
Subscriber access provided by University of Newcastle, Australia

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

Ligand-Enabled Pd(II)-Catalyzed Bromination
and Iodination of C(sp3)-H Bonds

Ru-Yi Zhu, Tyler Gorden Saint-Denis, Ying Shao, Jian He,
Joshua D. Sieber, Chris H. Senanayake, and Jin-Quan Yu

J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.7b02196 • Publication Date (Web): 10 Apr 2017

Downloaded from http://pubs.acs.org on April 10, 2017

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.



 

 

Ligand-Enabled Pd(II)-Catalyzed Bromination and Iodination of C(sp3)−H Bonds 
 

Ru-Yi Zhu,† Tyler G. Saint-Denis,† Ying Shao,† Jian He,† Joshua D. Sieber,‡ Chris H. Senanayake,‡ and 
Jin-Quan Yu*,† 

†Department of Chemistry, The Scripps Research Institute, 10550 N. Torrey Pines Road, La Jolla, California 92037, 
United States 

‡
Department of Chemical Development, Boehringer Ingelheim Pharmaceuticals Inc., 900 Ridgebury Road, Ridgefield, Connecticut 06877, 

United States 

RECEIVED DATE (automatically inserted by publisher); yu200@scripps.edu

Abstract: We herein report the Palladium(II)-catalyzed 

bromination and iodination of a variety of 

α-hydrogen-containing carboxylic acid and amino acid 

derived amides. These reactions are exclusively enabled by 

quinoline-type ligands. The halogenated products obtained 

in this reaction are highly versatile and rapidly undergo 

further diversification. Further, we report the first example of 

a free carboxylic acid-directed Pd(II)-catalyzed C(sp3)–H 

bromination, enabled by quinoline ligands.  

C(sp3)–halogen bonds are widespread motifs in organic 

chemistry,1 valued for both their ease of functional group 

interconversion and their presence in biologically-active natural 

products and pharmaceuticals. Insofar as reactivity is concerned, 

alkyl halides can behave as both electrophiles and nucleophiles: as 

electrophiles, alkyl halides can readily undergo nucleophilic 

substitution and the Fu group has developed invaluable 

methodology for the cross-coupling of alkyl halides.2a Conversely, 

alkyl halides may readily undergo lithium-halogen exchange or 

oxidative addition by magnesium or zinc to form the 

corresponding organometallic reagents (RLi, RMgX/RZnX, etc.); 

these organometallic intermediates have been applied in numerous 

nucleophilic substitution/addition and cross coupling reactions.2  

Scheme 1. Relevant Examples of Directed Pd(II)-Catalyzed 

C(sp3)–H Halogenation 

 

The state-of-the-art in the synthesis of alkyl halides still largely 

relies on the nucleophilic substitution of alcohol equivalents and 

the hydrohalogenation of alkenes; these methods are often met 

with complicated synthetic sequences and regioselectivity issues,1 

respectively. Moreover, radical halogenation reactions3 and 

alkene hydrohalogenation reactions almost exclusively generate 

secondary or tertiary C(sp3)–halogen bonds; there is presently a 

dearth of methods for generating primary C(sp3)–halogen bonds. 

Consequently, an orthogonal method that directly converts 

C(sp3)–H bonds to C(sp3)–halogen bonds and which can generate 

primary C(sp3)–halogen bonds is a highly desired transformation. 

Despite myriad examples of transition-metal-mediated C(sp2)–H 

halogenation4 and other examples of C(sp3)–H functionalizations, 

there are sparse examples of C(sp3)–H halogenation.5 In 2004, our 

group reported the first example of Pd-catalyzed C(sp3)–H 

iodination with a chiral oxazoline auxiliary (Scheme 1, Eq 1).6a In 

2014, Sahoo and coworkers disclosed a Pd-catalyzed C(sp3)–H 

bromination and chlorination assisted by strong bidentate pyridyl 

sulfoximine directing group (Scheme 1, Eq 2).6e However, in 

both examples the transformations were limited to α-quaternary 

carboxylic acid substrates. We postulate that carboxylic acid 

substrates containing α-hydrogens are problematic in C(sp3)–H 

halogenations for three distinct reasons: (A) The 

α-hydrogen-containing substrate is less reactive in C(sp3)–H 

activation due to a diminished Thorpe-Ingold effect (compared to 

α-quaternary substrates); (B) The α-halogenation of the more 

acidic α-hydrogen may compete with the β-C(sp3)–H 

halogenation; (C) The β-halogenated product of the 

α-hydrogen-containing substrate might undergo facile elimination 

to give the corresponding olefin. To circumvent issue A, we 

envisioned that the combination of a weakly-coordinating 

auxiliary and pyridine-type ligands would generate a more 

reactive catalyst by evading formation of a 

thermodynamically-favored cyclometallated product based on our 

previous reports.7 Provided the β-C(sp3)–H activation is 

accelerated by the pyridine-type ligand, the competing 

α-halogenation may be suppressed, solving issue B. Finally, issue 

C may be solved by conducting the reaction in mildly acidic 

conditions, therefore preventing the deprotonation of the 

α-hydrogen. As a continuous interest in weak coordination and 

ligand acceleration for C–H activation, we have shown the ability 

of pyridine-type ligands to promote various C–H 

functionalizations of weakly-coordinating directing groups.7 Our 

recent success in ligand-controlled enantioselective methylene 

arylation further highlights the unique advantage of using 

monodentate weakly-coordinating directing groups.8 Recently, the 

Rao group used a very strong bidentate directing group to achieve 

the C(sp3)–H chlorination and iodination for α-hydrogen 

containing substrates (Scheme 1, Eq 3).6f However, 

β-halogenation of α-halogenated substrates to produce 
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α,β-dihalogenated synthons remain to be demonstrated. Herein, 

we report a simple weakly-coordinating amide directed C(sp3)–H 

bromination and iodination enabled by quinoline-based ligands. 

Further, we also demonstrated for the first time the C(sp3)–H 

bromination of free carboxylic acid substrates. 

Table 1. Ligand Screening for C(sp3)–H Bromination a,b 

 

a Conditions: 0.1 mmol of 1a, 2.0 equiv of NBS, 10 mol% of Pd(OAc)2, 10 mol% of 

ligand, 1.5 equiv of PhI(OAc)2, 1.0 mL of DCE, 80 oC, under air, 20 h. b The yield 

was determined by 1H NMR analysis of the crude product using CH2Br2 as the 

internal standard. c Optimal conditions: 0.1 mmol of 1a, 1.75 equiv of NBS, 10 mol% 

of Pd(OAc)2, 10 mol% of ligand L6, 1.5 equiv of PhI(OAc)2, 5.0 equiv of AcOH, 1.0 

mL of DCE, 70 oC, under air, 20 h. 

  Given our success in ligand-enabled transition-metal-enabled 

C(sp3)–H functionalization, we began our study of C(sp3)–H 

bromination by focusing on ligand screening with 1a as the model 

substrate (Table 1). In the absence of ligand no reactivity was 

observed. Simple quinoline and phenanthridine ligands (L1, L2, 

respectively) afforded trace product. Given the ease of substituted 

quinoline synthesis, we screened quinoline ligands with 

substitution at C2 and C3; we were pleased to observe that the 

yield of 2a increased to 21% when L3 was used. We next 

observed that acridine ligand L4 increased the yield to 27%. 

Previously, ligand L5 has proven efficient for accelerating many 

C(sp3)–H activation reactions.7b,7c,7e To our delight, C2/C3-fused 

quinoline/tetrahydropyran ligands proved superior to all other 

ligand classes in enabling the β-C(sp3)–H bromination. 

Consequently, we evaluated the effect of different substitutions on 

the quinoline ring (L5-L14). With ligand L5, a yield of 49% of 2a 

was observed. The yield was increased to 55% by installing a 

tert-butyl group at the 6-position (L6). A slightly lower yield was 

observed when a methyl group was installed at C7 (L7). For 

sterically encumbered ligands L8 and L9, a significant decrease in 

yields was observed. Other substitutions, such as aryl and amino 

groups, on the 6-postion (L10, L11) proved inferior to L5. The 

installation of a methoxy group at C8 (L12) was detrimental to the 

success of the reaction, presumably due to the ability of the 

methoxy group to occupy a vacant site of Pd(II), effectively 

rendering L12 a bidentate ligand. Since L6 had been identified as 

the optimal ligand, we pursued modification of L6 in an effort to 

increase the yield of the reaction; however, neither the presence of 

electron-withdrawing nor electron-donating substituents at C7 

gave better yields (L13, L14, respectively). Using L6, we were 

able to dramatically improve the yield to 73% by reducing the 

molar equivalents of NBS and using AcOH (1 equiv) as an 

additive.  

Table 2. Ligand Screening for C(sp3)–H Iodination a,b 

 

a Conditions: 0.1 mmol of 1a, 1.5 equiv of I2, 1.5 equiv of PhI(OAc)2, 10 mol% of 

Pd(OAc)2, 10 mol% of ligand, 1.0 mL of 1,4-dioxane, 80 oC, under air, 20 h. b The 

yield was determined by 1H NMR analysis of the crude product using CH2Br2 as the 

internal standard. c Optimal conditions: 0.1 mmol of 1a, 1.5 equiv of I2, 1.5 equiv of 

PhI(OAc)2, 10 mol% of Pd(OAc)2, 10 mol% of ligand L17, 1.0 equiv of AcOH, 0.8 

mL of 1,4-dioxane, 0.2 mL of DCE, 80 oC, under air, 20 h. 

After optimizing the conditions for C(sp3)–H bromination, we 

attempted C(sp3)–H iodination by simply switching NBS to NIS. 

However, the yield for the iodinated product was very low. We 

turned our attention to another iodinating source inspired by our 

early studies, iodoacetate (IOAc) which can be generated in situ 

by the reaction of I2 and PhI(OAc)2.6a,6b Fortunately, with the 

optimal ligand L6 for C(sp3)–H bromination and slight changes in 

conditions, the iodinated product was afforded in 42% yield (L6). 

It was found this iodination reaction was also exclusively driven 

by quinoline ligands. Screening of the same scaffold (L6, L15, 

L14, L9, L8) of ligands gave comparable results to that of the 

bromination. Noting that the tricyclic pyridine ligand L16 slightly 

enhanced the yield of 3a, we explored ligands containing fused 

C2/C3 quinoline/tetrahydrofuran motifs. We observed that L17 

was superior to ligand L6. Acridine-type ligands (L4, L18) were 

inferior to L17 and when we saturated one or both of the phenyl 
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rings of the acridine type ligands, the yields decreased 

dramatically (L19-L21). Other quinoline ligands (L22, L2) failed 

to increase the yield. Based on the optimal ligand L17, we were 

able to improve the yield to 75% after the systematic modification 

of reaction conditions (see supplementary information). 

Table 3. C(sp3)–H Bromination and Iodination of Carboxylic 

Acid Derivativesa,b,c 

 

a Bromination conditions: 0.1 mmol of 1a, 1.75 equiv of NBS, 10 mol% of 

Pd(OAc)2, 10 mol% of ligand L6, 1.5 equiv of PhI(OAc)2, 5.0 equiv of AcOH, 1.0 

mL of DCE, 70 oC, under air, 20 h. b Iodination conditions: 0.1 mmol of 1a, 1.5 

equiv of I2, 1.5 equiv of PhI(OAc)2, 10 mol% of Pd(OAc)2, 10 mol% of ligand L17, 

1.0 equiv of AcOH, 0.8 mL of 1,4-dioxane, 0.2 mL of DCE, 80 oC, under air, 20 h. c 

Isolated yields. d 2.0 mmol scale. 

With the optimal ligands and reaction conditions in hand, we 

set out to explore the substrate scope for C(sp3)–H bromination 

and iodination. As shown in Table 3, a variety of α-alkyl 

substituted carboxylic amides were brominated in 

good-to-excellent yields (2a, 2c, 2d, 2e, 2f). Less hindered 

propionic amides could also be functionalized, albeit in moderate 

yield (2b). The difference in reactivity of 2a-2e highlights the 

profound effect large substituents and the resulting Thorpe-Ingold 

effect has in C(sp3)–H cyclometallation. Other moieties, such as 

trifluoromethyl groups as well as cyclic ethers were compatible in 

this reaction (2g, 2h). It is worth noting that when aromatic 

ring-containing substrates were used, no C(sp2)–H bromination of 

aromatic rings were detected; C(sp3)–H brominated products were 

formed exclusively (2i, 2j). Given the importance of non-natural 

amino acids in drug discovery, a N-nosyl-N-benzyl-protected 

L-alanine (1k) derivative was brominated, affording 2k in 65% 

yield. This product is attractive in that, through simple functional 

group interconversion of 2k, a wide-variety of chiral non-natural 

amino acids could be formed. Further, for the first time the 

N-nosyl-N-benzyl protecting groups, as opposed to the more 

cumbersome N-phthaloyl group, was also effective in C(sp3)–H 

activation. 

Next, we sought out to explore the substrate scope of C(sp3)–H 

iodination. Different α-alkyl substituted carboxylic amides were 

iodinated in high yields (3a, 3c). This reaction could also be 

applied to conformationally less favored propionic amide 

substrates with moderate efficiency (3b). The trifluoromethyl 

substituted substrate (1d) was successfully iodinated in 75% yield 

(3d). This iodination method was compatible with β-amino acid 

derivatives (3e). Esters were also tolerated, though in modest 

yield (3f). Moreover, this is the first time that α-fluoro-substrates 

have been tolerated in β-C(sp3)–H activation, giving the iodinated 

product in good yield (3g). 

Scheme 2. Diversifiations of Brominated Productsa 

 

a Conditions: (a) NaCN (2.0 equiv), THP (tetrahydropyran), 80 oC, 24 

h; (b) NaN3 (4.0 equiv), MeOH, 40 oC, 24 h; (c) pyrrolidine (2.0 

equiv), K2CO3 (1.5 equiv), THF, r.t., 1 h; (d) Bn2NH (2.0 equiv), 

K2CO3 (1.5 equiv), THF, 80 oC, 24 h; (e) AgNO3 (2.0 equiv), EtOAc, 

80 oC, 24 h; (f) PhSH (2.0 equiv), NaOH (2.0 equiv), EtOH, 40 oC, 1 

h; (g) NaCN (2.0 equiv), THF, 80 oC, 24 h; (h) morpholine (2.0 

equiv), K2CO3 (1.5 equiv), THF, r.t., 1 h. 

In order to demonstrate the versatility of the halogenated 

products afforded by the aforementioned reactions, brominated 

product 2b was successfully converted to a range of other 

functionalities through nucleophilic substitutions. A diverse array 

of chemical bonds, such as C–C, C–N, C–O and C–S bonds, were 

easily forged (Scheme 2). Surprisingly, in attempting to displace 

the bromide in 2b with NaCN in THF to afford the corresponding 

nitrile, we observed the formation of the structurally interesting 

THF-substituted product 4g in 70% yield. A series of control 

experiments were conducted (see SI for details) which suggest the 

following mechanism: (A) the bromide in 2b is eliminated by the 

action of NaCN as base, generating the corresponding acrylamide; 

(B) the α-radical of THF adds to the acrylamide and then (C) the 

corresponding radical adduct abstracts an α-hydrogen from 

another THF to form a new α-radical of THF and continue the 

radical chain reaction. Importantly, the brominated 

N-nosyl-N-benzyl-protected L-alanine (2k) could be aminated 

smoothly with morpholine. These products are otherwise difficult 

to access through C(sp3)–H functionalizations. 
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  The long-term goal of our laboratory is to allow for innate 

functionality (acids, esters, amides, amines, etc.) to direct C(sp3)–

H activation, therefore evading the necessity of foreign directing 

group-installation and removal. Presently, acid-directed C(sp3)–H 

activation is limited to arylation of α-quaternay carboxylic acids.9 

Using ligand L6, C(sp3)–H bromination of pivalic acid proceeded 

to give the mono-brominated product in 40% yield. Further yield 

enhancement will likely be achieved by ligand modification. 

 

Figure 1. C(sp3)–H Bromination of Pivalic Acid. 

 

  In summary, we report a ligand-enabled C(sp3)–H bromination 

and iodination of various carboxylic acids and amino acids. The 

ligand effect is crucial for this C(sp3)–H halogenation. The 

diversifications of the product showcase the versatility of this 

method. Further, the first example of a free carboxylic acid 

directed C(sp3)–H bromination is demonstrated. Future work will 

focus on developing ligands for asymmetric C(sp3)–H 

halogenation, methylene C(sp3)–H halogenation and the free 

carboxylic acid directed C(sp3)–H halogenation. 
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