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Halogenation of Hydrocarbon Substrates with Peracetic Acid and
 Halide Salts
 Christian R. GoldsmithAuburn UniversityDepartment of Chemistry & Biochemistry
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Utility of C-X Functional Group• Susceptible to nucleophilic attack
 – SN2 reactions (Br-, Cl- excellent leaving groups)
 • Needed for several reactions that form C-C bonds– Heck reaction– Suzuki coupling– Stille coupling
 2
 R1
 XR
 R X R1 E
 R R1
 R R1
 Heck
 Suzuki (E = B(OH)2)Stille (E = SnR3)
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Halogenated Natural Products
 3
 • Increasingly found in biology, predominantly in marine organisms
 • Have garnered great pharmaceutical interest
 • Chloramphenicol was one of the first antibiotics- still used to treat “pinkeye”
 • KS-504d inhibits calmodulin
 • The monoterpene derivative (+)-halomon has shown cytotoxicity against human cancer cell lines
 OHHN
 O
 Cl
 Cl
 HOO2N
 Chloramphenicol
 Cl
 Cl CHCl2OH
 ClClHO
 ClCl
 KS-504d
 Gribble, G. W. Acc. Chem. Res. 1998, 31, 141-152
 ClBr
 ClCl
 Br
 Monoterpene
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Converting C-H to C-Br/Cl Bonds
 • Due to their reactivity and lack of protecting groups, generally want to install halogen late in synthesis
 • Chief industrial method for halogenating C-H bonds is free radical halogenation
 • Halogen radicals abstract hydrogen atom from alkane
 • Cl2 or Br2 serves as halogen source as well as oxidant
 4
 RCH3 + Cl. + HClRCH2.
 + Cl---ClRCH2. RCH2Cl + Cl.
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Problems with Free Radical Process
 • Small size and high symmetry of halogen atom radical limit extent of regio- and stereoselective C-H activation
 • Ability to control site and extent of halogenation difficult • Harsh conditions lead to significant side reactivity
 • Terminal oxidants Cl2 and Br2 hazardous and difficult to handle
 Cl
 Cl
 Cl
 Cl
 Cl
 Cl
 ClCl
 Cl2, hv
 5
 And many more…
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Novel Halogenation System
 • Possible improvement: use oxygen-containing oxidant and halide salt and to halogenate alkanes (e.g. cyclohexane, adamantane)
 • Eliminate need for elemental halogen, chlorinated solvent• Iodosobenzene (PhIO), peracetic acid (PA), meta-
 chloroperbenzoic acid (MCPBA), hydrogen peroxide (H2O2), and tert-butylhydroperoxide (TBHP) investigated as terminal oxidants
 • First series of reactions run in acetonitrile (MeCN) with tetraethylammonium halide salts (e.g. TEACl) to keep reagents in same phase
 N
 Et
 EtEt
 Et+
 Cl-
 + +ClH
 Oxidant
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Comparison of Oxidants• Initial conditions: 1.32 M cyclohexane, 0.132 M oxidant, 1.8 mL total
 volume (mostly MeCN)• Reactions stirred at 22 C for 8 h, then analyzed by GC• Oxidative efficiency (yield based on oxidant) measured• Mixtures of chlorocyclohexane (X) and cyclohexanone (O)
 produced• Peracids most oxidatively efficient, produce most chlorocyclohexane
 Entry Oxidant Halide Salt [Halide] (M) Efficiency X/O Ratio
 1 H2O2 Et4NCl 1.32 <1% --
 2 t-BuO2H Et4NCl 1.32 <1% --
 3 PhIO Et4NCl 1.32 1.3% 0.08
 4 MCPBA Et4NCl 1.32 21% 4.8
 5 PA Et4NCl 1.32 72% 71
 7
 °
 He, Y. & Goldsmith, C. R. SynLett, 2010, 21, 1377-1380
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Influence of Halide Salt and Solvent
 • Chlorination more efficient than bromination• Reaction works in water (entries 3-5) as rapidly stirred biphasic
 system• Reactivity proceeds more efficiently, with respect to the amount of
 oxidant that goes to product, in MeCN than in H2O
 Entry Oxidant Halide Salt [Halide] (M) Efficiency X/O Ratio
 1 PA Et4NCl 1.32 72% 71
 2 PA Et4NBr 1.32 30% 93
 3 PA NaCl 1.32 36% 16
 4 PA NaCl 6.00 59% 56
 5 PA NaBr 3.33 16% >100
 8
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Influence of Halide Concentration
 • Initial reaction conditions 1.32 M cyclohexane, 0.132 M oxidant, 1.8 mL total volume
 • Reactions stirred at 22 °C for 8 h• Concentration of chloride varied• Less oxygenated product at higher concentrations,
 but efficiency drops above 1.32 M TEACl (10 equiv)
 Entry Oxidant Halide Salt [Halide] (M) Efficiency X/O Ratio
 1 PA Et4NCl 0 0% --
 2 PA Et4NCl 0.132 56% 4.1
 3 PA Et4NCl 0.266 58% 5.7
 4 PA Et4NCl 0.667 62% 11
 5 PA Et4NCl 1.32 72% 71
 6 PA Et4NCl 1.98 63% 114
 7 PA Et4NCl 2.64 40% 1099
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Influence of Halide Concentration
 Cl
 O
 10

Page 11
                        

Cyclohexanol
 • Initial hydroxylation step ruled out by reactivity of cyclohexanol• 0.050 M substrate, 0.50 M TEACl, 0.20 M PA in 10 mL of MeCN• Reactions run at 22 °C for 8 h• 100% conversion to cyclohexanone- no chlorination
 11
 X
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Adamantane
 • Adamantane selected to test regioselectivity of alkane halogenation• 0.050 M adamantane, 0.50 M TEACl, 0.20 M PA in 10 mL of MeCN• Reactions run at 22 °C for 8 h• 24% oxidative efficiency• 4:1 ratio of 1-chloroadamantane: 2-chloroadamantane, reminiscent of
 previously observed radical-based halogenation and oxygenations
 12
 79 21
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Aromatic SubstratesSubstrate Oxidation Observed Products
 100% 9,10-dichloranthracene (77%), anthraquinone (19%), 9,10-tetrachloro-9,10-dihydroanthracene (4%)
 46% chloro-x-methylbenzenes (94%), benzyl chloride (6%)
 0% N/A
 0% N/A
 13
 Standard reaction conditions: 0.050 M substrate, 0.50 M TEACl, 0.20 M PA in 10 mL MeCN, 22 °C, 8 h
 • Preference for aromatic C-H activation over benzylic C-H activation
 • Reactivity consistent with electrophilic aromatic substitution
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Olefin Reactivity
 • Reactivity with cyclohexene leads to trans-dihalogenated products
 – Reactions do produce Cl2 or Br2 in absence of substrate
 • Bromination proceeds relatively cleanly, generating 1,2-dibromocyclohexane (77%) and 3-bromocyclohexene (23%)
 • Chlorination does not proceed cleanly: identifiable products are 1,2-dichlorocyclohexane (21%) and 3-chlorocyclohexene (1%)
 14
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Mechanism?
 • PA thermodynamically capable (2.05 V vs. NHE ) of reducing either Cl- (1.36 V vs. NHE) or Br- (1.07 V vs. NHE)
 • Multiple oxidants (AcOCl, Cl radical, Cl2) generated from PA/Cl- mixture
 • Production of X2 removes halogen radicals from reaction
 15
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Conclusions• Mixtures of peracids and halide salts are capable of halogenating alkane, arene, and alkene
 substrates at ambient temperature and pressure without the need for a heavy metal catalyst• The multiple modes of reactivity are consistent with multiple oxidants in the mixture• The activation of aromatic C-H bonds appears to proceed most rapidly and is consistent with
 electrophilic aromatic substitution• Alkane chlorination proceeds more efficiently than bromination and can be adapted to work in
 water, with NaCl as the halogen source
 • In the absence of substrate, the reaction mixture generates Cl2 or Br2
 16
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