Yield, 192 mg, 97.6%. 1H
537 NMR (CDCl3, 500 MHz, ppm): δ 8.53 (1H, s), 8.49 (1H, d, J = 5.05
538 Hz), 8.00 (2H, d, J = 7.6 Hz), 7.58 (1H, d, J = 6.85 Hz), 7.56 (1H, t, J
539 = 7.8 Hz), 7.46 (2H, t, J = 7.8 Hz), 7.24 (1H, dd, J = 7.8,4.6 Hz), 4.27
540 (2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 196.5, 150.7,
541 148.4, 137.3, 136.3, 133.6, 130.3, 128.9, 128.5, 123.5, 42.4. HRMS
542 calcd for C13H12NO [M + H], 198.0919; found, 198.0921.
543 1-Phenyl-2-(pyrimidin-5-yl)ethanone (2a). 2a was synthesized
544 from acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 5-
545 bromopyrimidine (0.5 mmol, 1 equiv, 102.99 mg) according to the
546 general procedure described above, yielding a yellow solid. Yield, 82.4
547 mg, 41.6%. 1H NMR (CDCl3, 500 MHz, ppm): δ 9.14 (1H, s), 8.65
548 (2H, s), 8.02 (2H, d, J = 7.35 Hz), 7.63 (1H, t, J = 7.8 Hz), 7.52 (2H,
549 t, J = 7.8 Hz), 4.31 (2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm):
550 δ 195.1, 157.9, 157.6, 136.0, 134.0, 129.0, 128.4, 128.2, 39.7. HRMS
551 calcd for C12H11N2O [M + H], 199.0871; found, 199.0879.
552 1-Phenyl-2-(pyrazin-2-yl)ethanone (3a). 3a was synthesized from
553 acetophenone (0.5 mmol, 1 equiv, 58.50 μL) and 2-iodopyrimidine
554 (0.5 mmol, 1 equiv, 79.49 mg) according to the general procedure
555 described above, yielding a brown solid. Yield, 99.2 mg, 50.1%. 1H
556 NMR (CDCl3, 500 MHz, ppm): δ 8.62 (1H, s), 8.54 (1H, d, J = 7.3
557 Hz), 8.48 (1H, d, J = 2.7 Hz), 8.06 (2H, d, J = 6.9 Hz), 7.60 (1H, t, J
558 = 7.3 Hz), 7.50 (2H, t, J = 7.8 Hz), 4.54 (2H, s). 13C{1H}
559 NMR(CDCl3, 125 MHz, ppm):δ 195.8, 151.3, 146.0, 144.3, 143.0,
560 133.8, 128.9, 128.7, 128.6, 45.5. HRMS calcd for C12H11N2O [M +
561 H], 199.0871; found, 199.0876.
562 1-Phenyl-2-(thiophen-2-yl)ethanone (4a). 4a was synthesized
563 from acetophenone (0.83 mmol, 1.1 equiv, 95.0 μL) and 2-
564 bromothiophene (0.75 mmol, 1 equiv, 75.0 μL) according to the
565 general procedure described above, yielding a brown solid. Yield, 70.1
566 mg, 35.1%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.03 (2H, d, J = 8.3
567 Hz), 7.57 (1H, t, J = 7.8 Hz), 7.48 (2H, t, J = 7.4 Hz), 7.22 (1H, d, J =
568 5.1 Hz), 6.97 (1H, t, J = 5.1 Hz), 6.94 (1H, d, J = 3.0 Hz), 4.49 (2H,
569 s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 195.8, 135.6, 133.5,
570 130.3, 128.8, 128.7, 127.0, 126.9, 125.2, 39.5. HRMS calcd for
571 C12H11OS [M + H], 203.0531; found, 203.0532.
572 1-Phenyl-2-(thiophen-3-yl)ethanone (5a). 5a was synthesized
573 from acetophenone (0.83 mmol, 1.1 equiv, 95.0 μL) and 3-
574 bromothiophene (0.75 mmol, 1 equiv, 70.0 μL) according to the
575 general procedure described above, yielding brown crystals. Yield,
576 103.6 mg, 51.2%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.01 (2H, d, J
577 = 8.2 Hz), 7.57 (1H, t, J = 7.3 Hz), 7.47 (2H, t, J = 7.8 Hz), 7.30 (1H,
578 dd, J = 5.0, 2.8 Hz), 7.13 (1H, d, J = 2.8 Hz), 7.03 (1H, d, J = 5.0 Hz),
579 4.32 (2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 197.2,
580 136.5, 134.2, 133.4, 128.8, 128.7, 128.6, 125.9, 123.0, 40.2. HRMS
581 calcd for C12H11OS [M + H], 203.0531; found, 203.0531.
582 1-Phenyl-2-(thiazol-4-yl)ethanone (6a). 6a was synthesized from
583 acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 4-bromothiazole
584 (0.50 mmol, 1 equiv, 45.0 μL) according to the general procedure
585 described above, with the exception of no microwave step being used.
586 When the microwave was used, no product was obtained. The
587 product is a brown oil. Yield, 67.0 mg, 33.0%. 1H NMR (CDCl3, 500
588 MHz, ppm): δ 8.79 (1H, s), 8.06 (2H, d, J = 8.2 Hz), 7.60 (1H, t, J =
589 7.3 Hz), 7.48 (2H, t, J = 7.8 Hz), 7.27 (1H, s), 4.56 (2H, s). 13C{1H}
590 NMR (CDCl3, 125 MHz, ppm): δ 196.32, 152.67, 150.30, 136.48,
591 133.48, 128.79, 128.76, 116.29, 41.15. HRMS calcd for C11H10NOS
592 [M + H], 204.0483; found, 204.0482.
593 2-(1-Methyl-1H-pyrazol-4-yl)-1-phenylethanone (7a). 7a was
594 synthesized from acetophenone (0.55 mmol, 1.1 equiv, 64.2 μL)
595 and 4-iodo-1-methyl-1H-pyrazole (0.5 mmol, 1 equiv, 104 mg)
596 according to the general procedure described above, yielding a yellow
597 solid. Yield, 97.4 mg, 48.6%. 1H NMR (CDCl3, 500 MHz, ppm): δ
598 8.01 (2H, dd, J = 6.8, 0.9 Hz), 7.58 (1H, t, J = 7.4 Hz), 7.48 (2H, t, J
599 = 7.8 Hz), 7.42 (1H, s), 7.37 (1H, s), 4.16 (2H, s), 3.88 (3H, s).
600

13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 197.3, 139.3, 136.5,

601133.4, 129.9, 128.8, 128.5, 113.6, 39.0, 34.6. HRMS calcd for
602C12H13N2O [M + H], 201.1028; found, 201.1025.
6031-Phenyl-2-(quinolin-6-yl)ethanone (8a).38 8a was synthesized
604from acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 6-
605bromoquinoline (0.5 mmol, 1 equiv, 104.0 mg) according to the
606general procedure described above, yielding a yellow solid. Yield,
607207.0 mg, 83.7%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.87 (1H, s),
6088.08−8.03 (4H, m), 7.68 (1H, s), 7.61 (1H, d, J = 8.7 Hz), 7.55 (1H,
609d, J = 7.3 Hz), 7.45 (2H, t, J = 6.8 Hz), 7.36−7.34 (1H, m), 4.46 (2H,
610s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 197.31, 150.37,
611147.47, 135.90, 133.50, 133.14, 131.50, 129.80, 128.86, 128.66,
612128.40, 128.15, 127.32, 121.38, 45.35. HRMS calcd for C17H14NO
613[M + H], 248.1075; found, 248.1072.
6141-Phenyl-2-(quinoxalin-6-yl)ethanone (9a). 9a was synthesized
615from acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 6-
616bromoquinoxaline (0.5 mmol, 1 equiv, 104 mg) according to the
617general procedure described above, yielding a yellow solid. Yield,
618190.8 mg, 76.8%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.81 (2H, s),
6198.09−8.05 (3H, m), 7.99 (1H, s), 7.70 (1H, dd, J = 8.7, 1.0 Hz), 7.58
620(1H, t, J = 7.3 Hz), 7.48 (2H, t, J = 7.3 Hz), 4.54 (2H, s). 13C{1H}
621NMR (CDCl3, 125 MHz, ppm): δ 196.8, 145.21, 144.91, 143.11,
622142.25, 137.22, 136.1, 133.65, 132.21, 129.91, 129.67, 128.91, 128.66,
62345.47. HRMS calcd for C16H13N2O [M + H], 249.1028; found,
624249.1028.
6252-(Isoquinolin-4-yl)-1-phenylethanone (10a). 10a was synthe-
626sized from acetophenone (0.5 mmol, 1 equiv, 58.50 μL) and 4-
627bromoisoquinoline (0.5 mmol, 1 equiv, 104.0 mg) according to the
628general procedure described above, yielding a brown solid. Yield,
629164.4 mg, 66.5%. 1H NMR (CDCl3, 500 MHz, ppm): δ 9.18 (1H, s),
6308.41 (1H, s), 8.08 (2H, d, J = 7.3 Hz), 7.96 (1H, d, J = 8.25 Hz), 7.78
631(1H, d, J = 8.25 Hz), 7.66 (1H, t, J = 8.7 Hz), 7.60−7.56 (2H, m),
6327.48 (2H, t,J = 7.8 Hz), 4.66(2H, s). 13C{1H} NMR (CDCl3, 125
633MHz, ppm): δ 192.0, 155.2, 139.5, 132.6, 129.2, 128.7, 128.6, 128.4,
634126.6, 122.2, 19.0. HRMS calcd for C17H14NO [M + H], 248.1028;
635found, 248.1022.
6361-Phenyl-2-(quinolin-3-yl)ethanone (11a). 11a was synthesized
637from acetophenone (0.55 mmol, 1.1 equiv, 64.36 μL) and 3-
638bromoquinoline (0.5 mmol, 1 equiv, 68.0 μL) according to the
639general procedure described above, yielding a yellow solid. Yield,
640175.3 mg, 70.9%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.83 (1H, s),
6418.10 (1H, d, J = 8.7 Hz), 8.06 (1H, s), 8.04−8.03 (2H, m), 7.77 (1H,
642d, J = 8.2 Hz), 7.68 (1H, t, J = 7.4 Hz), 7.59 (1H, t, J = 7.3 Hz), 7.54−
6437.47 (3H, m), 4.47(2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm):
644δ 196.6, 152.1, 147.3, 136.4, 133.7, 129.4, 129.3, 128.9, 128.6, 128.1,
645127.7, 127.5, 126.9, 42.6. HRMS calcd for C17H14NO [M + H],
646248.1075; found: 248.1073.
6472-(Pyridin-3-yl)-1-(m-tolyl)ethanone (1b). 1b was synthesized
648from m-methyl acetophenone (1.1 mmol, 1.1 equiv, 147.6 mg,
649149.7 μL) and 3-bromopyridine (1.0 mmol, 1 equiv, 158.0 mg, 96.4
650μL) according to the general procedure described above, yielding a
651yellow oil. Yield, 148.1 mg, 70.1%. 1H NMR (CDCl3, 500 MHz,
652ppm): δ 8.45 (1H, s), 8.44 (1H, d, J = 4.6 Hz), 7.76 (1H, s), 7.75
653(1H, d, J = 8.2 Hz), 7.53 (1H, d, J = 7.7 Hz), 7.34−7.29 (1H, m),
6547.22−7.16 (1H, m), 4.22 (2H, s), 2.35 (3H, s). 13C{1H} NMR
655(CDCl3, 125 MHz, ppm): δ 196.7, 150.7, 148.3, 138.7, 136.4, 134.4,
656130.4, 129.0, 128.7, 125.7, 123.5, 42.4, 21.4. HRMS calcd for
657C14H14NO [M + H], 212.1075; found, 212.1070.
6581-(2-Methoxyphenyl)-2-(pyridin-3-yl)ethanone (2b).39 2b was
659synthesized from 2′-methoxyacetophenone (0.55 mmol, 1.1 equiv,
66082.6 mg, 75.8 μL) and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg)
661according to the general procedure described above, yielding a yellow
662oil. Yield, 152.3 mg, 67.0%. 1H NMR (CDCl3, 500 MHz, ppm): δ
6638.50 (2H, s), 7.68 (1H, d, J = 7.75 Hz), 7.56 (1H, d, J = 9.65 Hz),
6647.45 (1H, t, J = 8.25 Hz), 7.21 (1H, t, J = 7.35 Hz), 6.97 (2H, q, J =
66516.7 Hz), 4.28 (2H, s), 3.90 (3H, s). 13C{1H} NMR (CDCl3, 125
666MHz, ppm): δ 198.5, 158.3, 150.9, 148.1, 137.3, 134.1, 130.9, 123.3,
667121.0, 111.6. HRMS calcd for C14H14NO2 [M + H], 228.1025; found,
668228.1034.
6691-(3-Methoxyphenyl)-2-(pyridin-3-yl)ethanone (3b). 3b was
670synthesized from 3′-methoxyacetophenone (0.55 mmol, 1.1 equiv,
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671 82.6 mg, 75.8 μL) and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg)
672 according to the general procedure described above, yielding a yellow
673 oil with white solid. Yield, 206.4 mg, 90.8%. 1H NMR (CDCl3, 500
674 MHz, ppm): δ 8.52 (2H, s), 7.61−7.60 (2H, m), 7.52 (1H, t, J = 3.70
675 Hz), 7.40 (1H, t, J = 16.05 Hz), 7.28−7.26 (1H, m), 7.14 (1H, dd, J =
676 8.25 Hz), 4.28 (2H, s), 3.84 (3H, s). 13C{1H} NMR (CDCl3, 125
677 MHz, ppm): δ 196.5, 160.1, 150.7, 137.7, 137.3, 129.9, 123.6, 121.1,
678 120.1, 112.8. HRMS calcd for C14H14NO2 [M + H], 228.1025; found,
679 228.1023.
680 1-(4-Methoxyphenyl)-2-(pyridin-3-yl)ethanone (4b).5b,40 4b was
681 synthesized from 4′-methoxyacetophenone (0.55 mmol, 1.1 equiv, 80
682 mg) and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg) according to
683 the general procedure described above, yielding a yellow solid. Yield,
684 197.8 mg, 87.0%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.51−8.50
685 (2H, m), 7.98 (2H, d, J = 9.15 Hz), 7.58 (1H, d, J = 7.8 Hz), 7.26−
686 7.24 (1H, m), 6.93 (2H, d, J = 8.7 Hz), 4.23 (2H, s), 3.85 (3H, s).
687

13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 195.1, 163.9, 150.7,
688 148.3, 137.3, 130.9, 130.7, 129.3, 123.5, 114.1, 55.6, 42.1. HRMS
689 calcd for C14H14NO2 [M + H], 228.1025; found, 228.1018.
690 1-(3-Hydroxyphenyl)-2-(pyridin-3-yl)ethanone (5b).41 5b was
691 synthesized from 3′-hydroxyacetophenone (0.55 mmol, 1.1 equiv,
692 74.9 mg, 68.1 μL) and 3-iodopyridine (0.5 mmol, 1 equiv, 102.5 mg)
693 according to the general procedure described above, yielding a yellow
694 oil. Yield, 89.3 mg, 41.9%. 1H NMR (acetone-d6, 500 MHz, ppm): δ
695 9.31 (1H, s), 8.53 (1H, s), 8.46 (1H, d, J = 4.6 Hz), 7.69 (1H, d, J =
696 7.8 Hz), 7.58 (1H, d, J = 6.9 Hz), 7.50 (1H, d, J = 1.8 Hz), 7.37−7.32
697 (2H, m), 7.10 (1H, dd, J = 8.3, 2.8 Hz), 4.42 (2H, s). 13C{1H} NMR
698 (acetone-d6, 125 MHz, ppm): δ 196.5, 158.1, 151.0, 147.9, 138.2,
699 137.4, 129.9, 123.3, 120.5, 119.6, 114.8, 42.0. HRMS calcd for
700 C13H12NO2 [M + H], 214.0868; found, 214.0871.
701 1-(4-Fluorophenyl)-2-(pyridin-3-yl)ethanone (6b). To an oven-
702 dried microwave reaction vial (standard Wheaton glass vials, item #
703 224882) containing a stirring bar was charged with Pd2(dba)3 (9.2
704 mg, 0.01 mmol, 1 mol %), XPhos (4.8 mg, 0.01 mmol, 1 mol %), and
705 toluene (2.0 mL). The catalyst and ligand were premixed at r.t. for 30
706 min under Ar. Then, NaOtBu (230.6 mg, 2.40 mmol, 2.4 equiv) and
707 4′-fluoroacetophenone (1.1 mmol, 1.1 equiv, 152.0 mg, 133.5 μL)
708 were added and stirred for 10 min at r.t, followed by the addition of 3-
709 bromopyridine (1.0 mmol, 1 equiv, 158.0 mg, 96.4 μL). The reaction
710 vial was then secured with a Teflon seal and PEEK cap. The reaction
711 mixture was subject to microwave irradiation at 120 °C for 20 min.
712 After cooling down to room temperature, the reaction mixture was
713 transferred to a separatory funnel, followed by the addition of
714 saturated NH4Cl solution (2 mL). The mixture was extracted with
715 ethyl acetate three times (3 × 10 mL). The combined organic layer
716 was dried over anhydrous MgSO4. After rotatory evaporation to
717 remove the solvents, the product was purified using column
718 chromatography (0−100% ethyl acetate/hexanes), yielding a yellow
719 solid. Yield, 99.2 mg, 46.1%. 1H NMR (CDCl3, 500 MHz, ppm): δ
720 8.50 (1H, d, J = 6.4 Hz), 8.49 (1H, s), 8.04−8.01 (2H, m), 7.58 (1H,
721 d, J = 7.8 Hz), 7.27−7.25 (1H, m), 7.13 (2H, t, J = 8.2 Hz), 4.26 (2H,
722 s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 194.9, 166.1, 150.6,
723 148.4, 137.4, 132.8, 131.2, 130.1, 123.6, 116.1, 42.3. HRMS calcd for
724 C13H11NOF [M + H], 216.0825; found, 216.0834.
725 1-(4-Chlorophenyl)-2-(pyridin-3-yl)ethanone (7b). To an oven-
726 dried microwave reaction vial (standard Wheaton glass vials, item #
727 224882) containing a stirring bar was charged with Pd2(dba)3 (9.2
728 mg, 0.01 mmol, 1 mol %), XPhos (4.8 mg, 0.01 mmol, 1 mol %), and
729 toluene (2.0 mL). The catalyst and ligand were premixed at r.t. for 30
730 min under Ar. Then, NaOtBu (230.6 mg, 2.40 mmol, 2.4 equiv) and
731 4′-chloroacetophenone (1.1 mmol, 1.1 equiv, 170.0 mg, 142.7 μL)
732 were added and stirred for 10 min at r.t, followed by the addition of 3-
733 bromopyridine (1.0 mmol, 1 equiv, 158.0 mg, 96.4 μL). The reaction
734 vial was then secured with a Teflon seal and PEEK cap. The reaction
735 mixture was subject to microwave irradiation at 120 °C for 20 min.
736 After cooling down to room temperature, the reaction mixture was
737 transferred to a separatory funnel, followed by the addition of
738 saturated NH4Cl solution (2 mL). The mixture was extracted with
739 ethyl acetate three times (3 × 10 mL). The combined organic layer
740 was dried over anhydrous MgSO4. After rotatory evaporation to

741remove the solvents, the product was purified using column
742chromatography (0−100% ethyl acetate/hexanes), yielding a yellow
743solid. Yield, 91.0 mg, 39.3%. 1H NMR (CDCl3, 500 MHz, ppm): δ
7448.49−8.48 (2H, m), 7.92 (2 H, d, J = 8.7 Hz), 7.55 (1H, d, J = 7.8
745Hz), 7.42 (2H, d, J = 8.3 Hz), 7.24 (1H, d, J = 7.8 Hz), 4.24 (2H, s).
746

13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 195.3, 150.7, 148.6,
747140.1, 137.3, 134.6, 129.9, 129.2, 128.7, 123.6, 42.4. HRMS calcd for
748C13H11NOCl [M + H], 232.0529; found, 232.0536.
7491-(4-Bromophenyl)-2-(pyridin-3-yl)ethanone (8b). To an oven-
750dried microwave reaction vial (standard Wheaton glass vials, item #
751224882) containing a stirring bar was charged with Pd2(dba)3 (9.2
752mg, 0.01 mmol, 1 mol %), XPhos (4.8 mg, 0.01 mmol, 1 mol %), and
753toluene (2.0 mL). The catalyst and ligand were premixed at r.t. for 30
754min under Ar. Then, NaOtBu (230.6 mg, 2.40 mmol, 2.4 equiv) and
7554′-bromoacetophenone (1.1 mmol, 1.1 equiv, 218.9 mg, 150.9 μL)
756were added and stirred for 10 min at r.t, followed by the addition of 3-
757bromopyridine (1.0 mmol, 1 equiv, 158.0 mg, 96.4 μL). The reaction
758vial was then secured with a Teflon seal and PEEK cap. The reaction
759mixture was subject to microwave irradiation at 120 °C for 20 min.
760After cooling down to room temperature, the reaction mixture was
761transferred to a separatory funnel, followed by the addition of
762saturated NH4Cl solution (2 mL). The mixture was extracted with
763ethyl acetate three times (3 × 10 mL). The combined organic layer
764was dried over anhydrous MgSO4. After rotatory evaporation to
765remove the solvents, the product was purified using column
766chromatography (0−100% ethyl acetate/hexanes), yielding a yellow
767solid. Yield, 146.3 mg, 53.0%. 1H NMR (CDCl3, 500 MHz, ppm): δ
7688.55 (1H, s), 8.00−7.95 (1H, m), 7.88 (2H, d, J = 8.2 Hz), 7.64 (2H,
769d, J = 8.2 Hz), 7.37 (1H, d, J = 8.2 Hz), 7.31 (1H, dd, J = 7.3, 4.6 Hz),
7704.30 (2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 195.4,
771150.2, 148.1, 137.8, 132.3, 132.2, 130.2, 130.1, 129.0, 123.8, 42.3.
772HRMS calcd for C13H11NOBr [M + H], 276.0024; found, 276.0017.
7733-Methyl-1-(pyridin-3-yl)butan-2-one (9b). 9b was synthesized
774from 3-methyl-2-butanone (0.55 mmol, 1.1 equiv, 47.4 mg, 58.8 μL)
775and 3-iodopyridine (0.5 mmol, 1 equiv, 102.5 mg) according to the
776general procedure described above, yielding a yellow oil. Yield, 103.1
777mg, 63.2%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.48 (1H, s), 8.40
778(1H, s), 7.52 (1H, d, J = 7.8 Hz), 7.24−7.22 (1H, m), 3.74 (2H, s),
7792.72 (1H, s), 0.12 (6H, d, J = 6.9 Hz). 13C{1H} NMR (CDCl3, 125
780MHz, ppm): δ 210.4, 150.5, 148.4, 137.2, 130.2, 123.5, 44.2, 40.8,
78118.3. HRMS calcd for C10H14NO [M + H], 164.1075; found,
782164.1082.
7834-Methyl-1-(pyridin-3-yl)pentan-2-one (10b). 10b was synthe-
784sized from 4-methyl-2-pentadione (0.55 mmol, 1.1 ., 55.1 mg, 68.8
785μL) and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg) according to
786the general procedure described above, yielding a yellow oil. Yield,
78788.6 mg, 50.0%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.46 (1H, dd, J
788= 5.0, 1.4 Hz), 8.39 (1H, d, J = 1.8 Hz), 7.50 (1H, m), 7.21 (1H, m),
7893.64 (2H, s), 2.33 (2H, d, J = 6.9 Hz), 2.11 (1H, m) 0.85(6H, d, J =
7906.5 Hz). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 206.8, 150.5,
791148.4, 137.1, 129.9, 123.5, 51.5, 47.1. HRMS calcd for C11H16NO [M
792+ H], 178.1232; found, 178.1225.
7933,3-Dimethyl-1-(pyridin-3-yl)butan-2-one (11b). 11b was synthe-
794sized from 3,3-dimethyl-2-butanone (0.55 mmol, 1.1 equiv, 55.1 mg,
79568.8 μL) and 3-iodopyridine (0.5 mmol, 1 equiv, 102.5 mg) according
796to the general procedure described above, yielding a yellow oil. Yield,
79795.8 mg, 54.1%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.45 (1H, d, J
798= 1.4 Hz), 8.37 (1H, s), 7.49 (1H, t, J = 7.3 Hz), 7.21 (1H, t, J = 7.8
799Hz), 3.77 (2H, s), 1.21 (9H, s). 13C{1H} NMR (CDCl3, 125 MHz,
800ppm): δ 211.9, 150.6, 148.2, 137.4, 130.7, 123.3, 44.7, 40.2, 26.4.
801HRMS calcd for C11H16NO [M + H], 178.1232; found, 178.1238.
8022-(Pyridin-3-yl)cyclohexanone (12b).42 12b was synthesized from
803cyclohexan-1-one (1.1 mmol, 1.1 equiv, 105.7 mg, 106.5 μL) and 3-
804bromopyridine (1.0 mmol, 1 equiv, 158.0 mg, 96.4 μL) according to
805the general procedure described above, yielding a yellow oil. Yield,
806111.8 mg, 63.8%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.49 (1H, d, J
807= 5.0 Hz), 8.37 (1H, s), 7.48 (1H, d, J = 6.0 Hz), 7.26 (1H, dd, J =
8087.7, 3.2 Hz), 3.62 (1H, dd, J = 17.9, 5.5 Hz), 2.56−2.48 (2H, m),
8092.30−2.26 (1H, m), 2.20−2.26 (1H, m), 2.20−2.14 (1H, m), 1.02−
8101.78 (4H, m). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 209.3,
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811 150.1, 148.4, 136.3, 134.4, 123.3, 55.0, 42.3, 35.5, 27.9, 25.5. HRMS
812 calcd for C11H14NO [M + H], 176.1075; found, 176.1082.
813 1-(2,5-Dimethylfuran-3-yl)-2-(pyridin-3-yl)ethanone (13b). 13b
814 was synthesized from 3-acetyl-2,5-dimethylfuran (0.55 mmol, 1.1
815 equiv, 76.0 mg, 73.2 μL) and 3-iodopyridine (0.50 mmol, 1 equiv,
816 102.5 mg) according to the general procedure described above,
817 yielding a brown oil. Yield, 127.6 mg, 59.3%. 1H NMR (CDCl3, 500
818 MHz, ppm): δ 8.50 (1H, d, J = 1.35), 8.47 (1H, s), 7.57 (1H, d, J =
819 7.75 Hz), 7.27 (1H, m), 6.25 (1H, s), 3.97 (2H, s), 2.53 (3H, s), 2.25
820 (3H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ 192.7, 158.3,
821 150.7, 150.4, 148.3, 137.3, 130.3, 123.5, 121.0, 105.6, 44.9, 14.4, 13.3.
822 HRMS calcd for C13H14NO2 [M + H], 216.1025; found, 216.1021.
823 1-(2,5-Dimethylthiophen-3-yl)-2-(pyridin-3-yl)ethanone (14b).5b

824 14b was synthesized from 3-acetyl-2,5-dimethylthiophene (0.55
825 mmol, 1.1 equiv, 84.8 mg, 78.1 μL) and 3-iodopyridine (0.50
826 mmol, 1 equiv, 102.5 mg) according to the general procedure
827 described above, yielding a brown oil. Yield, 182.0 mg, 78.7%. 1H
828 NMR (CDCl3, 500 MHz, ppm): δ 8.50 (1H, d, J = 1.35), 8.50 (1H, d,
829 J = 4.6), 8.47 (1H, s), 7.58 (1H, d, J = 7.75), 7.27−7.26 (1H, m), 4.09
830 (2H, s), 2.65 (3H, s), 2.41 (3H, s). 13C{1H} NMR (CDCl3, 125
831 MHz, ppm): δ 192.3, 150.7, 149.1, 148.3, 137.3, 135.7, 134.7, 130.5,
832 125.8, 123.5, 45.3, 16.3, 15.1. HRMS calcd for C13H14NOS [M + H],
833 232.0796; found, 232.0799.
834 1-(Pyridin-2-yl)-2-(pyridin-3-yl)ethanone (15b). 15b was synthe-
835 sized from 2-acetylpyridine (0.55 mmol, 1.1 equiv, 66.7 mg, 61.1 μL)
836 and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg) according to the
837 general procedure described above, yielding a yellow oil. Yield, 129.2
838 mg, 65.2%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.72 (1H, d, J = 3.6
839 Hz), 8.59 (1H, s), 8.50 (1H, d, J = 5.1 Hz), 8.05 (1H, d, J = 7.8 Hz),
840 7.84 (1H, td, J = 7.8, 1.8 Hz), 7.71 (1H, d, J = 7.8 Hz), 7.51 (1H, t, J
841 = 5.1 Hz), 7.30−7.18 (2H, m), 4.51 (2H, s). 13C{1H} NMR (CDCl3,
842 125 MHz, ppm): δ 152.7, 150.4, 149.2, 147.5, 138.3, 137.2, 131.0,
843 127.7, 123.6, 122.5, 41.3. HRMS calcd for C12H11N2O [M + H],
844 199.0871; found, 199.0869.
845 1,2-Di(pyridin-3-yl)ethanone (16b).5b 16b was synthesized from
846 3-acetylpyridine (0.55 mmol, 1.1 equiv, 66.7 mg, 60.5 μL) and 3-
847 iodopyridine (0.50 mmol, 1 equiv, 102.5 mg) according to the general
848 procedure described above, yielding a yellow oil. Yield, 127.6 mg,
849 64.4%. 1H NMR (CDCl3, 500 MHz, ppm): δ 9.24 (1H, s), 8.80 (1H,
850 d, J = 5.0 Hz), 8.53 (2H, d, J = 8.3 Hz), 8.27 (1H, d, J = 5.9 Hz), 7.61
851 (1H, d, J = 7.8 Hz), 7.44 (1H, dd, J = 8.2, 5.0 Hz), 7.29 (1H, dd, J =
852 7.8, 5.0 Hz), 4.32 (2H, s). 13C{1H} NMR (CDCl3, 125 MHz, ppm): δ
853 195.4, 154.0, 150.5, 149.9, 148.6, 137.5, 135.8, 131.6, 129.4, 123.9,
854 123.7, 42.7. HRMS calcd for C12H11N2O [M + H], 199.0871; found,
855 199.0872.
856 2-(Pyridin-3-yl)-1-(pyridin-4-yl)ethanone (17b). 17b was synthe-
857 sized from 4-acetylpyridine (0.55 mmol, 1.1 equiv, 66.7 mg, 60.9 μL)
858 and 3-iodopyridine (0.50 mmol, 1 equiv, 102.5 mg) according to the
859 general procedure described above, yielding a yellow oil. Yield, 152.2
860 mg, 76.8%. 1H NMR (CDCl3, 500 MHz, ppm): δ 8.83 (2H, d, J = 4.6
861 Hz), 8.54 (1H, d, J = 4.1 Hz), 8.50 (1H, s), 7.77 (2H, dd, J = 5.9, 1.3
862 Hz), 7.58 (1H, d, J = 7.8 Hz), 7.30−7.27 (1H, m). 13C{1H} NMR
863 (CDCl3, 125 MHz, ppm): δ 196.0, 151.2, 150.5, 148.7, 142.2, 137.5,
864 129.1, 123.7, 121.3, 42.6. HRMS calcd for C12H11N2O [M + H],
865 199.0871; found, 199.0872. 17b was also synthesized from 4-
866 acetylpyridine (0.55 mmol, 1.1 equiv, 64.36 μL) and 3-iodopyridine
867 (0.50 mmol, 1 equiv, 48.2 μL) according to the general procedure
868 described above, yielding a pale yellow solid. Yield, 192 mg, 97.6%. 1H
869 NMR (CDCl3, 500 MHz, ppm): δ 8.53 (1H, s), 8.49 (1H, d, J = 5.05
870 Hz), 8.00 (2H, d, J = 7.6 Hz), 7.58 (1H, d, J = 6.85 Hz), 7.56 (1H, t, J
871 = 7.8 Hz), 7.46 (2H, t, J = 7.8 Hz), 7.24 (1H, dd, J = 7.8,4.6 Hz), 4.27
872 (2H, s). 13C NMR (CDCl3, 125 MHz, ppm): δ 196.5, 150.7, 148.4,
873 137.3, 136.3, 133.6, 130.3, 128.9, 128.5, 123.5, 42.4. HRMS calcd for
874 C12H11N2O [M + H], 199.0871; found, 199.0872.
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