
Subscriber access provided by University of Florida | Smathers Libraries

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Communication

A Combined Iron/Hydroxytriazole Dual Catalytic System
for Site Selective Oxidation Adjacent to Azaheterocycles

Julian C Cooper, Chaosheng Luo, Ryohei Kameyama, and Jeffrey F Van Humbeck
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.7b12864 • Publication Date (Web): 18 Jan 2018

Downloaded from http://pubs.acs.org on January 18, 2018

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



 

A Combined Iron/Hydroxytriazole Dual Catalytic System for Site 

Selective Oxidation Adjacent to Azaheterocycles 

Julian C. Cooper,
§
Chaosheng Luo,

φ§
Ryohei Kameyama,

Ω
and Jeffrey F.Van Humbeck

∝§*
 

§
Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139, United States 

Ω
Department of Material Chemistry, Graduate School of Engineering, Kyoto University, Nishikyo-ku, Kyoto 615-8510, Ja-

pan 

 

 Supporting Information Placeholder

ABSTRACT:This report details a new method for site-

selective methylene oxidation adjacent to 

azaheterocycles.A dual catalysis approach, utilizing both 

an iron Lewis acid and an organic hydroxylamine 

catalyst proved highly effective.We demonstrate thatthis 

method provides complementary selectivity to other 

known catalytic approaches and represents an 

improvement over current heterocycle-selective 

reactions that rely on stoichiometric activation. 

 Nitrogen-containing heterocyclesare key motifs 

found in an array of pharmaceuticals, agrochemicals and 

natural products.
1
Specifically, over 250 FDA-approved 

drugs include aromatic azaheterocycles.
1b

 New 

techniquesthatpredictably diversify these substructures 

in complex settingswill enablefurther discovery.
2
For 

example, systems that could oxidize heterobenzylic 

sp
3
C-H bonds in the presence of other reactive positions 

would circumvent more common methods for the 

synthesis ofcomplex heterobenzylic ketones, 

whichoftenrequire multi-step sequences.
3
Such 

technology would also allow for late-stage synthesis of 

potential metabolites.
4 

 The overwhelming majority of known benzylic 

oxidation methods cannot be used to site-selectively 

oxidize adjacent to azaheterocycles.
5
 A comparison of 

the reactivity of an alkylbenzene (1) and alkylpyridine 

(2)shows why(Scheme 1), and we experimentally 

confirm these following statements:We expected hydride 

abstraction or single electron transfer (Scheme 1a) to be 

selective for electron rich positions.
6
 A number of 

hydrogen atom transfer (HAT) oxidations are known 

(Scheme 1b),
7
 but most HAT mediating agents typically 

display modest to good selectivity for nucleophilic 

positions.
8
 Heterobenzylic deprotonation is potentially 

viable, but has only been demonstrated withactivated 

positions where the pKa of the benzylic C-H 

issignificantlylowered.
9
 Several methods have been 

shown to allow for selective oxidation at positions away 

from the

 
Scheme 1. Knownsite selectivity of oxidation by 

different mechanistic pathways (a–c) and our proposed 

strategy (d). 

 

 azaheterocycle.
10

 An important advance was realized by 

Leiand Zhuo in 2015 (Scheme 1c),
11

 where they 

demonstratedthat azaheterocycles could be activatedby 
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alkylation. Whilethis represented a significant 

improvement, the use of a stoichiometricelectrophilic 

activator may limit applications in 

 

Received: XX 

Published: XX 

complex settings. A fully catalytic system for 

heterocycle-selective oxidation remains absent and is 

highly desirable. 

 We envisioned a dual-catalytic approach to address 

this need (Scheme 1d). Thermodynamic and kinetic 

studies have demonstrated that metal coordination can 

modulate homolytic C-H, C-C, and X-H bond strength 

and reactivity, and we aimed to use these effects to 

enforce site-selectivity.
12

 We further aimed to fine tune 

selectivity by optimizing thestructure of a second 

organic catalyst, inspired by the known HAT ability of 

N-hydroxyphthalimide (NHPI).
13

 Herein, we describe 

the successful execution of this design plan. 

 Wefirst investigated known oxidation methods 

(Table 1). DDQ is completely selective for ethylbenzene 

(1) over ethylpyridine (2) (entry 1). A number of reports 

have described the non-competitive oxidation of 

alkylheterocycles.They displayed either low reactivity 

(entry 2) or favored benzylic oxidation (entries 3-5) in 

this competitive setting.
14

Thestoichiometric alkylation 

strategy of Zhuo and Lei (entry 6, 87:1) served as a 

benchmark for our own investigations. 

 We were drawn to copper and iron for their benign 

nature. Cu(OTf)2 and Fe(BF4)2•6H2O proved to be the 

most effective of each element from several simple salts 

tested (see Supporting Information). A selection of 

multi-dentate ligands andpotential HAT catalysts were 

investigated (Table 2) in a competition experiment 

featuring ethylpyridine (1) and ethylbenzene (2). 

Cu(OTf)2 performed poorly independent of ligand 

(entries 1-3), whileFe(BF4)2-based systems showeda 

strikingdependence (entries 4-9). Tris(pyrazole)borate 

(11) is uniquely effective (entry 7, 74%, 44:1 

selectivity):the closelyrelated tris(pyrazole)methane (12) 

only delivered trace product (entry 8, 2.4%). Not all iron 

sources showed such dependence: FeCl2 can deliver 

modest yield (38%) even in the absence of ligand, and 

only delivers slightly higher yield (44%) with ligand 11 

included (TableS1, Supporting Information). Yield 

andselectivityimprovedfurther with Fe(BF4)2 by tuning 

HAT catalyst structure(entries 7, 10-12). 1-Hydroxy-7-

azabenzotriazole (HOAt, 8) delivered optimal chemical 

yield and siteselectivity (entry 12,  86%, 95:1 

selectivity). Reactions lacking a HAT catalyst still 

showed 
 

Table 1. An evaluation of current oxidation 

methodology. 

 
Table 2. Metal, ligand, and organic HAT 

catalystevaluation. 

 
 

modest conversion (37%, entry 13), which may reflect 

these iron(II) complexes’ ability to  directly activate 

dioxygen.
15

Still, the full system composed of 

Fe(BF4)2/11/8 clearly delivered the best performance.A 

three-substratecompetition also showed that 

heterocycleselectivity was high in the presence of 

electron-rich and poor positions (Scheme 2, 1 vs. 14 vs. 

15).These conditions typically result in full conversion 

when secondary C-H bonds are present at the reactive 

position. Primary or tertiary bonds return significant 
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starting materials (25-40%, see Supporting Information). 

 We applied our newly designed C-H oxidation 

method to pyridines with multiple benzylic 

positions.Avariant of Ishii’sconditions,
14c, 16

 was used for 

comparison, as a representativesystem that favors 

electron-rich benzylic positions (Table 3). With our 

conditions, we do not observe single oxidation at 

theundesired aromatic position (site ‘O’). In cases where 

smallamounts of byproduct could be isolated, the 

structures 

 

 
Scheme 2. Aromatic electronic effects on site selectivity. 

Table 3. Selective oxidation adjacent to 

pyridine/quinoline. 

 

 

appeared to have undergone oxidation at both reactive 

position (entries 3, 6, 7, and 8 “X+O”). With the 

exception of substitution at both biaryl ortho positions 

(entry 8), useful results were obtained throughout (42-

90% yield, 19:1 or better selectivity).   This was trueboth 

when the benzylicpositionswere adjacent to 

separaterings (entries 1, 4-9) or located on the same ring 

system (entries 2 and 3). These conditions are also 

compatible with benzylic heteroatoms. A direct ether-to-

ester conversion is possible(entries 6 and 7), as well as 

the conversion of anamide to an imide (vide infra).3-

ethylpyridine is entirely unreactive, while 2-

ethylpyridine is modestly reactive (25%, see 

SupportingInformation).Ishii’sconditions give 

theopposite selectivityin every case where reaction was 

observed(entries 1, 3-5, 9).One 

othernoteworthybyproductwas observed in entry 9. 

Cyclization to form a pyran (16)likely occurs during 

breakdown of an  

Table 4. Oxidation of pyrimidines and quinazolines. 

 
 

intermediate hydroperoxide. Measurable amounts (~3%) 

of an analogous byproduct could also be observed in 

entry 8. 

 We next investigated pyrimidines and quinazolines 

(Table 4).  Again, our conditions completely distinguish 
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between reactive positions adjacent to separate rings 

(entries 3, 5-6) or on the same ring (entries 1, 4, 7-8). 

While cobalt-catalyzed conditions were selective for the 

heterobenzylic position in many cases, across the range 

of substrates shown, iron-based conditions were either 

higher yielding or more selective—or both—in all cases. 

As the heterocycle–iron interaction is disfavored by 

steric congestion the oxidation systemsbegin to 

converge, as would be expected (c.f. entry 2vs. 7 and8). 

We have encountered two noteworthylimitations: As 

with many dioxygen-based systems, N-dealkylation of 

alkylamines is observed.
17

 Strongly chelating 

substituents (e.g. 2-acetamido) are not currently 

tolerated. 

 Finally, we were pleasedto see our conditions 

wereamenableto direct modificationof a 

pharmaceuticalagent: the anti-muscarinic agent 

tropicamide could be directly oxidized at the 

heterobenzylic position (Scheme 3). Inaddition to the 

carbonyl product (18, 55% yield), trapping ofan initial 

oxidation product by cyclization also produces 

aninteresting cyclized derivative (19, 11% yield). 

Cobalt-catalyzed conditions only resulted in substrate 

acetylation. 

Scheme 3. Direct oxidation of tropicamide 

 
 

 Given the reaction response to both catalyst 

structures, we believe that C-H cleavage occurs by HAT 

from a metal-coordinated
12

 heterocycle. The resulting 

radical then delivers carbonyl products through an 

autoxidation mechanism.
18 

We have initiated 

mechanistic studies to either support of oppose this 

speculation, with the aim to increase reactivity toward 

primary and tertiary positions, and understand factors 

controlling chemoselectivity (i.e. production of 

aldehydes vs. acids or tertiary alcohols vs. C-C bond 

fragmentation). These results will be reported in due 

course. 

ASSOCIATED CONTENT 

The Supporting Information is available free of charge on 

the ACS Publications website at DOI: 

10.1021/jacs.xxxxxxxxxx 

 Experimental procedures, optimization tables,GC 

traces, and characterization data for new compounds 

(PDF). 

AUTHOR INFORMATION 

Corresponding Author 

*jeffrey.vanhumbec1@ucalgary.ca 

Present Address 
φ
Department of Chemistry, Colorado State University, Ft. 

Collins, Colorado, USA 80523. 
∝
Department of Chemistry, University of Calgary, 2500 

University Dr NW, Calgary, Alberta, Canada, T2N 1N4 

ORCID 

Jeffrey Van Humbeck: 0000-0002-8910-4820 

Funding Sources 

Financial support was provided by MIT. J.C.C. holds an 

NSF graduate fellowship (NSF-GRFP). R.K. was supported 

on a graduate exchange fellowship by JGP, Kyoto 

University. 
Notes 

The authors declare no competing financial interest. 

ACKNOWLEDGMENT 

The organic and inorganic faculty at MITare thanked for 

access to equipment, chemicals, and many helpful 

discussions. 

REFERENCES 

(1)(a) Boger, D. L.; Miyauchi, H.; Hedrick, M. P.Bioorg. Med. Chem. 

Lett. 2001,11, 1517. (b) Vitaku, E.; Smith, D. T.; Njardarson, J. T.J. 

Med. Chem.2014,57, 10257. 

(2)Cernak, T.; Dykstra, K. D.; Tyagarajan, S.; Vachal, P.; Krska, S. 

W.Chem. Soc. Rev.2016,45, 546. 

(3)Baumann, M.; Baxendale, I. R.Beilstein J. Org. Chem.2013,9, 

2265. 

(4)(a) Obach, R. S.Pharmacol. Rev.2013,65, 578. (b) Genovino, J.; 

Sames, D.; Hamann, L. G.; Touré, B. B.Angew. Chem., Int. Ed. 

2016,55, 14218. (c) Caswell, J. M.; O’Neill, M.; Taylor, S. J. C.; 

Moody, T. S.Curr. Opin. Chem. Biol. 2013,17, 271. 

(5)(a) Chen, K.; Zhang, P.; Wang, Y.; Li, H.Green Chem.2014,16, 

2344. (b) Allen, S. E.; Walvoord, R. R.; Padilla-Salinas, R.; 

Kozlowski, M. C.Chem. Rev.2013,113, 6234. (c) Roduner, E.; Kaim, 

W.; Sarkar, B.; Urlacher, V. B.; Pleiss, J.; Gläser, R.; Einicke, W.-D.; 

Sprenger, G. A.; Beifuß, U.; Klemm, E.; Liebner, C.; Hieronymus, H.; 

Hsu, S.-F.; Plietker, B.; Laschat, S.ChemCatChem 2013,5, 82. 

(6)Batista, V. S.; Crabtree, R. H.; Konezny, S. J.; Luca, O. R.; 

Praetorius, J. M.New J. Chem.2012,36. 

(7)(a) Gardner, K. A.; Kuehnert, L. L.; Mayer, J. M.Inorg. 

Chem.1997,36, 2069. (b) Baciocchi, E.; Crescenzi, M.; Lanzalunga, 

O.J. Chem. Soc. Chem. Commun.1990, 687. 

(8)(a) Roberts, B. P.; Steel, A. J.J. Chem. Soc., Perkin Trans. 2 1994, 

2155. (b) Miao, C.; Zhao, H.; Zhao, Q.; Xia, C.; Sun, W.Catal. Sci. 

Technol.2016,6, 1378. 

(9)(a) Sterckx, H.; De Houwer, J.; Mensch, C.; Caretti, I.; Tehrani, K. 

A.; Herrebout, W. A.; Van Doorslaer, S.; Maes, B. U. W.Chem. Sci. 

2016,7, 346. (b) De Houwer, J.; Abbaspour Tehrani, K.; Maes, B. 

U.Angew. Chem., Int. Ed. 2012,51, 2745 (c) Sterckx, H.; De Houwer, 

J.; Mensch, C.; Herrebout, W.; Tehrani, K. A.; Maes, B. U.Beilstein J. 

Org. Chem.2016,12, 144. 

(10)(a) Howell, J. M.; Feng, K.; Clark, J. R.; Trzepkowski, L. J.; 

White, M. C.J. Am. Chem. Soc.2015,137, 14590. (b) Lee, M.; 

Sanford, M. S.Org. Lett. 2017,19, 572. (c) Lee, M.; Sanford, M. S.J. 

Am. Chem. Soc. 2015,137, 12796. (d) Mbofana, C. T.; Chong, E.; 

Lawniczak, J.; Sanford, M. S.Org. Lett. 2016,18, 4258. 

Page 4 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

(11)Liu, J.; Zhang, X.; Yi, H.; Liu, C.; Liu, R.; Zhang, H.; Zhuo, K.; 

Lei, A.Angew. Chem., Int. Ed.2015,54, 1261. 

(12)(a) Jonas, R. T.; Stack, T. D. P.J. Am. Chem. Soc. 1997,119, 

8566. (b) Estes, D. P.; Grills, D. C.; Norton, J. R.J. Am. Chem. Soc. 

2014,136, 17362. (c) Roth, J. P.; Mayer, J. M.Inorg. Chem. 1999,38, 

2760. (d) Fang, H.; Ling, Z.; Lang, K.; Brothers, P. J.; de Bruin, B.; 

Fu, X.Chem. Sci.2014,5, 916. (e) Tarantino, K. T.; Miller, D. C.; 

Callon, T. A.; Knowles, R. R.J. Am. Chem. Soc. 2015,137, 6440. (f) 

Semproni, S. P.; Milsmann, C.; Chirik, P. J.J. Am. Chem. Soc. 

2014,136, 9211. (g) Audran, G.; Bagryanskaya, E.; Bagryanskaya, I.; 

Bremond, P.; Edeleva, M.; Marque, S. R. A.; Parkhomenko, D.; 

Tretyakov, E.; Zhivetyeva, S.Inorg. Chem. Front.2016,3, 1464. (h) 

Johnston, C. W.; Schwantje, T. R.; Ferguson, M. J.; McDonald, R.; 

Hicks, R. G.Chem. Commun. 2014,50, 12542. 

(13)(a) Coseri, S.Catal. Rev.2009,51, 218. (b) Ishii, Y.; Sakaguchi, S.; 

Iwahama, T.Adv. Synth. Catal. 2001,343, 393. 

(14)(a) Hruszkewycz, D. P.; Miles, K. C.; Thiel, O. R.; Stahl, S. 

S.Chem. Sci.2017,8, 1282.(b) Hossain, M. M.; Shyu, S.-

G.Tetrahedron 2016,72, 4252. (c) Yoshino, Y.; Hayashi, Y.; 

Iwahama, T.; Sakaguchi, S.; Ishii, Y.J. Org. Chem.1997,62, 6810. (d) 

Bonvin, Y.; Callens, E.; Larrosa, I.; Henderson, D. A.; Oldham, J.; 

Burton, A. J.; Barrett, A. G. M.Org. Lett. 2005,7, 4549. 

(15)(a) Kitajima, N.; Tamura, N.; Amagai, H.; Fukui, H.; Moro-oka, 

Y.; Mizutani, Y.; Kitagawa, T.; Mathur, R.; Heerwegh, K.J. Am. 

Chem. Soc. 1994,116, 9071. (b) Kitajima, N.; Fukui, H.; Morooka, Y.; 

Mizutani, Y.; Kitagawa, T.J. Am. Chem. Soc. 1990,112, 6402. 

(16)(a) Ishii, Y.; Iwahama, T.; Sakaguchi, S.; Nakayama, K.; 

Nishiyama, Y.J. Org. Chem.1996,61, 4520. (b) Ishii, Y.; Nakayama, 

K.; Takeno, M.; Sakaguchi, S.; Iwahama, T.; Nishiyama, Y.J. Org. 

Chem.1995,60, 3934. 

(17)(a) Baciocchi, E.; Bietti, M.; Gerini, M. F.; Lanzalunga, O.J. Org. 

Chem.2005,70, 5144. (b) Baciocchi, E.; Bietti, M.; Lanzalunga, O.; 

Lapi, A.; Raponi, D.J. Org. Chem.2010,75, 1378. (c) Li, H.; He, Z.; 

Guo, X.; Li, W.; Zhao, X.; Li, Z.Org. Lett.2009,11, 4176. (d) Sono, 

M.; Roach, M. P.; Coulter, E. D.; Dawson, J. H.Chem. Rev.1996,96, 

2841. (e) Macdonald, T. L.; Gutheim, W. G.; Martin, R. B.; 

Guengerich, F. P.Biochemistry 2002,28, 2071. 

(18)Hermans, I.; Peeters, J.; Jacobs, P. A.Top. Catal. 2008,50, 124. 

 

For Table of Contents Only 

 

 

 

 

Page 5 of 5

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60


