C—H Activation

Ang

Internatic

International Edition: DOI: 10.1002/anie.201507087
German Edition: DOI: 10.1002/ange.201507087

Manganese(I)-Catalyzed C-H Aminocarbonylation of Heteroarenes

Weiping Liu, Jonas Bang, Yujiao Zhang, and Lutz Ackermann*

Dedicated to Professor Paul Knochel on the occasion of his 60th birthday

Abstract: A versatile manganese(l) catalyst was employed in
C—H aminocarbonylation reactions of heteroarenes with aryl
as well as with alkyl isocyanates using a removable directing
group approach. Detailed experimental mechanistic studies
were suggestive of an organometallic C—H manganesation step,
followed by a rate-determining migratory insertion.

The direct utilization of otherwise inert C—H bonds as latent
functional groups has received considerable attention,
because it avoids the use of prefunctionalized substrates.!"
In this context, over the last decade powerful transition-metal
catalysts for C—H activation have been developed, which have
enabled a streamlining of organic synthesis.!!! For instance, the
step-economical assembly of aryl amides proved viable
through C—H functionalizations using easily accessible iso-
cyanates,”” with key contributions by the groups of Kuninobu/
Takai, Bergman/Ellman, Cheng, Li, and our group.”! Reac-
tions of this type could be successfully achieved using
catalysts derived from the versatile, yet rather expensive, 4d
or 5d transition metals rhodium, rhenium, or ruthenium. In
contrast, only two very recent reports by us* and Ellman
et al.”! highlighted the potential of more naturally abundant
3d cobalt complexes for C—H aminocarbonylation reactions.
Despite this considerable advance, the approach was limited
to complexes employing the relatively expensive Cp*Co™
motif (Cp* = pentamethylcyclopentadienyl).

Although manganese is the third most abundant transition
metal, organometallic®™® C—H functionalization reactions
with manganese complexes are unfortunately scarce,”!
despite notable recent progress from the groups of Kuni-
nobu/Takai"” and Wang!'!! as well as from our group.'”
Within our program on sustainable catalysis,!"” we have now
developed an expedient chelation-assisted manganese-cata-
lyzed C—H aminocarbonylation, on which we report herein.
Notable features of our findings include: i) an unusually
broad substrate scope featuring challenging sterically bulky
alkyl isocyanates; ii) the use of synthetically useful removable
directing groups (rDG);""! and iii) a detailed mechanistic
insight into the working mode of the catalysts (Figure 1).
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At the outset of our studies, we tested reaction conditions
for the C—H aminocarbonylation of indole 1a with isocyanate
2a (Table 1). The desired product 3aa could be obtained with
[Mn,(CO),(] as the catalyst using toluene as the solvent
(entry1). In contrast to recent cobalt-catalyzed
approaches,™ the manganese-catalyzed C—H aminocarbo-
nylation also occurred in the absence of any additional ligands
or additives. Although the catalytic efficacy was only slightly
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Figure 1. Manganese-catalyzed C—H aminocarbonylation.

Table 1: Optimization of the manganese-catalyzed C—H aminocarbony-
lation.®

(o]
0
I+ e, e (8
N O additive (20 mol %) N  HN-Ph

\ \
2py s{"‘{g’}: 2py

1a 2a 3aa
Entry  Catalyst Additive  Solvent T[°C]  Yield [%]™
1 [Mn,(CO),] - PhMe 120 56
2 [Mn,(CO),]  NaOAc  PhMe 120 4719
3 [MnBr(CO)s] NaOAc  PhMe 120 70
4 [MnBr(CO)s]  NEt, PhMe 120 791
5 [MnBr(CO)s]  PPh, PhMe 120 <3H
6 [Mn,(CO),]  NaOAc  Et,0 100 76
7 [Mn,(CO),]  NaOAc  1,4-dioxane 100 330
8 [Mn,(CO);,] NaOAc  DME 100 140
9 [MnBr(CO)s] NaOAc  Et,0 100 84
10 [MnBr(CO);] - PhMe 120 61
11 [MnBr(CO)s] - THF 100 78
12 [MnBr(CO)s] - MTBE 100 80
13 [MnBr(CO);] - nBu,0 100 91
14 [MnBr(CO);] - Et,0 100 95
15 [MnBr(CO)s] - - 100 83
16 [Mn,(CO),] - Et,0 100 89
17 - - Et,0 100 -
18 Mncl, - Et,0 100 -
19 Mn(OAc), - Et,0 100 -

[a] Reaction conditions: Ta (0.50 mmol), 2a (0.55 mmol), [Mn]

(10 mol %), additive (20 mol %), solvent (1.0 mL), 100°C, 16 h. [b] Yield
of isolated product. [c] 2a (1.0 mmol). [d] NMR conversion with CH,Br,
as the internal standard. DME =1,2-dimethoxyethane; MTBE = methyl-
tert-butyl ether; py = pyridyl.
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improved with [MnBr(CO)s] as the catalyst in the presence of
a tertiary amine (entries 2-5), the most effective C—H amino-
carbonylations were achieved with ethereal solvents
(entries 6-13. Optimal results were, hence, obtained in
ethers as the solvent with [MnBr(CO)s] as the catalyst of
choice (entries 12-16). Furthermore, test reactions clearly
showed that the C—H functionalization did not occur in the
absence of the catalyst or when employing simple manganese
salts (entries 17-19).

With the optimized catalytic system in hand (Table 1,
entries 13 and 14), we explored its versatility in the C—H
functionalization of indole 1a (Scheme 1). Using these
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Scheme 1. Manganese-catalyzed C—H aminocarbonylation with isocya-
nates 2. [a] nBu,O used as solvent.

reaction conditions, a variety of substituted aryl isocyanates
2 was smoothly converted into the corresponding products 3.
The reaction conditions demonstrated considerable tolerance
of valuable functional groups, such as alkyl or aryl halides. It is
important to note that the manganese(I) catalyst also proved
applicable to more challenging electron-rich alkyl isocyanates
2. Intriguingly, in contrast to the cobalt(III)-catalyzed reac-
tion,™*! even isocyanate 2m bearing a sterically hindered
secondary alkyl group underwent the C—H functionalization,
with the product obtained in a synthetically useful yield.
Likewise, the congested ortho-substituted aryl isocyanate 2n
and the heteroaromatic substrate 20 were converted with
high catalytic efficacy.

Moreover, diversely decorated indoles 1 proved to be
amenable for the site-selective C—H functionalization process
(Scheme 2). The C—H aminocarbonylation reaction was
shown to be highly chemoselective, as reflected by the
smooth conversion of indoles bearing bromo, iodo, ester, or
ketone groups, among others. Sterically encumbered sub-
strates 1j and 1k featuring substituents in the C3 position
were also found to be suitable substrates. Notably, the
manganese(I) catalyst was not limited to indole substrates,
but pyrroles 4 underwent the C—H functionalization with
comparable levels of catalytic efficacy. It is noteworthy that
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Scheme 2. Manganese-catalyzed C—H activation with indoles 1 and
pyrroles 4. [a] nBu,O used as solvent.

the aminocarbonylation of substrate 4b chemoselectively
delivered the mono-functionalized pyrrole Sba as the sole
product.

In light of the unique features of the manganese-catalyzed
C—H aminocarbonylation reaction, we sought to delineate the
mode of action of the catalyst. To this end, we performed
reactions with isotopically-labeled substrates (Scheme 3).
First, we found that manganese-catalyzed H/D exchange
was facile in this system.'®! In agreement with this finding,
only a minor kinetic isotope effect (KIE) was found in
independent reactions using either substrate la or the
monolabeled analogue [D,]-1a (Scheme 3b). These observa-
tions are indicative of a fast and reversible C—H mangane-
sation process.

Intermolecular competition experiments revealed elec-
tron-deficient isocyanates 2 and electron-rich indoles 1 to be

a) Facile H/D exchange (see the Supporting Information)

b) Minor KIE:
[MNnBr(CO)s] o
)
mH/D + Ph/N“C\\ —(omal%) @f\B—«
N 0 Etz0 N N-Ph
2-py 100 °C 2.py HID
1a/[Dq]-1a 2a 3aa/[Dq]-3aa

Scheme 3. Studies with isotopically labeled compounds.
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Scheme 4. Intermolecular competition experiments.

inherently most reactive (Scheme 4), which can be rational-
ized in terms of a rate-determining nucleophilic attack of the
metallated indole on the coordinated isocyanate electrophile
2.

Additionally, evidence for an organometallic activation
mode was gathered by successful manganese(I)-catalyzed C—
H functionalizations under either an atmosphere of air or in
the presence of stoichiometric amounts of the radical
scavenger 2,2,6,6,-tetramethylpiperidine-N-oxide (TEMPO;
Scheme 5).

[MnBr(CO)s] o
0,
N Etzo N HN-Ph
2-py 100°C, 16 h 2°py
1a 3aa
Standard conditions: 95%
In air (1 atm): 70%

With TEMPO (1.0 equiv): 79%

Scheme 5. Evidence supporting an organometallic activation mode for
the C—H functionalization process.

Overall, our experimental mechanistic studies are sugges-
tive of a fast C—H manganesation, which is followed by
coordination of the isocyanate 2 to the thus formed cyclo-
metalated complex 7 (Scheme 6). Thereafter, coordination
and rate-determining isocyanate insertion generates inter-
mediate 9. Finally, proto-demetalation liberates the desired
product 3 and regenerates the catalytically active manganese-
(I) complex.

The synthetic utility of the manganese(I)-catalyzed C—H
aminocarbonylation strategy was illustrated by devising
a powerful procedure for the traceless removal of the pyridyl
directing group (Scheme 7a). Moreover, the late-stage diver-
sification of amides 10 provided versatile access to valuable
quinoxalinones 11 in a step-economical manner (Scheme 7b).

In summary, we have reported the first manganese-
catalyzed aminocarbonylation by C—H bond activation. The
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Scheme 6. Proposed catalytic cycle.
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b) C—H activation product diversification

2/?
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0
=

11a: 80%
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Scheme 7. Diversification of C—H activation products. Reagents and
conditions: i) 1-Fluoro-2-nitrobenzene, Cs,CO;, CH,;CN, 90°C, 12 h.
i) Cul (cat.), L-proline (cat.), NaH, DMF, 150°C, pw, 5 min.

optimized manganese(I) catalyst was highly functional-group
tolerant and allowed for C—H functionalizations on syntheti-
cally useful heteroarenes with ample scope. Detailed mech-
anistic studies provided strong evidence for an organometallic
C—H manganesation, along with a rate-determining migra-
tory isocyanate insertion step.

www.angewandte.org

die

Chemie

14139


http://www.angewandte.org

14140 www.angewandte.org

Angewandte

Communications

Acknowledgements

Generous support by the European Research Council under
the European Community’s Seventh Framework Program
(FP7 2007-2013)/ERC Grant agreement no. 307535, and the
Chinese Scholarship Program (fellowship to W.L.) is grate-
fully acknowledged.

Keywords: C—H activation - indoles - isocyanates - manganese -
reaction mechanisms

How to cite: Angew. Chem. Int. Ed. 2015, 54, 14137-14140
Angew. Chem. 2015, 127, 1434314346

[1] For representative recent reviews on C—H bond activation, see:
a) B. Ye, N. Cramer, Acc. Chem. Res. 2015, 48, 1308-1318; b) K.
Shin, H. Kim, S. Chang, Acc. Chem. Res. 2015, 48, 1040-1052;
c) O. Daugulis, J. Roane, L. D. Tran, Acc. Chem. Res. 2015, 48,
1053-1064; d) B. Liu, F. Hu, B.-F. Shi, ACS Catal. 2015, 5, 1863 -
1881; e) Y. Segawa, T. Maekawa, K. Itami, Angew. Chem. Int.
Ed. 2015, 54, 66—81; Angew. Chem. 2015, 127, 68-83; f) M.
Zhang, Y. Zhang, X. Jie, H. Zhao, G. Li, W. Su, Org. Chem.
Front. 2014, 1, 843-895; g) L. Ackermann, J. Org. Chem. 2014,
79, 8948 —8954; h) T. Mesganaw, J. A. Ellman, Org. Process Res.
Dev. 2014, 18,1097 -1104; i) S. Tani, T. N. Uehara, J. Yamaguchi,
K. Ttami, Chem. Sci. 2014, 5, 123-135; j)S. A. Girard, T.
Knauber, C.-J. Li, Angew. Chem. Int. Ed. 2014, 53, 74—-100;
Angew. Chem. 2014, 126, 76—-103; k) G. Rouquet, N. Chatani,
Angew. Chem. Int. Ed. 2013, 52, 11726-11743; Angew. Chem.
2013, 125, 11942-11959; 1) J. Wencel-Delord, F. Glorius, Nat.
Chem. 2013, 5, 369-375; m) D. J. Schipper, K. Fagnou, Chem.
Mater. 2011, 23, 1594-1600; n) C. S. Yeung, V. M. Dong, Chem.
Rev. 2011, 111, 1215-1292; 0) T. Satoh, M. Miura, Chem. Eur. J.
2010, 76, 11212-11222; p) O. Daugulis, Top. Curr. Chem. 2010,
292, 57-84; q) R. Giri, B.-F. Shi, K. M. Engle, N. Maugel, J.-Q.
Yu, Chem. Soc. Rev. 2009, 38, 3242-3272; r) L. Ackermann, R.
Vicente, A. Kapdi, Angew. Chem. Int. Ed. 2009, 48, 9792 -9826;
Angew. Chem. 2009, 121,9976-10011; s) X. Chen, K. M. Engle,
D.-H. Wang, J.-Q. Yu, Angew. Chem. Int. Ed. 2009, 48, 5094 —
5115; Angew. Chem. 2009, 121, 5196-5217.

[2] A.D. Allen, T. T. Tidwell, Chem. Rev. 2013, 113, 7287 -7342.

[3] For C—H bond functionalizations with isocyanates employing
[Rh] catalysts, see: a) X.-Y. Shi, K.-Y. Liu, J. Fan, X.-F. Dong, J.-
F. Wei, C.-J. Li, Chem. Eur. J. 2015, 21, 1900-1903; b) X.-Y. Shi,
A. Renzetti, S. Kundu, C.-J. Li, Adv. Synth. Catal. 2014, 356,
723-728; c) K. D. Hesp, R. G. Bergman, J. A. Ellman, J. Am.
Chem. Soc. 2011, 133, 11430-11433; [Ru]catalysts: d)S.
De Sarkar, L. Ackermann, Chem. Eur. J. 2014, 20, 13932 -
13936; e) K. Muralirajan, K. Parthasarathy, C.-H. Cheng, Org.
Lert. 2012, 14, 4262-4265; [Re] catalysts: f) X. Geng, C. Wang,
Org. Biomol. Chem. 2015, 13, 7619-7623; g) Y. Kuninobu, Y.
Tokunaga, A. Kawata, K. Takai, J. Am. Chem. Soc. 2006, 128,
202-209; h) For the recent use of precious-metal rhodium

catalysts for C—H transformations with acyl azides, see: K. Shin,
J. Ryu, S. Chang, Org. Lett. 2014, 16, 2022-2025.

[4] J. Li, L. Ackermann, Angew. Chem. Int. Ed. 2015, 54, 8551 -
8554; Angew. Chem. 2015, 127, 8671 —-8674.

[5] J. R. Hummel, J. A. Ellman, Org. Lett. 2015, 17, 2400—-2403.

[6] a) W. Liu, J. T. Groves, Acc. Chem. Res. 2015, 48, 1727-1735;
b) A. Gunay, K. H. Theopold, Chem. Rev. 2010, 110, 1060—1081.

[7] For selected recent examples, see: a) D. Shen, C. Miao, S. Wang,

C. Xia, W. Sun, Org. Lett. 2014, 16, 1108—1111; b) W. Liu, J. T.

Groves, Angew. Chem. Int. Ed. 2013, 52, 6024-6027; Angew.

Chem. 2013, 125, 6140-6143; c)J. J. Dong, D. Unjaroen, F.

Mecozzi, E. C. Harvey, P. Saisaha, D. Pijper, J. W. de Boer, P.

Alsters, B. L. Feringa, W. R. Browne, ChemSusChem 2013, 6,

1774-1778; d) W. Liu, X. Huang, M.-J. Cheng, R.J. Nielsen,

W. A. Goddard III, J. T. Groves, Science 2012, 337, 13221325,

e) R. V. Ottenbacher, D.G. Samsonenko, E.P. Talsi, K.P.

Bryliakov, Org. Lett. 2012, 14, 4310-4313; f) X. Wu, M. S. Seo,

K. M. Davis, Y.-M. Lee, J. Chen, K.-B. Cho, Y. N. Pushkar, W.

Nam, J. Am. Chem. Soc. 2011, 133,20088-20091; g) W. Liu, J. T.

Groves, J. Am. Chem. Soc. 2010, 132, 12847 -12849; h) J. F. Hull,

D. Balcells, E. L. O. Sauer, C. Raynaud, G. W. Brudvig, R. H.

Crabtree, O. Eisenstein, J. Am. Chem. Soc. 2010, 132, 7605 -

7616; i) S. Das, C. D. Incarvito, R. H. Crabtree, G. W. Brudvig,

Science 2006, 312, 1941 -1943, and references therein.

For further examples of radical-based C—C bond formations,

see: a) K. Hattori, A. Ziadi, K. Itami, J. Yamaguchi, Chem.

Commun. 2014, 50, 4105-4107; b) A. Nakatani, K. Hirano, T.

Satoh, M. Miura, J. Org. Chem. 2014, 79,1377-1385;¢) Y. Unoh,

K. Hirano, T. Satoh, M. Miura, Angew. Chem. Int. Ed. 2013, 52,

12975-12979; Angew. Chem. 2013, 125, 13213-13217; d) K.

Oisaki, J. Abe, M. Kanai, Org. Biomol. Chem. 2013, 11, 4569 —

4572; e) X. Liu, B. Sun, Z. Xie, X. Qin, L. Liu, H. Lou, J. Org.

Chem. 2013, 78, 3104-3112, and references therein.

[9] C. Wang, Synletr 2013, 1606—1613.

[10] Y. Kuninobu, Y. Nishina, T. Takeuchi, K. Takai, Angew. Chem.
Int. Ed. 2007, 46, 6518 -6520; Angew. Chem. 2007, 119, 6638—
6640.

[11] a) R.He, Z.-T. Huang, Q.-Y. Zheng, C. Wang, Angew. Chem. Int.
Ed. 2014, 53, 4950-4953; Angew. Chem. 2014, 126, 5050—5053;
b) B. Zhou, P. Ma, H. Chen, C. Wang, Chem. Commun. 2014, 50,
14558 -14561; ¢) B. Zhou, H. Chen, C. Wang, J. Am. Chem. Soc.
2013, 735, 1264 -1267.

[12] W. Liu, D. Zell, M. John, L. Ackermann, Angew. Chem. Int. Ed.
2015, 54, 4092 -4096; Angew. Chem. 2015, 127, 4165 -4169.

[13] a) L. Ackermann, Acc. Chem. Res. 2014, 47, 281-295; b) L.
Ackermann, Pure Appl. Chem. 2010, 82, 1403-1413; c) L.
Ackermann, Synlett 2007, 507 —526.

[14] F. Zhang, D. R. Spring, Chem. Soc. Rev. 2014, 43, 6906 -6919.

[15] G. Rousseau, B. Breit, Angew. Chem. Int. Ed. 2011, 50, 2450 -
2494; Angew. Chem. 2011, 123, 2498 —2543.

[16] For detailed information, see the Supporting Information.

8

—_

Received: July 30, 2015
Published online: September 29, 2015

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. Int. Ed. 2015, 54, 1413714140


http://dx.doi.org/10.1021/acs.accounts.5b00092
http://dx.doi.org/10.1021/acs.accounts.5b00020
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1021/ar5004626
http://dx.doi.org/10.1021/acscatal.5b00050
http://dx.doi.org/10.1021/acscatal.5b00050
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/anie.201403729
http://dx.doi.org/10.1002/ange.201403729
http://dx.doi.org/10.1039/C4QO00068D
http://dx.doi.org/10.1039/C4QO00068D
http://dx.doi.org/10.1021/jo501361k
http://dx.doi.org/10.1021/jo501361k
http://dx.doi.org/10.1021/op500224x
http://dx.doi.org/10.1021/op500224x
http://dx.doi.org/10.1039/C3SC52199K
http://dx.doi.org/10.1002/anie.201304268
http://dx.doi.org/10.1002/ange.201304268
http://dx.doi.org/10.1002/anie.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1002/ange.201301451
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1038/nchem.1607
http://dx.doi.org/10.1021/cm103483q
http://dx.doi.org/10.1021/cm103483q
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1021/cr100280d
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1002/chem.201001363
http://dx.doi.org/10.1039/b816707a
http://dx.doi.org/10.1002/ange.200902996
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/anie.200806273
http://dx.doi.org/10.1002/ange.200806273
http://dx.doi.org/10.1021/cr3005263
http://dx.doi.org/10.1002/chem.201406031
http://dx.doi.org/10.1002/adsc.201300834
http://dx.doi.org/10.1002/adsc.201300834
http://dx.doi.org/10.1021/ja203495c
http://dx.doi.org/10.1021/ja203495c
http://dx.doi.org/10.1021/ol302000a
http://dx.doi.org/10.1021/ol302000a
http://dx.doi.org/10.1039/C5OB01121C
http://dx.doi.org/10.1021/ja054216i
http://dx.doi.org/10.1021/ja054216i
http://dx.doi.org/10.1021/ol500602b
http://dx.doi.org/10.1002/anie.201501926
http://dx.doi.org/10.1002/anie.201501926
http://dx.doi.org/10.1002/ange.201501926
http://dx.doi.org/10.1021/acs.orglett.5b00910
http://dx.doi.org/10.1021/acs.accounts.5b00062
http://dx.doi.org/10.1021/cr900269x
http://dx.doi.org/10.1021/ol4037083
http://dx.doi.org/10.1002/anie.201301097
http://dx.doi.org/10.1002/ange.201301097
http://dx.doi.org/10.1002/ange.201301097
http://dx.doi.org/10.1002/cssc.201300378
http://dx.doi.org/10.1002/cssc.201300378
http://dx.doi.org/10.1126/science.1222327
http://dx.doi.org/10.1021/ol3015122
http://dx.doi.org/10.1021/ja208523u
http://dx.doi.org/10.1021/ja105548x
http://dx.doi.org/10.1021/ja908744w
http://dx.doi.org/10.1021/ja908744w
http://dx.doi.org/10.1126/science.1127899
http://dx.doi.org/10.1039/c4cc01376j
http://dx.doi.org/10.1039/c4cc01376j
http://dx.doi.org/10.1021/jo4027885
http://dx.doi.org/10.1002/anie.201307211
http://dx.doi.org/10.1002/anie.201307211
http://dx.doi.org/10.1002/ange.201307211
http://dx.doi.org/10.1039/c3ob40855h
http://dx.doi.org/10.1039/c3ob40855h
http://dx.doi.org/10.1021/jo4000674
http://dx.doi.org/10.1021/jo4000674
http://dx.doi.org/10.1055/s-0033-1339299
http://dx.doi.org/10.1002/anie.200702256
http://dx.doi.org/10.1002/anie.200702256
http://dx.doi.org/10.1002/ange.200702256
http://dx.doi.org/10.1002/ange.200702256
http://dx.doi.org/10.1002/anie.201402575
http://dx.doi.org/10.1002/anie.201402575
http://dx.doi.org/10.1002/ange.201402575
http://dx.doi.org/10.1039/C4CC07598F
http://dx.doi.org/10.1039/C4CC07598F
http://dx.doi.org/10.1021/ja311689k
http://dx.doi.org/10.1021/ja311689k
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/anie.201411808
http://dx.doi.org/10.1002/ange.201411808
http://dx.doi.org/10.1021/ar3002798
http://dx.doi.org/10.1039/C4CS00137K
http://dx.doi.org/10.1002/anie.201006139
http://dx.doi.org/10.1002/anie.201006139
http://dx.doi.org/10.1002/ange.201006139
http://www.angewandte.org

