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Abstract

A direct method for the synthesis of B-ketoesters from aryl halides (iodide, bromide) has been
described by using cobalt carbonyl as carbon monoxide source in microwave irradiation. Using this protocol, a

wide variety of substituted aryl halides has been successfully converted to corresponding -ketoesters.
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Over the years, transition metal catalyzed cross-coupling reactions have emerged as a valuable method
for making carbon-carbon bonds. In these reactions, palladium mediated carbonylative cross coupling of aryl
halides with a variety of nucleophiles offered compounds which are important building blocks in the field of
pharmaceutical and natural products. Ever since, Heck reported the first successful carbonylative method in
1974, many synthetic protocols using carbon monoxide gas in such reactions are known in literature.' Later,
metal carbonyls have also been reported as an alternate source for CO<g).2 During the past decade, apart from
esters and amides, a variety of carbon nucleophiles have also been employed in carbonylative cross-coupling
reactions of aryl halides such as Heck,’ Sonagashira,* C-H activation,’ Suzuki,’ Stille” and Negishi® type coupling
reactions.

In organic synthesis, reagents containing variety of functionalities play very important role as they can
be used as versatile and effective source for the preparation of complex structures from relatively simple starting
materials. In particular, B-ketoesters are used as significant building blocks in natural product chemistry for
making a variety of complex structures and biologically active heterocyclic molecules. To synthesize f3-
ketoesters, a number of approaches have been documented, through the formation of either one of the following

different bonds in Figure 1.
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Figure 1. General formula of -ketoesters

Frequently, they were synthesized by the formation of C;-C, and C,-C; bonds by using aliphatic
/aromatic acid derivatives and unsymmetrical ketones, respectively.’ Methods involving C-alkylation at C, have
also been reported.'’ A three-component alkoxycarbonylation (C,-C3-O3) of a-halo ketones with CO¢) and
alcohol nucleophiles have been found to afford B-ketoesters.'' However, synthesis of B-ketoesters by making R'-
C;bond is relatively difficult and less studied.

Review of literature revealed that in 1986 Tanaka and Kobayashi have documented for the synthesis of
B-ketoesters directly from aryl iodides by intermolecular carbonylative arylation method in the presence of large
excess of carbon monoxide gas (20 atm).'”> However, the yields of the reactions are not stabilized and it covered
only four substrates. Torii and co-workers have reported the preparation of cyclic B-ketoesters through
intramolecular carbonylative Heck coupling using large excess of CO gas."” Very recently, Korsager et al. have
developed a method for the synthesis of B-ketoesters from aryl halides using ex situ CO(, and acids (acetic acid
or formic acid)."* However, special reaction set-ups and a palladium source are required to generate CO gas for
the reaction. All these reported methodologies involve the use of external CO source. Herein, we report an
effective method for the synthesis of B-ketoesters by using cobalt carbonyl as an in sifu CO source in microwave
irradiation.

In the present work, we have demonstrated an effective reaction protocol for the synthesis of f-
ketoesters directly from aryl halides (bromides and iodides) using Co,(CO)s as the carbonyl source under
microwave irradiation. To the best of our knowledge this is the first systematic attempt to synthesize f3-
ketoesters directly from aryl halides in good yields in the absence of external CO gas. The carbonylation of aryl
halides-, to yield pB-ketoesters-, has been carried out using potassium monoethylmalonate as carbon nucleophile
in the presence of Pd(OAc),/xantphos and Co,(CO)g (0.3 eqv.) under microwave irradiation. To optimize the
reaction conditions, carbonylation of 4-bromotoluene has been carried out in the presence of different bases and
solvents, Pd(OAc),/Xantphos, and the chosen cobalt carbonyl. Of all the bases tried, MgCl, (2 eqv.)/TEA

system showed the formation of the desired product (Entry 1, Table 1). The reaction performed with different



solvents (Entry 2-5) showed that THF was the best solvent for the reaction. Further change in any of the other
parameters gave no improvement in yields.

Table 1. Screening reaction conditions

KOmO\/ o o o J
2
/©/ B bd(0AC), Xantphos /@A R w o
Base, Additive,
] Coy(CO)g, MIW 1a 3
R- additive
Entry  Solvent Base Additive Yield (%)*
R la 3
1 DMF MgCl,/TEA - - 10
2 DMSO MgCl,/TEA - - -
3 Toluene  MgCL/TEA - - -
4 Dioxane = MgClL/TEA - - -
5 THF MgCl,/TEA - - 31
6 THF MgCl,/TEA PhONa 88 5
7 THF MgClL/TEA W. amine 74 =
8 THF MgClL/TEA Map amine 69 -
9 THF MgClL/TEA Imidazole - 68
10 THF MgCl,/TEA Bt 8 38
11 THF - Imidazole - -
12° THF MgCl,/TEA Imidazole - -
13 THF MgClL/TEA Imidazole - 89

All the reaction were executed with 0.5 mmol of 4-bromotoluene, 5 mol% of Pd(OAc),, 5 mol% of xantphos (4,5-

bis(diphenylphosphanyl)-9,9-dimethylxanthene) and 0.15 mmol Co0x(CO)s ; 90 °C under microwave irradiation for 30 min. Bt =

Benzotriazole, W. amine =-N,O-Dimethylhydroxylaminehydrochloride, Map amine = Methyl-pyridin-2-yl-amine. * Isolated yields; °

Reaction performed without the addition of cobalt carbonyl.

Recently, Buchwald ef al. have established that the less reactive aryl chlorides can effectively be converted to
corresponding amides through aminocarbonylation by adding sodium phenoxide as an additive." In line with
the above in the present study the carbonylation has also been carried out in the presence of different additives
(Entry 6-10). The results indicated that addition of sodium phenoxide, Weinreb amine and Map amine yielded
corresponding acyl derivatives (1a) as major product. To our delight, in the presence of imidazole (Entry 9,
Table 1), a moderate yield of the desired -ketoester was obtained. Also, the results indicated that in the absence
of either MgCI/TEA or Co,(CO);s there is no product formation (Entry 11-12). After fine tuning the reaction
conditions, we observed that an excellent yield of the desired product was obtained in the presence of 2

equivalents of imidazole (Entry 13). Hence, this has been employed as the optimum condition for further study.



Table 2. Screening of different palladium catalytic systems

. L
! Pd/L, MEClv Et;N
Imidazole, CmCOx

90 °C, 30 min, M/W
1b

Entry  Pd (5 mol %) Ligand Yield
(5mol %)  (%)*

1 Pd(OAc), Xantphos 85
2 Pd(OAc), - -
3 Pd(OAc), dppf 17
4 Pd(OAc), dppp -
5 Pd(OAc), PPh; 6
6 Pd,(dba); Xantphos 28
7 Pd(ACN),Cl, Xantphos 22
8 Pd(PPh;), Xantphos -
9 Pd(PPh3),Cl, Xantphos 36
10 Pd(dppf),Cl, Xantphos 10
11 Pd(PPh;), Xantphos -

All the reaction were executed with 0.5 mmol of bromobenzene, 0.75 mmol of MgCl,, 1.5 mmol of Et;N, 0.22 mmol of Co,(CO)s, 1

mmol of imidazole in THF at 90 °C under microwave irradiation for 30 min. *Isolated yields.

The optimization of the catalytic system employed in the study has been carried out with different Pd
sources and ligands and the results obtained are shown in Table 2. The results indicated that the
Pd(OAc),/xantphos catalytic system was found to be the most successful system in the conversion of bromo
benzene to the corresponding f-ketoester (Table 2, Entry 1). Once the optimized reaction conditions were
identified, the title reaction has been carried out with different aryl halides (bromides and iodides). The products
obtained with isolated yields are shown in Scheme 1. The results indicated that both aryl bromides and aryl
iodides gave good to excellent yields (55-92%) of the products (3a-3w). When compared to the substrates with
electron withdrawing substituents, those with electron releasing substituents gave relatively better yields.
Chemo selectivity was observed in the case of substrates with fluoro (1d), fluoro/chloro (1k). In the case of 4-
chloro-1-iodobenzene (3e), the chloro was also coupled to monoethyl potassium malonate to some extent. Hetro

aryl halides (3s-w) also gave good yields.



Scheme 1. The synthesis of B-ketoesters from different substituted aryl and heteroaryl halides (I, Br).

Kom%m 0 o
Ar—X Pd(OAc),, Xantphos Ar )J\/U\QEt
1(a-w) Imidazole, MgCl,/E;N 3(a-w)
X =Br. 1 Co,(CO)g, M/W, 90 °C,
Ar = aryl, heteroaryl 30 min

Entry Ar X \;i(e;g Elzav);

1 4-MeCgH, Br/l 89/77

2 Ce¢Hs Br/l 85/82

3 4-OMeCgH, Br/I 92/89

4 4-FCeH, Br/l 70/62

5 4-CIC¢H, Br 74

6 4- BuCgH, Bi/I 90/87

7 4-CF;CgH, Br 84

8 3-OMeCg¢H, Br/l 70/82

9 4-PhCgH, Br/1 90/88

10 3-MeCgHy Br/l 66/73

11 3-Cl-5-FC¢H; Br 81

12 3,5-di-OMeC¢Hj Br 56

13 3,5-di-FC¢H; Br 68

14 3-CNCgH, Br 60

15 3,5-di-MeC¢Hj Br 77

16 3-COPhC¢H, Br 70

17 4-COOEtC¢H, Br/1 55/74

18 3,5-di-CF3C¢H; Br 89

19 Pyridine-3-yl Br 71

20 Thiophen-3-yl Br 86

21 6-F-Pyridin-3-yl Br 66

22 2-dibenzothiophene BT 75

23 2-dibenzofuran Br 69

* Isolated yield(s) of product from corresponding Br/I aryl and heteroaryl halides.



With an aim to examine the CO source used in the carbonylation of aryl halides the reaction has been
carried out by varying the available metal carbonyl compounds. The results obtained are collected in Table 3
(Entry 1-6). It is evident from the results that Co,(CO)g was observed to be the effective carbonyl source in the
reaction with an observed yield of 85% of the desired B-ketoester (Table 3, Entry 1). The 57% yield was
observed, when the reaction is carried out with external CO(g) at 1 atm pressure in autoclave reactor (Table 3,
Entry 5). Also, the reaction was found to yield significant amount of the desired product when carried out under
traditional thermal heating condition (Table 3, Entry 6).

Table 3. Experiments on other CO sources

B Pd(OAc),/Xantphos, J
T Imidazole, MgCl, l:l;N
o CO source,

90 °C, 30 min, M/W

Entry  Carbonyl Temp Yield(%)"

source (°C)
1 Coy(CO) 90 85
2 Cr(CO)¢ 90 20
3 Mo(CO)s 90 44
4 W(CO)s 90 -
5 co,’ 80 57
6° Cox(CO)s 90 64

“Isolated yield, * 0.3 eqv. of cobalt carbonyl per eqv. of aryl halide, ©0.5 eqv. of Cr, Mo, W- metal carbonyls per eqv. of aryl
halide, ¢ The reaction was executed in‘autoclave equipment at 1 atm pressure for 14 h. ® Reaction executed in traditional thermal heating

condition.

Based on the foregoing results and discussion the following mechanism has been tentatively proposed for the
carbonylation of aryl halides (Figure 2). The transformation of I to IV is well established and documented in
literature.'® The conversion of IV to V is supported by the observation that the added imidazole significantly
increased the yield of the product. This is further supported by the fact that, the reaction of VII with V to yield

the corresponding B-ketoester is known in literature.'’
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Figure 2. Plausible reaction mechanism

In summary, we have demonstrated the synthesis of PB-ketoesters directly from aryl and heteroaryl
halides using cobalt carbonyl as an in sifu carbon monoxide source.'® This reaction is mainly useful for
laboratory scale synthesis of (-ketoesters as we did not observe high pressure (<1 bar observed) formation
during the course of microwave irradiation, hence safe. Further, the proposed methodology was found to work
well with both arylbromide and aryl iodides possessing electron releasing and withdrawing substituents without
the use of external CO gas.

Supporting Information Supplementary data (synthesized compounds) associated with this article can be

found, in the online version, at http:/
References and notes

1. (a) Schoenberg, A.; Bartoletti, L.; Heck, R. F. J. Org. Chem. 1974, 39, 3318-3326. (b) Schoenberg, A.; Heck,
R. F. J. Org..Chem. 1974, 39, 3327-3331. (c) Munday, R. H.; Martinelli, J. R.; Buchwald, S. L. J. Am. Chem.
Soc. 2008, 130, 2754-2755. (d) Brennfuhrer, A.; Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2009, 48,

4114-4133.

2. (a) Wan, Y.; Alterman, M.; Larhed, M.; Hallberg, A. J. Org. Chem. 2002, 67, 6232-6235. (b) Wan, Y.;
Alterman, M. Larhed, M.; Hallberg, A. J. Comb. Chem. 2003, 5, 82-84. (c) Baburajan, P.; Senthilkumaran, R.;
Elango, K. P. New J. Chem. 2013, 37, 3050-3056. (d). Baburajan, P.; Elango, K. P. Tetrahedron Lett. 2014, 55,

1006-1010.



3. (a) Negishi, E.; Miller, J. A. J. Am. Chem. Soc. 1983, 105, 6761-6763. (b) Wu, X. F.; Neumann, H.; Beller,
M. Angew. Chem. Int. Ed. 2010, 49, 5284-5287. (c) Wu, X. F.; Neumann, H.; Spannenberg, A.; Schulz, T.; Jiao,

H.; Beller, M. J. Am. Chem. Soc. 2010, 132, 14596-14602.

4. (a) Huang, Y.; Alper, H. J. Org. Chem. 1991, 56, 4347-4354. (b) Wu, X. F.; Neumann, H.; Beller, M. Chem:

Eur. J. 2010, 16, 12104-12107. (c) Lizuka, M.; Konda, Y. Eur. J. Org. Chem. 2007, 5177-5180.

5. (a) Negishi, E.; Zhang, Y.; Shimyama, L; Wu, G. J. Am. Chem. Soc. 1989, 111, 8018-8020.(b) Peng, C.;
Cheng, J.; Wang, J. J. Am. Chem. Soc. 2007, 129, 8708-8709. (c) Wu, X. F.; Anbarasan, P.; Neumann, H.;

Beller, M. Angew. Chem. Int. Ed. 2010, 49, 7316-7319.

6. (a) Ishiyama, T.; Miyaura, N.; Suzuki, A. Bull. Chem. Soc. Jpn. 1991, 64, 1999-2001. (b) Neumann, H.;

Brennfuhrer, A.; Beller, M. Chem-Eur. J. 2008, 14, 3645-3652.

7. (a) Kikukava, K.; Idemoto, T.; Katayama, A.; Kono, K.; Wada, F.; Matsuda, T. J. Chem. Soc. Perkin Trans.

1,1987, 1511-1514. (b) Echavareen, A. M.; Stille, J. K. J. Am. Chem. Soc. 1988, 110, 1557-1565.

8. (a) Tamaru, Y.; Ochiai, H.; Yamada, Y.; Yoshida, Z. Tetrahedron Lett. 1983, 24, 3869. (b) Custar, D. W.; Le,

H.; Morken, J. P. Org. Lett. 2010, 12, 3760-3872.

9. (a) Rathke, M. W.; Lindert, A. J. Am. Chem. Soc. 1971, 93, 2318-2320. (b) Tomozane, H.; Takeuchi, Y.;
Yamato, M. Chem. Pharm. Bull. 1988, 36, 401-404. (c) Sato, T.; Itoh, T.; Fujisawa, T. Chem. Lett. 1982, 1559-
1560. (d) Galliford, V.; Scheidt, A. Chem. Commun. 2008, 1926-1928. (e) Katritzky, A. R.; Wang, Z.; Wang,
M.; Wilkerson, C. R.; Hall, C. D.; Akhmedov, G. J. Org, Chem. 2004, 69, 6617-6622. (f) Wierenga, W.;

Skulnick, H. I J. Org: Chem. 1979, 44, 310-311.

10. Ranu, B. C.; Bhar, S. J. Chem. Soc. Perkin Trans. 1,1992, 365-368.

11. (a) Ryoichi, A.; Sakaki, T.; Jikihara, T. J. Org. Chem. 2001, 66, 3617-3618. (b) Wahl, B.; Bonin, H.;
Mortreux, A.; Giboulot, S. Liron, F.; Poli, G.; Sauthier, M. Adv. Synth. Catal. 2012, 354, 3105-3114. (c) Stille,
J. K.; Wong, P. K. J. Org. Chem. 1975, 40, 532-534. (d) Lapidus, A. L.; Eliseev, O. L. Bondarenko, T. N. Sizan,

0. E.; Ostapenko, E. G.; Beletskaya, 1. P. Kinet. Catal. 2004, 45, 234-238.

12. Kobayashi, T,; Tanaka, M. Tetrahedron Lett. 1986, 27, 4745-4748.

13. Torii, S.; Okumoto, H.; Xu, L. H. Tetrahedran Lett. 1990, 31, 7175-7177.



14. Korsager, S.; Nielsen, D. U.; Tanning, R. H.; Skrydstrup, T. Angew. Chem. Int. Ed. 2013, 52, 1-5.

15. Martinelli, R.; Clark, P.; Watson, P.; Munday, H.; Buchwald. L. Angew. Chem. Int. Ed. 2007, 46, 8460-

8463.

16. (a) Brennfuhrer, A.; Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2009, 48, 4114-4133. (b) LukeOdell,

R.; Russo, F.; Larhed, M. Synlett. 2012, 23, 685-698.

17. a) Benetti, S.; Romagnoli, R. Chem. Rev. 1995, 95, 1065-1114. (b) Wang, X.; Monte, T.; Napier, J.;

Ghannam, A. Tetrahedron Lett. 1994. 35, 9323-9326.

18. General procedure for the synthesis of B-ketoesters of aryl halides (I, Br). To a stirred mixture of aryl or
heteroaryl halide (Br, I) (0.5 mmol), potassium mono ethyl malonate (0.75 mmol) in THF (10 mL) taken in a 30
mL microwave vial, was added Pd(OAc), (5 mol%), xantphos (5 mol %), MgCl, (0.75), Et;N ( 0.75 mmol),
imidazole (1 mmol) followed by Co,(CO)g (0.15 mmol). The vial was sealed immediately and microwave
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pure compound.

All the compounds (3a-w) in Scheme 1 were prepared by adopting the same procedure using the
corresponding aryl halides (Br, I). The products were characterized using 'H and °C NMR spectral techniques
(see supporting information) and LCMS or UPLC mass spectrometry. The spectra results of 'H NMR & "C
NMR studies indicated the existence of most of the products in keto-enol tatuomeric form wherein keto form is

present in-excess.



Highlights

* Direct one pot synthesis of B-ketoesters from wide variety of aryl halides.
* Cobalt carbonyl as an in sifu CO source in microwave irradiation without CO gas.

* This is one of very few methods of making B-ketoesters in good yields.
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Graphical Abstract

One pot direct synthesis of p-ketoesters via carbonylation of aryl halides using Cobalt
carbonyl
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