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Abstract

Halofunctionalization of alkenes is a classical method for olefin difunctionalization and give rise 

to adducts which are found in many natural products, biologically active molecules, and offer a 

synthetic handle for further manipulation. Classically, this reaction is performed with an 

electrophilic halogen source and gives rise to regioselective formation of the halofunctionalized 

adducts. In this work, we demonstrate a reversal of the native regioselectivity for alkene 

halofunctionalization reactions through the use of an acridinium photooxidant in conjunction with 

a copper cocatalyst.
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Alkene halofunctionalizations are some of the oldest and most commonly employed 

reactions in organic chemistry. These transformations make it possible to rapidly build 

complex molecules from simple alkene starting materials and provide functional handles for 

further elaboration. Traditional halofunctionalization reactions proceed reliably through the 

formation of halonium ions, which form via nucleophilic attack at an electrophilic halogen 

by an alkene.[1] These intermediates are intercepted by nucleophiles at the position most 

capable of stabilizing positive charge due to the distortion of the halonium ion. This allows 
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for the highly diastereo- and regioselective formation of halofunctionalized products (Figure 

1). Recent efforts from the Borhan lab have also suggested a role for the nucleophile in 

activating alkenes, specifically in chlorolactonization reactions.[2] They have also provided 

evidence, in some cases, for a concerted mechanism in these reactions; while in other cases, 

formation of a carbocation intermediate was found to be favored.[2–4]

Numerous reports of enantioselective variants of traditional halofunctionalizations exploit 

this classic reaction manifold.[2,5,6] Typically, these proceed through activation of the 

electrophilic halogen source with a chiral Lewis acid,[7–9] hydrogen bond donor/

acceptor,[10–12] or through the formation of a chiral electrophilic halogenating reagent in 

situ.[13,14] While these reports establish methods that give moderate to excellent 

stereoselectivity, to our knowledge there are no known methods to reliably alter the inherent 

regioselectivity of halofunctionalization reactions. We envisioned that an alternate method of 

activating alkenes could lead to the formation of the thermodynamically less favored, and in 

some cases, traditionally inaccessible regioisomer. Photoredox catalysis has recently been 

employed by our lab to activate alkenes via single electron oxidation. Indeed, our lab has 

used this strategy to effect anti-Markovnikov hydrofunctionalization reactions through the 

use of a photooxidant and a hydrogen atom donor cocatalyst.[15] Formation of a cation 

radical intermediate in the presence of a nucleophile leads to reversible nucleophilic attack 

such that the most stable distonic cation radical intermediate is more highly populated. 

Intercepting the radical intermediate with a radical halogen source could provide a viable 

method to regioselectively form the halofunctionalized products (Figure 1).

We initially noted a few potential pitfalls in the development of such a reaction: (1) Typical 

radical halogen sources are also capable of reacting with alkenes to directly form halonium 

ions. This necessitates that the catalytic pathway be much faster than background reactivity. 

(2) Homolysis of halogen-heteroatom bonds would lead to the production of highly reactive 

heteroatom centered radicals, potentially producing unwanted side products. (3) The 

products may be prone to decomposition or further reactivity under the reaction conditions. 

Particularly, benzylic halides are known to undergo rapid hydrolysis in some cases.[16]

Initially we focused on chlorolactonization as a target for development because several 

methods for halolactonization have recently been published and could serve as a direct 

comparison regarding regioselectivitiy.[17–20] In early optimization stages, several traditional 

stoichiometric chlorine radical sources were evaluated. In combination with Mes-Acr-Me+ 
as a photocatalyst, tosyl chloride (TsCl),[21] provided an early hit for aliphatic alkenes, but 

proved ineffective for styrenyl substrates (Table 1, Entry 1). Other potential chlorine radical 

sources such as N-chlorosuccinimide (NCS) and N-chlorophthalimide (NCP) tended to 

produce solely the undesired regioisomer (Table 1, Entries 2 & 3). Copper (II) chloride is 

known to be a competent chlorine atom transfer agent in atom-transfer radical-

polymerization (ATRP) reactions and although highly reversible, most copper catalysts favor 

the Cu(I) oxidation state.[22] Additionally, CuCl2 undergoes irreversible Cl-atom transfer 

with carbon-centered radicals, which together made it a suitable candidate in this 

reaction.[23–25] We were pleased to find that employing CuCl2 in MeCN as a Cl-atom source 

afforded small amounts of the desired regioisomer, which could be improved to a 62% yield 

through the use of 2,2′-bipyridine (bpy) as a supporting ligand (Table 1, Entry 4).

Griffin et al. Page 2

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



To avoid the use of stoichiometric metal and ligand, conditions for rendering the reaction 

catalytic in copper were screened. Running the reaction with 20 mol % CuCl2 and ligand 

under air or O2 pressure in the presence of lutidinium chloride (Lut+Cl−) led to the 

formation of unwanted oxygen trapped products and no catalyst turnover (Table 1, Entry 5). 

The use of stoichiometric NCP alone failed to afford desired adduct (X = Cl). However, in 

combination with 10 mol % CuCl2/bpy, excellent yields of the chlorolactone product could 

be obtained (90% yield) in modest diastereoselectivity (2.3:1 dr; Table 1, Entry 6).

The use of CuCl/bpy as a catalyst gave comparable results (Table 1, Entry 7), suggesting that 

oxidation by NCP was generating CuCl2. The use of 1,10-phenanthroline (phen) as a ligand 

was found to give similar yields (85% yield), but slightly improved diastereoselectivity 

(3.2:1 dr) and shorter reaction times (Table 1, Entry 8). In most cases, reactions reached full 

conversion after only 2 hours. In the absence of photocatalyst some product formation was 

detected (both regioisomers) but the reaction only reached 40% conversion after 18 hours 

(Table 1, Entry 9). When the same reaction was quenched after 2 hours, reflective of the 

final conditions, adduct A was not formed and unreacted starting material was returned. It is 

important to note that when both Mes-Acr-Me+ and copper catalysts were omitted, no 

reaction was observed. These results, in combination with the observed formation of B in 

Entries 2 and 3 (Table 1), led us to hypothesize that, in the presence of photocatalyst, strong 

acid may be generated in situ[26] leading to activation of the chlorinating reagent and 

subsequent formation of B. To test this hypothesis, a reaction between NCS and the substrate 

was carried out in the presence of strong acid (CF3SO3H) and produced significant amounts 

of product B (see Supporting Information for details).

Concurrently, we developed conditions for the synthesis of the complementary bromolactone 

adducts. Beginning with the catalytic conditions using CuBr2 and N-bromophthalimide 

(NBP) as the bromine source, the desired product was obtained in a 39% yield with 

significant amounts (61%) of the undesired regioisomer (Table 1, Entry 10). After some 

experimentation, it was determined that diethyl bromomalonate (DEBM) afforded A (X = 

Br) selectively in 97% yield (Table 1, Entry 11). It is also worth noting that no reaction 

occurred when the photocatalyst was omitted from the reaction mixture (Table 1, Entry 12). 

Omitting CuBr2 and ligand from the reaction led solely to the formation of the anti-

Markovnikov hydrolactonization product (Table 1, Entry 13), consistent with previous work 

from our lab.[27]

Once the optimized halolactonization conditions were established, we then developed a 

substrate scope for the transformations (Chart 1). Both conditions were successfully applied 

to the halolactonization of 1,2-disubstituted styrenes (1a–1d) in good to excellent yields 

(73–94%) and modest diastereoselectivities (2.1–2.5:1 dr). A trisubstituted styrene was 

successfully difunctionalized under the chlorination (1e) and bromination conditions, 

however the latter product was also obtained under the classical halofunctionalization 

conditions. Substituted, electron poor (1f) and rich (1h–1i) styrenes were viable 

chlorolactonization substrates while only electron poor (1g) and mildly rich styrenes (1j) 
were successful substrates under the bromolactonization conditions, presumably due to the 

instability of the electron rich benzyl bromide adducts. The versatility of the 

chlorolactonization conditions was further demonstrated in the chlorofunctionalization of 
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trisubstituted aliphatic alkenes (1k–1l), including a substrate bearing a TBS-protected 

alcohol (1l), albeit in a 1:1 mixture of diastereomers. We also sought to apply our conditions 

to 1,1-disubstituted styrenes (1m–1q), which are classical substrates for Markovnikov-type 

halofunctionalization reactions.[11,17,19] A 4,4-dimethyl substituted lactone was efficiently 

obtained under both conditions (1p–1q). Three additional substrates successfully underwent 

chlorolactonization in good yield (1m–1o). Interestingly, the presence of a geminal dimethyl 

group was influential in affecting the regisomeric ratio, with the substrate bearing the 

dimethyl group α- to the alkene (1p) affording a higher regioisomeric ratio (19:1 r.r.) for the 

tertiary halide than the substrate bearing the dimethyl group β- to the alkene (4.4:1 r.r.; 1r). 

This could be due, in part, to a highly competitive uncatalyzed background reaction 

accelerated by a Thorpe-Ingold effect. Lastly, a benzoic acid substrate also gave benzyl 

chloride adduct 1s in 65% yield and 2.5:1 r.r. We also investigated the use of additional 

nucleophiles including alcohols and amines under the halofunctionalization conditions. 

Alcohols (1t–1v) and a Boc-protected amine (1w) were also successful nucleophiles. 

Intermolecular reactions were also possible with acetate (1x) and methansulfonamide 

nucleophiles (1y).

Mechanistically, we hypothesize that these reactions follow a common starting point to our 

anti-Markovnikov alkene hydrofunctionalization reactions (Figure 2). As such, single 

electron oxidation of the alkene 1 affords reactive cation radical 2, which can undergo 

reversible capture by the nucleophile to afford radical 3 after proton loss. Analogous to Cu-

mediated group transfer reactions with C-centered radicals, we propose that the halide is 

transferred by copper, either through an inner sphere Cu(III) mechanism or an outer sphere 

atom transfer step, to generate product 4.[24,28,29]

The intervening steps are perhaps less clear and require further study, however it seems 

likely that the stoichiometric halogenating reagent could reoxidize Cu(I) to afford the active 

halogenating reagent. To test the feasibility of Cu(I) oxidation by the stoichiometric 

halogenating reagents, UV/Vis studies were conducted. Both Cu(I) and Cu(II) complexes 

were generated independently and each complex has characteristic absorbances previously 

reported in the literature.[30,31] Solutions of the appropriate halogenating agents were then 

added to their respective Cu(I) complexes which were immediately oxidized, leading to the 

observed formation of Cu(II) complexes (See Suporting Information for details).

Turnover of Mes-Acr-Me• could be feasible by either an imidyl radical (PhthN•) or by a 

Cu(III) species to reset the catalytic cycle. Succinimide radical (S•) has been shown to 

undergo single electron oxidation of Ru(bpy)3
2+ with rate constants on the order of 109 

M−1s−1,[32] 5–6 orders of magnitude greater than that of C-H abstraction,[33] 

rearrangement,[32] or arene addition.[34] Combined with the sufficiently high reduction 

potential of S• (+1.96 V vs SCE),[32] it is feasible for S• (or PhthN•) to oxidize Mes-Acr-
Me• and regenerate the photocatalyst. Both phthalimide and diethyl malonate were observed 

as byproducts in the crude reaction mixtures by 1H NMR and GC-MS. This is consistent 

with the proposal of S•/PhthN• reduction and subsequent protonation. The large reduction 

potential for S• prompted us to consider the possibility of a chain mechanism in which an 

imidyl radical could directly oxidize the substrate. A photochemical quantum yield (ΦR) of 
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~3.6% was determined for the chlorolactonization reaction to form product 1c (see 

Supporting Information for details). This result is consistent with our proposed mechanism, 

however we cannot rule out the possibility of a highly inefficient, but productive chain 

propagation.

In conclusion, we have developed a new dual catalytic system consisting of an acridinium 

photooxidant and a copper cocatalyst that accomplishes halofunctionalization of unsaturated 

carboxylic acids proceeding with opposite regioselectivity from classical halolactonization 

conditions. These conditions are also capable of producing intra- and intermolecular 

adducts. We believe this class of reactions could be valuable for the synthesis of complex 

natural products and medicinal agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We acknowledge Terry McCallum for preliminary experiments. This research made use of instrumentation 
(Hewlett-Packard 8453 Chemstation absorption spectrometer) funded by the UNC EFRC: Center for Solar Fuels, an 
Energy Frontier Research Center supported by the U.S. Department of Energy, Office of Science, Office of Basic 
Energy Sciences (DE-SC0001011).

References

1. Denmark SE, Kuester WE, Burk MT. Angew Chem Int Ed. 2012; 51:10938–10953.

2. Ashtekar KD, Vetticatt M, Yousefi R, Jackson JE, Borhan B. J Am Chem Soc. 2016; 138:8114–
8119. [PubMed: 27284808] 

3. Ashtekar KD, Marzijarani NS, Jaganathan A, Holmes D, Jackson JE, Borhan B. J Am Chem Soc. 
2014; 136:13355–13362. [PubMed: 25152188] 

4. Yousefi R, Ashtekar KD, Whitehead DC, Jackson JE, Borhan B. J Am Chem Soc. 2013; 
135:14524–14527. [PubMed: 24025085] 

5. Cheng YA, Yu WZ, Yeung YY. Org Biomol Chem. 2014; 12:2333–2343. [PubMed: 24595745] 

6. Tan CK, Yeung YY. Chem Commun. 2013; 49:7985–7996.

7. Inoue T, Kitagawa O, Saito A, Taguchi T. J Org Chem. 1997; 62:7384–7389. [PubMed: 11671855] 

8. Kang SH, Lee SB, Park CM. J Am Chem Soc. 2003; 125:15748–15749. [PubMed: 14677957] 

9. Cai Y, Liu X, Hui Y, Jiang J, Wang W, Chen W, Lin L, Feng X. Angew Chem. 2010; 122:6296–
6300.

10. Veitch GE, Jacobsen EN. Angew Chem. 2010; 122:7490–7493.

11. Zhou L, Tan CK, Jiang X, Chen F, Yeung YY. J Am Chem Soc. 2010; 132:15474–15476. 
[PubMed: 20945837] 

12. Jaganathan A, Garzan A, Whitehead DC, Staples RJ, Borhan B. Angew Chem. 2011; 123:2641–
2644.

13. Sakakura A, Ukai A, Ishihara K. Nature. 2007; 445:900–903. [PubMed: 17314976] 

14. Haas J, Piguel S, Wirth T. Org Lett. 2002; 4:297–300. [PubMed: 11796074] 

15. Hamilton DS, Nicewicz DA. J Am Chem Soc. 2012; 134:18577–18580. [PubMed: 23113557] 

16. Tanida H, Tsushima T. J Am Chem Soc. 1970; 92:3397–3403.

17. Whitehead DC, Yousefi R, Jaganathan A, Borhan B. J Am Chem Soc. 2010; 132:3298–3300. 
[PubMed: 20170118] 

18. Tan CK, Zhou L, Yeung YY. Org Lett. 2011; 13:2738–2741. [PubMed: 21520898] 

19. Dobish MC, Johnston JN. J Am Chem Soc. 2012; 134:6068–6071. [PubMed: 22463391] 

Griffin et al. Page 5

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



20. Han X, Dong C, Zhou HB. Adv Synth Catal. 2014; 356:1275–1280.

21. Gaspar B, Carreira EM. Angew Chem Int Ed. 2008; 47:5758–5760.

22. Matyjaszewski K, Xia J. Chem Rev. 2001; 101:2921–2990. [PubMed: 11749397] 

23. Ledwith A, Russell PJ. J Chem Soc Chem Commun. 1974; 291–292

24. Mitani M, Kato I, Koyama K. J Am Chem Soc. 1983; 105:6719–6721.

25. Knorn M, Rawner T, Czerwieniec R, Reiser O. ACS Catal. 2015; 5:5186–5193.

26. Koltzenburg G, Behrens G, Schulte-Frohlinde D. J Am Chem Soc. 1982; 104:7311–7312.

27. Hamilton DS, Nicewicz DA. J Am Chem Soc. 2012; 134:18577–18580. [PubMed: 23113557] 

28. Beckwith ALJ, Zavitsas AA. J Am Chem Soc. 1986; 108:8230–8234.

29. Zhang W, Wang F, McCann SD, Wang D, Chen P, Stahl SS, Liu G. Science. 2016; 353:1014–1018. 
[PubMed: 27701109] 

30. Kitagawa S, Munakata M. Inorg Chem. 1981; 20:2261–2267.

31. Majumdar P, Ghosh AK, Falvello LR, Peng SM, Goswami S. Inorg Chem. 1998; 37:1651–1654.

32. Lind J, Jonsson M, Eriksen TE, Merenyi G, Eberson L. J Phys Chem. 1993; 97:1610–1614.

33. Walling C, El-Taliawi GM, Zhao C. J Am Chem Soc. 1983; 105:5119–5124.

34. Chow YL, Zhao DC. J Org Chem. 1989; 54:530–534.

Griffin et al. Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 February 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. 
Alkene Halofunctionalization – Catalytic Reversal of Regioselectivity
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Figure 2. 
Alkene Halofunctionalization – Initial Mechanistic Proposal
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Chart 1. 
Scope of the Alkene Halofunctionalization Reaction

Products isolated as single regioisomers except where noted. a10 mol% CuCl2/phen, 1 equiv. 

NCP, b10 mol% CuBr2/bpy, 1 equiv. DEBM c10 mol% CuCl2/phen,1 equiv. NCS d10 mol% 

CuBr2/phen, 1 equiv. NBP, ewith 5.0 equiv. AcOH, fwith 10 mol% 2,6-Lutidine. Boc=tert-

butoxycarbonyl Ms=methanesulfonyl NCP=N-Chlorophthalimide. DEBM=Diethyl 

bromomalonate. NCS=N-Chlorosuccinimide. NBP=N-bromophthalimide
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