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(57) ABSTRACT

A practical and efficient method for halogenation of activated
carbon atoms using readily available N-haloimides and a
Lewis acid catalyst has been disclosed. This methodology is
applicable to arange of compounds and any halogen atom can
be directly introduced to the substrate. The mild reaction
conditions, easy workup procedure and simple operation
make this method valuable from both an environmental and
preparative point of view.
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LEWIS ACID CATALYZED HALOGENATION
OF ACTIVATED CARBON ATOMS

RELATED APPLICATIONS

This application is a divisional of U.S. application Ser. No.
12/040,435, filed Feb. 29, 2008, which application is a con-
tinuation-in-part of Patent Cooperation Treaty International
Application No. PCT/US2006/034066, filed Aug. 31, 2006,
which claims priority to U.S. provisional application Ser. No.
60/713,904 filed Sep. 2, 2005, the entire disclosures of which
are hereby incorporated by reference.

BACKGROUND

Halogenation of activated carbon atoms is a highly useful
reaction for the synthesis of natural products and pharmaceu-
tically important compounds. Aromatic compounds are
examples of compounds with activated carbon atoms. Aryl
fluorides and chlorides are found in many natural products
and pharmaceutical compounds. Aryl bromides and iodides
are important building blocks in organic syntheses because of
their utility in carbon-carbon bond forming reactions. For
example, aryl bromides and iodides are precursors to numer-
ous organometallic species that are used in organic synthesis.
Organometallic species and aryl bromides and iodides or
benzyl bromides or iodides are useful in cross coupling reac-
tions, in particular, transition metal catalyzed cross coupling
reactions that can furnish complex molecules under mild
reaction conditions.

Classical reagents for the direct introduction of halogen
atoms at an activated carbon atom are bromine, chlorine and
iodine, for example. These reagents have a number of draw-
backs including toxicity, high reactivity, corrosiveness, non-
selectivity particularly in molecules with complex and sensi-
tive functionality, as well as the fact that only half of the
halogen in the reagent is consumed. In addition, the reaction
product mixtures arising from these reagents can lead to high
levels of toxic and corrosive waste, as well as purification
difficulties. Halogenation of aromatic compounds is dis-
closed in Prakash, G. K. S., Mathew, T., Hoole, D., Esteves, P.
M. J. Am. Chem. Soc. 2004, 126, 15770, Tanemura, K.,
Suzuki, T., Nishida, Y.; Satsumabayashi, K., Horaguchi, T.
Chem. Lett. 2003, 32, 932; and Zanka, A., Kubota, A. Syn/ett
1999, 12, 1984.

In terms of ease of handling, haloimides are ideal haloge-
nating reagents. For example, NBS, NIS, NCS and NFSI are
solids that are non-corrosive, nonhydroscopic, and mild
reagents that are easily handled under standard conditions.
Previous attempts to employ these reagents for aromatic halo-
genation, however, have usually required severe reaction con-
ditions to activate or enhance the halogenating ability of these
compounds. For example, previous attempts employed
highly acidic solutions, large amounts of catalyst and/or high
temperatures.

It is desirable to have new methods for the halogenation of
activated carbon atoms which are mild and tolerate complex
functionality, particularly in the synthesis of complex organic
molecules such as natural and pharmaceutical products.

BRIEF SUMMARY

In one embodiment of the present invention, methods of
halogenating an activated carbon atom in the presence of a
Lewis acid are provided. The halogenation method comprises
reacting a material comprising an activated carbon atom with
a halogen donor in the presence of a catalytic amount of the
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Lewis acid. The activated carbon atom is an aromatic carbon
atom, a carbon atom alpha to an aromatic ring, or a carbon
atom alpha to a silicon atom. The halogen donor is selected
from the group consisting of N-bromosuccinimide, N-io-
dosuccinimide, N-chlorosuccinimide and N-fluorobenzene-
sulfonimide. In some aspects the Lewis acid comprises a
metal selected from the group consisting of Zr, Fe, and Al.

In another embodiment of the present invention a function-
alized elemental carbon material is provided. The function-
alized elemental carbon material is prepared by reacting
elemental carbon comprising an aromatic carbon compound
with a halogen donor in the presence of a catalytic amount of
the Lewis acid to form halogenated elemental carbon. In
some aspects, the functionalized elemental carbon material is
a catalyst, prepared by the steps further comprising coupling
a functional group to the halogenated elemental carbon to
form a functionalized elemental carbon; and complexing a
metal to the functionalized elemental carbon. In some
aspects, the preparation of the functionalized elemental car-
bon material further comprises reacting the elemental carbon
with a halogen donor in the presence of a catalytic amount of
aLewis acid. In some aspects the elemental carbon is graphite
or charcoal. In other aspects the functional group comprises a
pyridyl ring.

BRIEF SUMMARY OF THE DRAWINGS

FIG. 1 is a graph depicting the bromination of graphite.
FIG. 2 is a graph depicting the bromination of charcoal.

DETAILED DESCRIPTION OF THE DRAWINGS
AND THE PRESENTLY PREFERRED
EMBODIMENTS

Abbreviations and Definitions

When describing the compounds, compositions, methods
and processes of this invention, the following terms have the
following meanings, unless otherwise indicated.

“Activated carbon atom” as used herein, is defined as a
carbon atom of an aromatic ring, a carbon atom alpha to an
aromatic ring, or a carbon atom alpha to a heteroatom.

“Alkene” or “olefin” refers to an unsaturated hydrocarbon
group which may be linear, cyclic or branched or a combina-
tion thereof. These groups have at least 1 double bond, but can
also include 2 or more double bonds. In addition, these groups
can be substituted or unsubstituted. Possible substituents
include hydrogen, alkyl, cycloalkyl, hydroxy, alkoxy, amino,
alkylamino, halogen, heterocyclyl, aryl, heteroaryl, arylalkyl,
O-silyl, and halogen. Alkene groups with 2 to 20 carbon
atoms are preferred. Alkene groups with 2 to 16 carbon atoms
are more preferred. Examples of alkene groups include ethe-
nyl, n-propenyl, isopropenyl, n-but-2-enyl, n-hex-3-enyl and
the like.

“Alkoxy” refers to those alkyl groups, having from 1 to 10
carbon atoms, attached to the remainder of the molecule via
an oxygen atom. Alkoxy groups with 1-8 carbon atoms are
preferred. The alkyl portion of an alkoxy may be linear,
cyclic, or branched or a combination thereof. In addition,
these groups can be substituted or unsubstituted. Examples of
alkoxy groups include methoxy, ethoxy, isopropoxy, butoxy,
cyclopentyloxy, and the like. An alkoxy group can also be
represented by the following formula: —OR', where R' is the
“alkyl portion” of an alkoxy group.

“Alkyl” by itself or as part of another substituent refers to
ahydrocarbon group which may be linear, cyclic, or branched
or a combination thereof having from 1 to 10 carbon atoms
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(preferably 1 to 8 carbon atoms). Thus, as defined herein,
alkyl includes “cycloalkyl”. In addition, these groups can be
substituted or unsubstituted. Examples of alkyl groups
include methyl, ethyl, n-propyl, isopropyl, n-butyl, t-butyl,
isobutyl, sec-butyl, cyclohexyl, cyclopentyl, (cyclohexyl)m-
ethyl, cyclopropylmethyl and the like.

“Alkylamino” by itself or as part of another substituent
refers to those alkyl groups, having from 1 to 10 carbon
atoms, attached to the remainder of the molecule via a nitro-
gen atom. Alkylamino groups with 1-8 carbon atoms are
preferred. The alkyl portion of an alkylamino may be linear,
cyclic, or branched or a combination thereof. Examples of
alkylamino groups include methylamino, ethylamino, isopro-
pylamino, butylamino, dimethylamino, methyl, isopropy-
lamino and the like. An alkylamino group can also be repre-
sented by the following formulae: —NR'— or —NR'R", or
—NHR', where R' and R" are alkyl.

“Aryl” by itself or as part of another substituent refers to an
aromatic hydrocarbon group comprising a single ring or mul-
tiple fused rings with 5 to 14 carbon atoms (preferably 5 to 10
carbon atoms). Each aryl group can be fused to a cycloalkyl,
heterocyclyl, heteroaryl, or aryl group. In addition, these
groups can be substituted or unsubstituted. Examples of aryl
groups include phenyl, naphthyl, anthracyl, 1,2,3,4-tetrahy-
dro-naphthyl and the like.

“Arylalkyl” by itself or as part of another substituent refers
to an aryl group, attached to the remainder of the molecule via
an alkyl group. Such groups may have single or multiple
substituents on either the aryl ring or on the alkyl side chain.
In addition, these groups can be substituted or unsubstituted.
Examples include benzyl, phenylethyl, styryl, 2-(4-meth-
ylphenyl)ethyl, triphenylmethanyl, and 2-phenylpropyl.

“Aryloxy” by itself or as part of another substituent refers
to an aromatic hydrocarbon group comprising a single ring or
multiple fused rings with 5 to 14 carbon atoms (preferably 5
to 10 carbon atoms) attached to the remainder of the molecule
via an oxygen atom. Hach aryl group can be fused to a
cycloalkyl, heterocyclyl, heteroaryl, or aryl group. In addi-
tion, these groups can be substituted or unsubstituted.
Examples of aryloxy groups include phenol, naphthanol,
anthranol and the like. An aryloxy group can also be repre-
sented by the following formula: —OR', where R' is the “aryl
portion” of an alkoxy group.

“Arylamino” by itself or as part of another substituent
refers to an aromatic hydrocarbon group comprising a single
ring or multiple fused rings with 5 to 14 carbon atoms (pref-
erably 5 to 10 carbon atoms) attached to the remainder of the
molecule via a nitrogen atom. Each aryl group can be fused to
a cycloalkyl, heterocyclyl, heteroaryl, or aryl group. In addi-
tion, these groups can be substituted or unsubstituted.
Examples of arylamino groups include phenylamino, naph-
thylamino, anthracylamino and the like. An arylamino group
can also be represented by the following formulae: —NR'—
or —NR'R", or —NHR!', where at least one of R' or R" are
aryl.

“Elemental carbon” as used herein, is a material consisting
essentially of the element carbon. Elemental carbon has sev-
eral allotropic forms including diamond, graphite, lonsdale-
ite, C60, C540, C70, amorphous carbon and a carbon nano-
tube. Many of these forms comprise aromatic carbon ring
systems including graphite and charcoal. Graphite and char-
coal are preferred elemental carbons comprising an aromatic
carbon compound.

“Halo” or “halogen”, by itself or as part of a substituent
refers to a chlorine, bromine, iodine, or fluorine atom. Addi-
tionally, terms such as “Haloalkyl” refer to a monohaloalkyl
or polyhaloalkyl group, most typically substituted with from
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1-3 halogen atoms. Examples include 1-chloroethyl, 3-bro-
mopropyl, trifluoromethyl and the like.

“Heteroatom” refers to an atom other than carbon.
Examples include nitrogen, oxygen, sulfur, phosphorus, sili-
con and the like.

The term “heteroalkyl,” refers to a straight or branched
chain group consisting of 1 to 10 carbon atoms (preferably 1
to 8 carbon atoms) and from one to three heteroatoms selected
from the group consisting of O, N, P, Si and S, and wherein the
nitrogen, sulfur and phosphorus atoms may optionally be
oxidized. The heteroatom(s) O, N, P and S may be placed at
any interior position of the heteroalkyl group. The heteroatom
Si may be placed at any position of the heteroalkyl group,
including the position at which the alkyl group is attached to
the remainder of the molecule. Examples include —CH,—
CH,—O—CH,, —CH,—CH,—NH—CH,, —CH,—
CH,—N(CH,)»—CH,, —CH,—S—CH,—CH,, —CH,—
CH,—S(0)—CHs;, —CH,—CH,—S(0),—CHj,
—CH—CH—0—CH,, —Si(CH;);, —CH,—CH—N—
OCH,;, and —CH—CH—N(CH;)—CH;. Up to two heteroa-
toms may be consecutive, such as, for example, —CH,—
NH—OCH; and —CH,—O—Si(CH,);.

“Heteroaryl” refers to an aromatic hydrocarbon group hav-
ing at least one heteroatom and comprising a single ring or
multiple fused rings. A heteroaryl group preferably has 3 to
14 members (preferably 3 to 10 members). Each heteroaryl
group can be fused to a cycloalkyl, heterocyclyl, heteroaryl,
or aryl group. Each heteroaryl must contain at least one het-
eroatom (typically 1 to 5 heteroatoms) selected from the
group consisting of nitrogen, oxygen and sulfur. Preferably, a
heteroaryl group contains 0-3 nitrogen atoms, 0-1 oxygen
atoms and 0-1 sulfur atoms. In addition, these groups can be
substituted or unsubstituted. Examples of heteroaryl groups
include pyrrolyl, imidazolyl, oxazolyl, furanyl, triazolyl, tet-
razolyl, oxadiazolyl, pyrazolyl, isoxazolyl, pyridinyl, pyrazi-
nyl, pyridazinyl, pyrimidinyl, triazinyl, indolyl, thiophenyl,
benzothiophenyl, benzofurayl, benzimidazolyl, benzopyra-
zolyl, quinolinyl, isoquinolinyl, quinazolinyl, quinoxalinyl
and the like. Heteroaryl groups can be unsubstituted or sub-
stituted. For substituted heteroaryl groups, the substitution
may be on a carbon or heteroatom. For example, when the
substitution is —O, the resulting group may be a N-oxide
(—N(O)—) when the substitution is on a nitrogen.

“Heterocyclyl” refers to a saturated or unsaturated non-
aromatic group containing at least one heteroatom and having
3 to 10 members (preferably 3 to 7 carbon atoms). Each
heterocyclyl may have one or more rings. When multiple
rings are present in a heterocyclyl, they can be fused together
or linked covalently. Each heterocyclyl can be fused to a
cycloalkyl, heterocyclyl, heteroaryl, or aryl group. Each het-
erocyclyl must contain at least one heteroatom (typically 1 to
5 heteroatoms) selected from nitrogen, oxygen or sulfur. Pref-
erably, a heterocyclyl group contains 0-3 nitrogen atoms and
0-1 oxygen atoms. In addition, these groups can be substi-
tuted or unsubstituted. Examples of saturated and unsaturated
heterocyclyl groups include pyrrolidinyl, imidazolidinyl,
pyrazolidinyl, piperidinyl, 1,4-dioxanyl, morpholinyl, piper-
azinyl, 3-pyrrolinyl and the like. Heterocyclyl groups can be
unsubstituted or substituted. For substituted heterocyclyl
groups, the substitution may be on a carbon or heteroatom.
For example, when the substitution is —O, the resulting
group may have either a carbonyl (—C(O)—) or a N-oxide
—NO)—.

“Laser” refers to a device which emits coherent light radia-
tion in a narrow, low-divergence monochromatic beam with a
well-defined wavelength. The light radiation may be photons
of electromagnetic energy including the visible, infrared and



US 8,618,320 B2

5

ultravioulet spectrums. Examples of lasers include visible
light lasers, infrared lasers, ultraviolet lasers, and the like. The
laser light is a beam with a well-defined wavelength. In con-
trast, incandescent light has a wide spectrum of wavelengths.

“Lewis acid” refers to any species with a vacant orbital, in
contrast to a “Lewis base,” which refers to a compound with
anavailable pair of electrons, either unshared or in a ;-orbital.
Typically, a Lewis acid refers to a compound containing an
element that is two electrons short of having a complete
valence shell. As used herein, the term “Lewis acid” does not
include protic acids.

“Light” refers to electromagnetic radiation of a wavelength
that is visible to the human eye (about 400-700 nm) or near the
visible region such as the infrared and ultraviolet region.
Preferably, light is visible to the human eye. Light refers to
incandescent light and laser light.

“Substituted” means that the moiety contains at least one,
preferably 1 to 3 substituent(s). Suitable substituents include
halogen, C, 4 alkyl, C, g heteroalkyl, C, ¢ haloalkyl, —CN,
—NO,, —OR', —OC(O)R', —CO,R', —C(O)R', —C(0O)
NR'R", —OC(O)NRR", —NR™C(O)R', —NR'"C(O)
NRR", —NRR", —NR™CO,R", —SR', —S(O)R/,
—S(0),,R", —S(0),NR'R", —NR™"S(0),R", C,_; alkenyl,
C,_g alkynyl, 3- to 10-membered heterocyclyl, C_,, aryl, and
5-to 10-membered heteroaryl;

wherein R', R" and R" are each independently selected
from the group consisting of hydrogen, C, ; alkyl, C, ; het-
eroalkyl, C, g alkenyl, C, g alkynyl, C, 4 aryl, 5-to 10-mem-
bered heteroaryl, and 3- to 10-membered heterocycle; R' and
R" may together with the atom(s) to which they are attached,
form a substituted or unsubstituted 5-, 6-, or 7-membered
cycloalkyl or heterocyclyl.

Examples of substituted substituents include alkylamino,
dialkylamino, alkylaryl, aralkyl, and the like. When 3- to
10-membered heterocyclyl, Cg ,, aryl, 5- to 10-membered
heteroaryl, and cycloalkyl are substituents, these groups can
be linked through a single bond or these groups can be fused.
For example when benzene is substituted with a phenyl
group, which is an example of a C_,, aryl group, the result
can be biphenyl or naphthalene.

Halogenation of Activated Carbon Atoms

A simple and efficient procedure for the halogenation of
activated carbon atoms is disclosed herein.

As used herein, halogenation of activated carbon atoms is
defined as the process of forming a carbon-halogen bond in a
compound having an activated carbon atom. The activated
carbon atom has a carbon-hydrogen bond which may be
transformed to a carbon-halogen bond. An activated carbon
atom is defined as a carbon atom of an aromatic ring, a carbon
atom alpha to an aromatic ring, or a carbon atom alpha to a
heteroatom.

As used herein, the term aromatic ring or aromatic com-
pound encompasses both aryls and heteroaryls. Examples of
aromatic compounds include benzene, napthalene,
anthracene, toluene, methylnaphthalene, methylanthracene,
indole, furan, thiophene, 1,2,34-tetrahydro-naphthalene,
2,3-dihydrobenzofuran, indoline, 2,3-dihydroben-
zothiophene, and the like. Aromatic compounds can be sub-
stituted or unsubstituted.

An example of a compound with a carbon atom alpha to an
aromatic ring is toluene, wherein the position of the carbon
atom alpha to the aromatic ring is often referred to as the
benzylic position. It is to be understood that the aromatic ring
may be aryl or heteroaryl. The carbon atom alpha to the
aromatic ring may be part of a chain or ring which may be
substituted or unsubstituted.
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Another type of activated carbon is a carbon atom alpha to
a heteroatom. A heteroatom refers to an atom other than
carbon. Examples include nitrogen, oxygen, sulfur, phospho-
rus, silicon and the like. Examples of compounds comprising
a heteroatom include silanes, ethers, sulfides, amines and the
like. In the halogenation of carbon atoms alpha to a heteroa-
tom, silanes are preferred compounds where the heteroatom
is silicon.

Halogen Donors

The halogenation of activated carbon atoms is achieved
using a Lewis acid catalyst and a halogen donor. A halogen
donor is a compound that is capable of donating a halogen
atom to the formation of a carbon-halogen bond, and is often
referred to in the art as an electrophilic halogenating reagent.
Halogen donor compounds within the scope of the present
invention include any halogen containing compound whose
ability to donate a halogen atom is enhanced in the presence
of'a Lewis acid catalyst. Suitable halogen donor compounds
included haloimides which are defined as compounds includ-
ing a “N—X” functionality, wherein the nitrogen atom is
attached to two electron withdrawing groups, and X is a
halogen. Examples of haloimide compounds include com-
pounds with the following functional groups:

0 X © 0 X © 0 X ©
1 [ 1
—C—N—C— —C—N—§— —§—N—S—
I I I
o o o

wherein X is halogen. Preferred haloimides are N-bromo-
succinimide (NBS), N-iodosuccinimide (NIS), N-chlorosuc-
cinimide (NCS) or N-fluorobenzene-sulfonimide (NFSI):

0 0 0
N—Cl N—-Br N—I
0 0 0

NCS NBS NIS

0 0
il
Ph/”\N/”\Ph
o | o
F
NFSI

Other examples of haloimides include imidazolidine-2,4-
diones, preferably 1,3-dihalo-5,5-dimethylimidazolidine-2,
4-dione, more preferably 1,3-dibromo-5,5-dimethylimidazo-
lidine-2,4-dione or 1,3-dichloro-5,5-dimethylimidazolidine-
2.,4-dione, most preferably 1,3-dibromo-5,5-
dimethylimidazolidine-2,4-dione as shown below.

Without wishing to be bound by any theory of interpreta-
tion, it is believed that the reactivity of the haloimide com-
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pounds may be enhanced by preferential coordination of the
Lewis acid catalyst with the oxygen of the carbonyl or sulfo-
nyl moiety of the haloimide. For example, coordination of
ZrCl, with the carbonyl oxygen of a halo-succinimide to
increase the reactivity of halogen atom is illustrated below.

OMe

A specific halogen donor is selected based on the identity
of the halogen that is desired in the halogenated aromatic
compound. For example, if a chlorinated aromatic compound
is desired, NCS would be a suitable halogen donor. If a
brominated aromatic compound is desired, NBS would be
suitable. If an iodinated or fluorinated aromatic compound is
desired, NIS and NFSI, respectively, would be suitable.

In one embodiment, the halogen donor is N-bromosuccin-
imide.

In another embodiment, the halogen donor is N-fluoroben-
zene-sulfonimide.

In yet another embodiment, the halogen donor is 1,3-di-
bromo-5,5-dimethylimidazolidine-2,4-dione.

Lewis Acid Catalyst

The halogenation of an activated carbon atom further com-
prises a Lewis acid catalyst. The Lewis acid catalyst may
comprise any Lewis acid which accelerates the reaction
between the halogen donor compound and the activated car-
bon atom. The Lewis acid catalyst comprises a metal.
Examples of metals include Al, B, Sn, Cs, transition metals,
lanthanide metals, actinide metals and mixtures thereof. Pref-
erably the metal is Al, Fe, or Zr. More preferably the metal is
Zr.

The Lewis acid catalyst also comprises one or more
ligands. Ligands may be mono- or multi-dentate, chiral or
achiral. Examples of ligands include halogen, alkoxy, ary-
loxy, alkyamino, arylamino, olefin, phosphorous containing
compounds, BINOL, tartrate, and the like. Chiral ligands
according to the invention are moieties which possess chiral
centers and exert facial selectivity of a reaction based on their
chirality. A chiral center is, of course, an atom to which four
different groups are attached; however, the ultimate criterion
of chirality is nonsuperimposability on the mirror image.

Any Lewis acid catalyst which accelerates the reaction
between the halogen donor compound and the activated car-
bon atom is suitable for use in the halogenation reaction of the
present invention. Some Lewis acid catalysts are more pref-
erable than others. HfCl,, TiCl,, and ZnCl, were found to be
less than optimal catalysts in the halogenation reaction. Pre-
ferred Lewis acid catalysts include ZrCl,, FeCl; and AICI;.
More preferably, the Lewis acid comprises Zr. Most prefer-
ably, the Lewis acid catalystis ZrCl,. Zirconium tetrachloride
is an ideal Lewis acid for this purpose, since it is known for its
low toxicity.

The amount of Lewis acid catalyst used in the halogenation
of an aromatic compound depends on a variety of factors.
Generally, however, the Lewis acid catalyst is present in a
catalytic amount, wherein a catalytic amount is defined as an
amount sufficient to accelerate the reaction between the halo-
gen donor compound and the starting material comprising the
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activated carbon atom. The catalytic amount of Lewis acid is
less than 100 mole % relative to the starting material com-
prising the activated carbon atom, preferably from about 0.5
mole % to about 25 mole %, more preferably from about 0.5
mole % to 10 mole %, also more preferably about 5 mole %.

The halogenation of an activated carbon atom is carried out
in the presence of light. Any suitable source of light which
promotes the halogenation reaction may be employed. For
example, light in the visible spectrum may be employed and
may comprise a wide spectrum of wavelengths such as, for
example incandescent light, or a narrow, well-defined wave-
length such as laser light. Preferably laser light is employed,
more preferably a green laser, even more preferably laser
light with a wavelength of about 532 nm.

The halogenation of an activated carbon atom is carried out
in a solvent, such as methylene chloride or ethyl ether. In a
preferred embodiment, methylene chloride is employed as
the solvent in the halogenations disclosed herein.

The halogenation of an activated carbon atom is carried out
at a temperature range at or below the boiling point of the
solvent. Preferably the reaction temperature is less than about
40° C., more preferably less than about 30° C. or less than
about 20° C., even more preferably less than about 0° C.
When a laser light is employed, the reaction temperature may
be less than about 0° C., preferably less than about =30 about
0° C., more preferably less than about -60° C.

The halogenation of an activated carbon atom is carried out
at atmospheric pressure. High pressure conditions including
sealed tube reactions are not necessary to practice the present
invention, and preferably are not used.

The yield of the halogenated product produced by the
halogenation reaction of the present invention can vary
depending on a variety of factors. For example, the choice and
amount of the halogen donor and Lewis acid catalyst can
affect the yield of the aromatic product. The yield of the
halogenation reaction is preferably greater than 50%, prefer-
ably greater than 80%, more preferably greater than 90%,
also more preferably greater than 95%. Where the haloge-
nated product produced by the halogenation reaction of the
present invention is chiral, the enantiomeric excess is prefer-
ably greater than 90%, more preferably greater than 95%,
even more preferably greater than 99%.

Substrates for Halogenation

In one embodiment, the activated carbon atom is a carbon
atom of an aromatic ring and the halogenation reaction can be
represented as shown in Scheme 1.

Scheme 1
R! R!
R Halogen Donor R <
Lewis acid
I Solvent I

In each of formulae [ and II, Ring A is an aryl or heteroaryl
group.

The substituent R" is selected from the group consisting of
—OR?, —NR’R*, and —SR?;

wherein R® and R* are each independently selected from
the group consisting of hydrogen, C, ; alkyl, C, ¢ heteroalkyl,
C,_ ¢ alkenyl, C, ¢ alkynyl, Cq ,, aryl, 5- to 10-membered
heteroaryl, and 3- to 10-membered heterocycle; R*> and R*
may together with the atom(s) to which they are attached,
form a 5-, 6-, or 7-membered cycloalkyl or heterocyclyl.

The substituent R? represents 0 to 5 substituents each inde-
pendently selected from the group consisting of hydrogen,
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—OR?, —NR’R*, —SR?, C, ; alkyl, C,_ heteroalkyl, C, ¢
haloalkyl, C, g alkenyl, C, g alkynyl, 3- to 10-membered het- Scheme 5
erocyclyl, Cq_, aryl, and 5- to 10-membered heteroaryl.

The substituent X in formula II, represents a halogen s \ x
selected from the group consisting of chloro, bromo, iodo and R2 _f
fluoro. Z l/ .
In another embodiment, the halogenation reaction can be X
represented as shown in Scheme 2. b IIb
10

In one embodiment, the aromatic starting material and the
halogenated aromatic product comprise Formulae IIla and

RZ—@ Halogen Donor RZ_@_X IVa, respectively, as shown in Scheme 6.
Lewis Acid 15

Scheme 2

I Solvent v
Scheme 6
In each of formulae I1I and IV, R? is as defined for formula : AN Y{ I AN Y{
I, Ring A is heteroaryl. In formula IV, X is as defined for RZ—+- Y2, — R2—— Y2,
20 | / l /
formula II. o~ YA
In another embodiment, halogenation reaction can be rep- X
resented as shown in Scheme 3. Il IVa
2> wherein:
Scheme 3 X is as defined for formula II, and R? is as defined for
H X formula 1, with the proviso that R? represents O to 4 substitu-
RS é 3 Halogen Donor RS é B3 ents;
—_— —_— _— . . .
[ Lewis Acid [ 30 Y1 is selected from the group consisting of —NR?>—,
R4 Solvent R4 407, and 787;
v VI Y? is each independently —CR>R*—;

Y? is selected from the group consisting of —NR*—,
—O—,—CR*R*—and —S—;
35 wherein R® and R* are as defined as in formula I; and
nis 1,2 or 3.
In a further embodiment, the aromatic starting material and

In each of formulae V and VI, R* and R*, are as defined for
formula I, and Ring A is an aryl or heteroaryl group. Prefer-
ably Ring A is aryl. In formula V1, X is as defined for formula

IL. the halogenated aromatic product comprise Formulae IIIb

The substituent R represents 0 to 5 substituents each inde- and Vb, respectively, as shown in Scheme 7, wherein R? and
pendently selected from the group consisting ofhydrogenand 49 Y! are as defined as in formula I1la, Scheme 6, and X is as
halogen. defined for formula II.

Formula I and III are aromatic compounds, referred to
herein as aromatic starting materials, that are converted to

Formula II and IV, respectively, which are halogenated aro- Scheme 7

matic products. Formula V is an example of a compound with * y! y!

an activated carbon atom alpha to an aromatic ring which is sz R sz §
converted to the halogenated product of Formula VI. Thus, ' / k//<X
Formula II, IV and VI are merely halogenated derivatives of

Formula [, II1, and V, respectively. S0 b Ivb

In an additional embodiment, the aromatic starting mate-
rial and the halogenated aromatic product comprise Formulae
Ia and Ila, respectively, as shown in Scheme 4.

In one embodiment, the starting material and the haloge-
nated product comprise Formulae Va and Vla, respectively, as
shown in Scheme 8, wherein R?, R*, and R® are as defined for

55 formula V, and X is as defined for formula II.

Scheme 4

Scheme 8

R
N i X

R R X 0 Py | Y
P P R5—| —C—R3—>R5—| ——C—FR?
Ia Tla - Z s
Va Via

In another embodiment, the aromatic starting material and 65
the halogenated aromatic product comprise Formulae Ib and In one embodiment, the starting material and the haloge-
IIb, respectively, as shown in Scheme 5. nated product comprise Formulae Vb and VIb, respectively,
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as shown in Scheme 9, wherein R?, R*, and R are as defined
for formula V and X is as defined for formula II.

Scheme 9
7 AN
RP— | —|—C—R} ——
N . 2
Vb
X
= A Y
RS—— | —C—R?
. P II{4
Vb

In another embodiment, the starting material and the halo-
genated product comprise Formulae Ve and Ve, respectively,
as shown in Scheme 10, wherein R*, and R® are as defined for
formula V, and X is as defined for formula II.

Scheme 10
H
v |
RP— | —|—C—H —
g F Il{4
Ve
X
= Y |
RO— | ——C—X
A = Il{4
Vie

In another embodiment, the starting material and the halo-
genated product comprise Formulae Vd and VId, respec-
tively, as shown in Scheme 11, wherein R® is as defined for
formula V, and X is as defined for formula II.

Scheme 11
H
RP— | —T—H—>
N e H
Vd
X
7 Y |
RO— | —T—X
X Z +
VId

In another embodiment, the starting material and the halo-
genated product comprise Formulae VII and VIII, respec-
tively, as shown in Scheme 12, wherein R®> and R* are as
defined for formula I, and X is as defined for formula II. The
substituent R® is selected from the group consisting of —Si
(R*);, —OR?, —NR’R*, and —SR>.
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Scheme 12

H X

RG—?—R3 — R6—(C—FR}

R#
VI

R4
VIII

In another embodiment, the starting material and the halo-
genated product comprise Formulae VIla and VIlla, respec-
tively, as shown in Scheme 13 wherein R?, R?, and R* are as
defined for formula I, and X is as defined for formula II.

Scheme 13
o i
RZ—?i—?—R3 — RZ—?I—(lj—R3
R R* R? R*
Vila Vila

In another embodiment, the starting material and the halo-
genated product comprise Formulae VIIb and VIIIb, respec-
tively, as shown in Scheme 14 wherein R?, R?, and R* are as
defined for formula I, and X is as defined for formula II.

Scheme 14

R? H R? X

RZ—Si—C—H —» R>—Si—C—X
R2 R4
ViIb

R? R*
VIIIb

In another embodiment, the starting material and the halo-
genated product comprise Formulae VIIc and VIllc, respec-
tively, as shown in Scheme 15 wherein R?, R?, and R* are as
defined for formula I, and X is as defined for formula II.

Scheme 15

In another embodiment, the starting material may com-
prise an aromatic compound. Elemental carbon has several
known allotropes including: diamond, graphite, lonsdaleite,
C60, C540, C70, amorphous carbon and a carbon nanotube.
Many of these forms comprise aromatic groups. For example,
graphite comprises broad flat sheets of hexagonal aromatic
carbon rings. These sheets are stacked upon each other and
are weakly bonded together. Charcoal comprises more than
one allotrope, specifically, crystallites of graphite with vary-
ing amounts of amorphous carbon holding them together.

Material comprising aromatic rings are suitable substrates
or starting materials in the halogenation methods of the
present invention. In one embodiment, elemental carbon is
the starting material. The starting material and the haloge-



US 8,618,320 B2

13

nated product comprise Formulae IX and X, respectively, as
shown in Scheme 16, wherein X is as defined for formula II.

Scheme 16 5

elemental Halogen Donor elemental x
carbon Lewis acid carbon
X Solvent X

10

In another embodiment, the starting material and the halo-
genated product comprise Formulae 1Xa and Xa, respec-
tively, as shown in Scheme 17 wherein X is as defined for

formula II. s

Scheme 17

- Halogen Donor

IXa

X

Xb

Lewis acid 20

Solvent

In another embodiment, the starting material and the halo-
genated product comprise Formulae IXb and Xb, respec-
tively, as shown in Scheme 18 wherein X is as defined for
formula II.

25

Scheme 18 30

Halogen Donor

IXb

@D

Xb

Lewis acid
Solvent

35

For the halogenation of materials comprising aromatic
compounds such as elemental carbon, graphite and charcoal,
it is to be understood that the material may comprise many
activated carbon atoms which can be halogenated, and thus
Schemes 16-18 in no way limit the number of halogen atoms
that may be incorporated into such a material according to the
methods of the present invention. Halogenated materials
comprising aromatic compounds such as elemental carbon,
graphite and charcoal may find application in catalysis, elec-
tronic and ionic conduction, adsorption, heat transfer and
luminescence.

Without wishing to be bound by theory, the halogenation of
elemental carbon comprising aromatic rings is believed to
take place on the edges of the rings. For example, graphite is
an extended sheet of carbon rings fused together. The halo-
genation is believed to take place on the edges of these sheets.

Preferred R* Groups.

In a preferred embodiment any of Schemes 1, 4, and 5,
substituent X is located ortho to substituent R".

In a preferred embodiment, substituent X is located para to
substituent R*.

In a preferred embodiment for any of Schemes 1, 4, and 5,
R! is —OR?, more preferably —OMe or —OH.

In a preferred embodiment for any of Schemes 1, 4, and 5,
R! is —NR>R*, more preferably —NH,,.

In a preferred embodiment for any of Schemes 1, 4, and 5,
R'is —SR>.

Preferred R? Groups.

In another preferred embodiment for any of Schemes 1-7, 65
and 12-14, R? is selected from the group consisting of halo-
gen, C, ¢ alkyl, C, ¢ heteroalkyl, C, ¢ haloalkyl, C, ¢ alkenyl,

N
=3

50

55

60

14
C,_g alkynyl, 3- to 10-membered heterocyclyl, Cg_,, aryl, and
5-to 10-membered heteroaryl.

In another embodiment for any of Schemes 1-7 and 12-14,
R? is selected from the group consisting of C,_ alkyl, C, 4
heteroalkyl and C,  haloalkyl.

In another embodiment for any of Schemes 1-7 and 12-14,
R?is C, g alkyl.

In another embodiment for any of Schemes 1-7 and 12-14,
R? is selected from the group consisting of C,_¢ alkenyl and
C,_g alkynyl.

In another embodiment for any of Schemes 1-7 and 12-14,
R?is selected from the group consisting of 3- to 10-membered
heterocyclyl, C,_,, aryl, and 5- to 10-membered heteroaryl.

Preferred R? and R* Groups.

In one embodiment for any of Schemes 1-10and 12-14, R®
and R* are each independently selected from the group con-
sisting of hydrogen, C, ; alkyl, C,  heteroalkyl, C, g alkenyl,
C,_ g alkynyl, C,_,,aryl, 5-to 10-membered heteroaryl, and 3-
to 10-membered heterocycle; R*> and R* may, together with
the atom(s) to which they are attached, form a 5-, 6-, or
7-membered cycloalkyl or heterocyclyl.

In one embodiment for any of Schemes 1-10 and 12-14, R?
and R* are each independently selected from the group con-
sisting of hydrogen, C, ¢ alkyl, C, g heteroalkyl, C, g alkenyl,
C,_¢ alkynyl, and 3- to 10-membered heterocycle; R* and R*
may, together with the atom(s) to which they are attached,
form a 5-, 6-, or 7-membered cycloalkyl or heterocyclyl.

In one embodiment for any of Schemes 1-10and 12-14, R®
and R* are each independently selected from the group con-
sisting of hydrogen, C, ¢ alkyl, C, 4 heteroalkyl, and 3- to
10-membered heterocycle; R® and R* may, together with the
atom(s) to which they are attached, form a 5-, 6-, or 7-mem-
bered cycloalkyl or heterocyclyl.

In one embodiment for any of Schemes 1-10 and 12-14, R?
and R* are each independently selected from the group con-
sisting of hydrogen, C, ¢ alkyl, and C, g heteroalkyl.

In one embodiment for any of Schemes 1-10and 12-14, R?
and R* are each independently selected from the group con-
sisting of hydrogen, and C, 4 alkyl.

In one embodiment for any of Schemes 1-10and 12-14, R?
and R* are each independently selected from the group con-
sisting of hydrogen, C,_,, aryl, and 5- to 10-membered het-
eroaryl.

In one embodiment for any of Schemes 1-10 and 12-14, R?
and R* are each independently selected from the group con-
sisting of hydrogen and C_,, aryl.

Preferred R Groups.

In one embodiment for any of Schemes 3, or 8-11, R® is
hydrogen.

In another embodiment for any of Schemes 3, or 8-11, at
least one R* is halogen, and the remaining R® are hydrogen.

In another embodiment for any of Schemes 3, or 8-11, at
least two R® are halogen, and the remaining R” are hydrogen.

Preferred X Groups.

In another embodiment for any of Schemes 1-14, X is
bromo.

In another embodiment for any of Schemes 1-14, X is
chloro.

In another embodiment for any of Schemes 1-14, X is iodo.

In another embodiment for any of Schemes 1-11, X is
fluoro.

Preferred Y Groups.

In one embodiment for any of Schemes 2, 6, or 7, Y' is
—NR?. More preferably, Y is —NH.

In another embodiment for any of Schemes 2, 6, or 7,Y" is
—O0—.
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In another embodiment for any of Schemes 2, 6, or 7,Y" is
—S—.

In one embodiment of Formula ITla, Y? and Y* are each
independently —CRR*.

In one embodiment of Formula I1la, Y2 and Y? are each
independently —CR?R*; and n is 1.

In another embodiment of Formula I1la, Y! is —O—, Y?
and Y* are each —CH,—, and n is 1.

Halogenated Elemental Carbon

In one embodiment, a halogenated elemental carbon is
provided prepared by the steps of reacting elemental carbon
comprising an aromatic carbon compound with a halogen
donor in the presence of a catalytic amount of the Lewis acid
to form halogenated elemental carbon; wherein the halogen
donor is selected from the group consisting of N-bromosuc-
cinimide, N-iodosuccinimide, N-chlorosuccinimide and
N-fluorobenzene-sulfonimide.

The elemental carbon may be graphite or charcoal. The
Lewis acid may comprise a metal selected from the group
consisting of Zr, Fe, and Al, preferably Zr. Preferably the
Lewis acid is ZrCl,.

Catalysts on Elemental Carbon Support

In one embodiment, a catalyst is provided which is pre-
pared by the steps of halogenating elemental carbon compris-
ing an aromatic carbon compound to form halogenated
elemental carbon; coupling a functional group to the haloge-
nated elemental carbon to form a functionalized elemental
carbon; complexing a metal to the functionalized elemental
carbon. Additionally, the catalyst may be prepared by react-
ing the elemental carbon with a halogen donor in the presence
of a catalytic amount of a Lewis acid. In some aspects the
Lewis acid is Zr, Fe or Al, preferably Zr. Preferably the Lewis
acid is ZrCl,.

Elemental carbon is a material consisting essentially of the
element carbon. Elemental carbon has several allotropic
forms including diamond, graphite, lonsdaleite, C60, C540,
C70, amorphous carbon and a carbon nanotube. Many of
these forms comprise aromatic carbon ring systems including
graphite and charcoal. Graphite and charcoal are preferred
elemental carbons comprising an aromatic carbon com-
pound.

Elemental carbon comprising an aromatic carbon com-
pound can be halogenated according to the methods of the
present invention. The halogenated elemental carbon may be
further functionalized by coupling a functional group to the
halogenated elemental carbon. Any functional group which
may be coupled to the halogenated elemental carbon and
which can act as a ligand for transition metal catalysts is
suitable. A functional group comprising a pyridyl ring is
preferred. The pyridyl functional group may be coupled via
any suitable position to the halogenated elemental carbon
which allows the pyridyl nitrogen to coordinate to a transition
metal. The pyridyl ring may be unsubstituted or substituted.
In one aspect, the pyridyl functional group is a bipyridyl ring
system.

The functionalized elemental carbon may act as a ligand
for a transition metal. Any transition metal which can com-
plex with the functionalized elemental carbon is suitable.
Palladium is a preferred transition metal. Either Pd(0) or
Pd(II) oxidation state may be used. Sources of Pd(0) and
Pd(II) are known to one skilled in the art, including, for
example Pd(Ph,),, Pd(OAc),, and PdCl,. Complexing the
transition metal to the functionalized elemental carbon com-
prises contacting the transition metal and the functionalized
elemental carbon and may further included heating or con-
centrating the mixture.

In one aspect of the catalyst, the elemental carbon is graph-
ite or charcoal; wherein the halogen donor is selected from the
group consisting of N-bromosuccinimide, N-iodosuccinim-
ide, N-chlorosuccinimide and N-fluorobenzene-sulfonimide;
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and wherein the Lewis acid comprises a metal selected from
the group consisting of Zr, Fe, and Al.

Method of Halogenation

In one embodiment, a method of halogenating an activated
carbon atom in the presence of a Lewis acid is provided
comprising, reacting a material comprising an activated car-
bon atom with a halogen donor in the presence of a catalytic
amount of the Lewis acid; wherein the activated carbon atom
is an aromatic carbon atom, a carbon atom alpha to an aro-
matic ring, or a carbon atom alpha to a silicon atom; and
wherein the halogen donor is selected from the group con-
sisting of N-bromosuccinimide, N-iodosuccinimide, N-chlo-
rosuccinimide and N-fluorobenzene-sulfonimide. In some
aspects the Lewis acid comprises a metal selected from the
group consisting of Zr, Fe, and Al, preferably Zr. Preferably
the Lewis acid is ZrCl,. The catalytic amount of the Lewis
acid is from about 0.5 mole % to about 25 mole % of the
material comprising the activated carbon atom, preferably,
ZrCl, is from about 0.5 mole to about 25 mole % of the
material comprising the activated carbon atom.

Insome aspects of the method of halogenating, the material
is an aromatic compound represented by formula I:

Rl

wherein Ring A is aryl; R* is selected from the group
consisting of —OR?, —NR’R*, and —SR?; wherein R* and
R*are each independently selected from the group consisting
of hydrogen, C, 5 alkyl, C, g heteroalkyl, C, g alkenyl, C,
alkynyl, C,_,, aryl, 5- to 10-membered heteroaryl, and 3- to
10-membered heterocycle; R* and R* may together with the
atom(s) to which they are attached, form a 5-, 6-, or 7-mem-
bered cycloalkyl or heterocyclyl; R? represents 0 to 5 sub-
stituents each independently selected from the group consist-
ing of hydrogen, —OR?, —NR’R* —SR? C, , alkyl, C, ,
heteroalkyl, C, 4 haloalkyl, C, 4 alkenyl, C, ¢ alkynyl, 3- to
10-membered heterocyclyl, Cg_,, aryl, and 5- to 10-mem-
bered heteroaryl. In some aspects R* is —OR?, in others R* is
—NR’R*.

In other aspects of the method ofhalogenating, the material
is an aromatic compound represented by formula I11:

0

wherein Ring A is heteroaryl; and R* represents 0 to 5
substituents each independently selected from the group con-
sisting of hydrogen, C,, alkyl, C, ¢ heteroalkyl, C, ¢
haloalkyl, C, 4 alkenyl, C, g alkynyl, 3- to 10-membered het-
erocyclyl, Cq_, aryl, and 5- to 10-membered heteroaryl.

The aromatic compound may represented by formula I1la:

11

Illa
1
AN Y,
i N
| /"
F v3

wherein R? represents O to 4 substituents each indepen-
dently selected from the group consisting of hydrogen, halo-
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gen, C, ¢ alkyl, C, ¢ heteroalkyl, C, ¢ haloalkyl, C, ¢ alkenyl,
C, g alkynyl, 3- to 10-membered heterocyclyl, C;_,, aryl, and
5-to 10-membered heteroaryl; Y* is selected from the group
consisting of —NR*—, —O—, and —S—; each Y2 is inde-
pendently —CR*R*—; Y? is selected from the group consist-
ing of —NR*>— —O— —CR?R*— and —S—; wherein R?
and R* are each independently selected from the group con-
sisting ofhydrogen, C, ¢ alkyl, C, ¢ heteroalkyl, C, g alkenyl,
C, g alkynyl, C,_,,aryl, 5-to 10-membered heteroaryl, and 3-
to 10-membered heterocycle; R® and R* may together with
the atom(s) to which they are attached, form a 5-, 6-, or
7-membered cycloalkyl or heterocyclyl; and n is 1, 2 or 3. In
some aspects, Y' is —O—.

The aromatic compound may represented by formula 111b:

1IIb

N
L/

wherein Y' is selected from the group consisting of
—NR*>—, —0O—, and —S—. In some aspects Y* is —NR?.

In other aspects of the method of halogenating, the acti-
vated carbon atom is alpha to an aromatic ring and the mate-
rial is represented by formula V:

H
RS—@— é —R?
b

wherein Ring A is aryl; R® and R* are each independently
selected from the group consisting of hydrogen, C, g alkyl,
C, s heteroalkyl, C, ¢ alkenyl, C, 5 alkynyl, C ,, aryl, 5- to
10-membered heteroaryl, and 3- to 10-membered hetero-
cycle; R? and R* may together with the atom(s) to which they
are attached, form a 5-, 6-, or 7-membered cycloalkyl or
heterocyclyl; and R represents O to 5 substituents each inde-
pendently selected from the group consisting ofhydrogen and
halogen.

In yet other aspects of the method of halogenating, the
material is elemental carbon comprising an aromatic carbon
compound. The elemental carbon comprising an aromatic
carbon compound may be graphite or charcoal.

In still other aspects of the method ofhalogenating wherein
the activated carbon atom is alpha to silicon and the material
is represented by formula VIla:
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VIla

R? H

RZ—Si—C—R?

R? R

wherein R? is independently selected from the group con-
sisting of hydrogen, —OR>®, —NR’R*, —SR?, C,  alkyl,
C, g heteroalkyl, C, ghaloalkyl, C, ;alkenyl, C, alkynyl, 3-
to 10-membered heterocyclyl, Cy_,, aryl, and 5- to 10-mem-
bered heteroaryl; and R® and R* are each independently
selected from the group consisting of hydrogen, C, g alkyl,
C, g heteroalkyl, C, ¢ alkenyl, C, ¢ alkynyl, C_,, aryl, 5- to
10-membered heteroaryl, and 3- to 10-membered hetero-
cycle.

In another embodiment, the method of halogenating an
activated carbon atom in the presence of a Lewis acid com-
prises reacting a material comprising an activated carbon
atom with a halogen donor in the presence of a catalytic
amount of the Lewis acid; wherein the Lewis acid comprises
a metal selected from the group consisting of Zr, Fe and Al;
wherein the activated carbon atom is an aromatic carbon
atom, a carbon atom alpha to an aromatic ring, or a carbon
atom alpha to a silicon atom; and wherein the reacting is done
in the presence of light. Preferably the metal is Zr, more
preferably ZrCl,. The light may be incandescent or laser light,
preferably laser light.

EXAMPLES

The following examples are offered to illustrate, but not to
limit, the claimed invention.

Bromination using NBS has been found to be applicable
for use with a wide range of aromatic starting materials or
substrates, as is summarized in Table 1. For example, anisole
can be brominated by use of 1 equivalent of NBS in the
presence of 5 mol % of ZrCl, at -78° C. to afford p-bromoani-
sole in 98% yield as sole product (Table 1, Entry 1). However,
in the absence of ZrCl, the halogenation does not proceed,
even at room temperature (Table 1, Entry 1).

All of the substrates shown in Table 1 were brominated to
give the corresponding monobromo products in excellent
yield and regioselectivity. In most cases, the reaction can
proceed at very low temperature and no further purification is
necessary. In addition, Table 1 reveals that the halogenation of
the present invention is compatible with a variety of substitu-
ents.

TABLE 1

ZrCly, Catalyzed Bromination of Aromatic Compounds

Temp Time Conversion Product
Entry Starting Material °C) (h) (%)® (Iny?
1¢ OMe -78 5 98 OMe
rt. 1 96
rt.e 12¢ <1¢
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Z:1Cl, Catalyzed Bromination of Aromatic Compounds

Temp Time Conversion Product
Entry Starting Material (°C) (h) (%)° (Imy?
24 OMe -78 2 >99 Br
rt. 2 >99
OMe
37 OMe =78 1.5 81 OMe
0 2 91
rt. 2 95
Br
47 NH, -78 15 93 NH,
Br
54 H 0 4 >99 H
N . 4 >99 N
| / E)—Br
6% OH -78 3 >99 Br
0 2 >99
rt. 2 >99 OH
7¢ rt. 1 >99

O

“Reaction conditions: Substrate (0.5 mmol), NBS (0.5 mmol), ZrCly (5 mol %), CH,Cl, (4 mL).
"Determined by "HNMR.
“In the absence of ZrCly.

9See spectroscopic data for characterization.
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Chlorination using NCS has been found to be applicable
for use with a wide range of aromatic starting materials or
substrates, as is shown in Table 2. All the substrates treated
with 1 equivalent of NCS and 5 mole % of ZrCl, afforded the
corresponding chlorinated compounds. The reaction at room

22
temperature afforded a high yield of chlorinated product with
high regioselectivity. In some cases, a small amount of regioi-
somers (Entry 3) or dichlorinated products (Entries 4 and 5)

were observed.

TABLE 2

Z1Cl, Catalyzed Chlorination of Aromatic Compounds by NCS

Temp Time Conversion Product
Entry Starting Material “C) (b (%)® (In¢
1¢ OMe .t 12 92 OMe
Cl
24 OMe .t 12 97 Cl
37 OMe .t 12 94 OMe
AN
—|Cl
/
2-Cl:4-Cl
(13:87)
42 -t 6 92 H
{ i KN
|
L/ Ly
1-Cl:1,4-di-Cl
(83:17)
54 OH 0 6 83 OH
x
—|Cl
/
4-Cl:2,4-di-Cl
(75:25)
6% OH 0 6 >99 Cl
rt. 6 >99
OH
74 ©i> rt. 12 92 Cl
O \©io>

“Reaction conditions: Substrate (0.5 mmol), NCS (0.5 mmol), ZrCl, (5 mol %), CH,Cl, (4 mL).
"Determined by 'HNMR.

“See spectroscopic data for characterization.
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Iodination using NIS has been found to be applicable for the most difficult operations in organic synthesis. A mild
use with a wide range of aromatic starting materials or sub- fluorinating reagent, NFSI was selected as the fluorine
strates. As shown in Table 3, the iodination provides good source. The reactions of 1-methoxylnaphthalene, 2-methoxy-
yields and regioselectivities. In Entry 2, trace di-iodinated Inaphthalene, and pyrrole with NFSI catalyzed by ZrCl, gave
products were observed. the corresponding fluorinated products (Table 4, Entries 1, 2,
TABLE 3

ZrCl, Catalyzed Jodination of Aromatic Compounds by NIS

Temp Time Conversion Product
Entry Starting Material °C) (h (%)? Ine
1 OMe rt. 12 95 OMe
I
24 NH, 0 2 >99 NH,
I
—_|1I
/
4-1:2 A-di- 1
(99:1)°
39 OMe 0 6 96 I
49 OMe -78 6 93 OMe
0 6 >99
rt. 6 >99
I
54 NH, -78 6 65 NH,
AN
—1I
/
4-1:2, A-di-1
(36:64)
6% OH -78 3 >99 1
0 2 >99
rt. 2 >99 OH

“Reaction conditions: Substrate (0.5 mmol), NIS (0.5 mmol), ZrCl, (5 mol %), CH,Cl, (4 mL).
"Determined by H NMR.
“See spectroscopic data for characterization.

Fluorination using NFSI has been found to be applicable ¢s and 3 respectively). As shown in Entry 1, increasing the
for use with a wide range of aromatic starting materials or amount of catalyst increased the yield of the fluorinated prod-
substrates, as is illustrated in Table 4. Fluorination is one of uct.
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TABLE 4

ZrCly, Catalyzed Fluorination of Aromatic Compounds by NFSI

Temp Time Conversion Product
Entry Starting Material °C) (h (%)? Iy
1¢ OMe rt. 6 70° F
rt. 6 439
rt. 6 28°¢ OMe
24 OMe .t 12 31° OMe
A
—F
/
2-F:4-F
(43:57y
37 H -t 12 53¢ H
X B X

W, )

“Reaction conditions: Substrate (0.5 mmol), NFSI (0.5 mmol), ZrCly (5 mol %), CH,Cl, (4 mL).
"Determined by H NMR.

“With 1 equiv. of ZrCly.

4With 50 mol % of ZrCly,.

°With 20 mol % of ZrCly.

fSee spectroscopic data for characterization.

The reaction of NBS and toluene in the presence of 5 mole that of ZrCl,. Without wishing to be bound by any theory of
% ZrCl, did not give the ring substituted product, but rather i erpretation, it is believed that this reaction may proceed by
benzyl bromide almost exclusively. Table 5 shows some addi- 45
tional examples. The reaction also proceeds smoothly in the
presence of FeCl; or A1Cl; with almost the same reactivity as all in the presence of a radical inhibitor.

aradical mechanism. In fact, the reaction does not proceed at

TABLE §

ZrCly Catalyzed Radical Bromination of Aromatic Compound by NBS“

Temp Time Conversion Product
Entry Starting Material “C) (b (%)” (In<
1 CHj3 .t 24 89 CH,Br
2 CH,CH3 0 6 >99 CHBrCH;3
3 CHj3 0 5 85 CH,Br

‘ rt. 2 88
4 CH; o0 5 80 CH,Br
“/ rt. 2 91 “/
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TABLE 5-continued

28

ZrCly, Catalyzed Radical Bromination of Aromatic Compound by NBS®

Temp Time Conversion Product
Entry Starting Material “C) (b (%)® (Iry©
5 CHj; 0 6 94 CH,Br
Br Br
6 CHj 0 6 89 CH,Br
Cl Cl
Cl Cl
7 CH; 0 6 91 CH,Br
F F
F F

“Reaction conditions: Substrate (0.5 mmol), NCS (0.5 mmol), ZrCly (5 mol %), CH,Cl, (4 mL).

"Determined by H NMR.
“See spectroscopic data for characterization.

Toluene can be dibrominated and tribrominated in the pres-
ence of an excess amount of NBS. For example, as shown in
Scheme 19, dibrominated toluene can be obtained as the

35
major product using 6 equivalents of NBS, AlCI; (5 mole %),
in CH,Cl, at room temperature for 22 hours. As shown in
Scheme 20, tribrominated toluene can be obtained as the
major product using 10 equivalents of NBS, ZrCl, (5 mole
%), in CH,Cl, at reflux for 22 hours. 40
Scheme 19
CH; CH,Br CHBr, CBr
45
NBS (6 eq.)
+ +
AICl; (5 mole %)
(2%) (88%) (10%)
50
Scheme 20
CH3 CHzBr CHBr2 CBI‘3
NBS (10 eq.) 55
—_— + +
ZrCly (5 mole %)
(<1%) (13%) (87%)

Other halogenating agents were also studied including, for 60
example 1,3-dihalo-5,5-dimethylhydantoins. As shown in
Table 6, the bromination of toluene using 1,3-dibromo-5,5-
dimethylhydantoin was studied with various acids. The reac-
tions were run by adding to a suspension of the acid (0.05
mmol) in dichloromethane (2 mL.), a solution of toluene (0.5
mmol) and 1,3-dibromo-5,5-dimethylhydantoin (0.25 mmol)
in dichloromethane (2 mL) at room temperature. The mixture

65

was stirred for 2 h at room temperature under room light. The
reaction was quenched with saturated aqueous NaHCOj; solu-
tion and extracted with diethyl ether. The organic layer was
subjected to GC analysis using 1,2-dichlorobenzene as a
internal standard.

TABLE 6

Acid Catalyzed Bromination of Toluene®

0
Acid
’ N—Br CH,Cly, 1t,2 h
N 2Clp, 1t,
B ~
T
0
0.5 equiv.
Br
Br
+ +
A C
Br
B
% Yield®
Entry Acid (mol %)® A B C
1 none 0 0 0
24 ZrCl, (10) 0 0 39
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TABLE 6-continued

R e I R = T V. R SN VS |

ZrCl, (10)
Z1(0iPr) H,O (10)
TiCl, (10)
AICL, (10)
TENAICL, (10)
Cy,BCl (10) 0
TFOH (50) 49

oo O

— A N O O

<

45

10 Tf,NH (50) 48 46 0

86 11 (C4F4S0O,),NH (50) 44 42 0
32

5 “Reactions were carried out in dichloromethane at room temperature for 2 hours with 0.5
71 equivalent of 1,3-dibromo-5,5-dimethylimidazolidine-2,4-dione under room light unless

otherwise noted.

70 Cy = cyclohexyl, Tf = trifluoromethanesulfonyl,
76 “Yields were determined by GC analysis.

dl_.O equivalent of NBS was used instead of 1,3-dibromo-5,5-dimethylimidazolidine-2,4-
71 dione.

0 The halogenation of other substrates with 1,3-dihalo-5,5-
dimethylhydantoins was studied as shown in Table 7.

TABLE 7

Acid Catalyzed Halogenation of Aromatic compounds®

Acid Product
Entry  Starting Material (mol %)  Time (h) Yield (%) (¢
1 CH,CH; ZrCl, (10) 2 CHBrCH;
2° CH,CH; ZrCl, (10) 24 CHCICH;
3 CH,CH; TLNH (50) 4 93% CH,CH;
o/p=1/1/3
-

4 Me ZrCl, (10) 6 899

i Br
5 Me TH,NH (50) 10 4594

f Br i ,
6 Me ZrCl, (10) 1 99%
7 TH,NH (50) 1.5 95

OMe

“Reactions were carried out in dichloromethane at room temperature with 0.5 equivalent of 1,3-dibromo-5,5-
dimethylimidazolidine-2,4-dione unless otherwise noted.
Yields were determined by NMR.

€0.5 equivalent of 1,3-dichloro-5,5-dimethylimidazolidine-2,4-dione was used instead of 1,3-dibromo-5,5-
dlmethyhmldazohdme -2,4-dione.
Isolated yield.
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The bromination reaction is accelerated in the presence of
light. For example, as shown in Table 8, toluene can be bro-
minated using 0.5 equivalents of 1,3-dibromo-5,5-dimeth-
ylimidazolidine-2,4-dione, ZrCl, (10 mole %), in CH,Cl, at
room temperature for 2 hours. When the reaction is run under
standard indoor lighting, a 95% yield of product A is
obtained. When the reaction vessel covered in aluminum foil
to block light, less than 1% yield of A is obtained.

TABLE 8

Bromination Rate of Toluene Accelerated in Presence of Light

0]
+ MN—Br
N
Br/ K

ZrCly (10 mol %)
CH,Cl, 1t, 2 1
6}
0.5 equiv.
Br
Br
+ +
A B
Br
C
% Yield
Entry Light Conditions A B C
1 room light 94 0 0
2 in dark® <1 5 9

“Reaction vessel was covered with aluminum foil.

Laser light can also be used to accelerate bromination. For
example, as shown in Table 9, ethylbenzene can be bromi-
nated using 0.5 equivalents of 1,3-dibromo-5,5-dimethylimi-
dazolidine-2,4-dione, ZrCl, (10 mole %), in CH,Cl, at room
temperature for 2 hours. When the reaction is run under
standard indoor lighting, a 98% yield of the alpha brominated
product is obtained. When the reaction vessel covered in
aluminum foil to block light, less than 1% of the alpha bro-
minated product is obtained. At -78° C. under standard
indoor lighting, less than 1% of the alpha brominated product
is obtained. When a green laser (Wavelength 532 nm, Max
output power <5 mW) is shined on the reaction at -78° C., a
63% yield of the alpha brominated product is obtained.

TABLE 9

Bromination Rate of Ethylbenzene Accelerated in Presence of Light

Br Me
Et
O
ZrCly
(10 mol %)
+ N—Br —
N CHCl,
B K oh
6}
0.5 equiv.
Entry Light Conditions Temp (° C.) Yield (%)
1 room light 1t 98
2 in dark?® It <1
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TABLE 9-continued
3 room light -78 °C. <1
4 green laser” -78 °C. 63

“Reaction vessel was covered with aluminum foil.
bWavelength 532 nm, Max output power <5 mW.

Silane compounds can be monobrominated, dibrominated
and tribrominated in the presence of an excess amount of
NBS and a Lewis acid catalyst such as AICl;, FeCl; or ZrCl,.
For example, as shown in Scheme 21, (bromomethyl)trim-
ethylsilane can be obtained as the major product in 32%
isolated yield using NBS, AICl; (5 mole %), in CH,Cl, at
room temperature for 18 hours. As shown in Scheme 22,
(1,1-dibromoethyDtriethylsilane can be obtained as the major
product in 54% isolated yield using NBS, ZrCl, (5 mole %),
in CH,Cl, at room temperature for 18 hours. The major prod-
ucts were isolated by distillation.

Alternatively, tetramethylsilane can be brominated accord-
ing to Scheme 21 using 1,3-dibromo-5,5-dimethylimidazoli-
dine-2,4-dione. Tetramethylsilane (4 mmol) and 1,3-di-
bromo-5,5-dimethylimidazolidine-2,4-dione (1 mmol) was
added to a suspension of ZrCl, (0.1 mmol) in dichlo-
romethane (4 mL) at room temperature. The mixture was
stirred for 36 h at room temperature under room light. A yield
of bromomethyltrimethylsilane was determined by *H NMR
analysis of the reaction mixture to be 70% (1.4 mmol, based
on %5 of 1,3-dibromo-5,5-dimethylimidazolidine-2,4-dione).

Scheme 21

CH; CH;

H;C—S8i—CH; — H;C—Si—CH,Br

CH; CH;

Scheme 22

Et Et

Bt—Si—CH,CH; — Et—Si—CBr,CH;

Et Et

Elemental carbon comprising aromatic rings can be halo-
genated using the methods of the present invention. For
example, FIG. 1 illustrates the bromination of 1.0 g of graph-
ite using 0.5 g of N-bromosuccinimide and 0.8 mol % ZrCl,
at rt in CH,CL,. FIG. 2 illustrates the bromination of 1.0 g of
charcoal using 0.5 g of N-bromosuccinimide and 0.8 mol %
ZrCl, at rt in CH,Cl,. In both cases, bromination reaction is
fast, and nearly complete within the first hour. The weight %
bromide in the product is determined by elemental analysis.

The catalyst loading can be as low as 0.1%, but higher
catalyst loading exhibits higher reactivity for graphite. Cata-
lyst loadings of 1 and 3 mole % have been found to be
effective. FeCl; and AlCI; can also work as efficient Lewis
acid catalyst in this reaction and gave similar results. Under
the same reaction conditions, but without catalyst, the bromi-
nation procedure is very slow, only 0.1% Br was detected
even after 24 h. Furthermore, the chlorination by N-chloro-
succinimide (NCS) and the iodination by N-iodosuccinimide
(NIS) of charcoal or graphite proceed well under the same
reaction conditions and give corresponding halogenated car-
bon products.
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The halogenated elemental carbon comprising aromatic
rings can be further functionalized. Metal-catalyzed cross
coupling reactions are known to one skilled in the art. Aryl
halides and heteroaryl halides can either be used directly in
such reactions or converted to an aryl or heteroaryl metal
compound for use in such reactions. Brominated graphite
prepared according to the methods of the present invention
was coupled to pyridine-3-boronic acid using Suzuki-
Miyaura coupling reaction conditions (G. Lu, R. Franzen, Q.
Zhang, Y. Xu, Tetrahedron Lett. 46, 4255 (2005); T. Tagata,
M. Nishida, J. Org. Chem. 68, 9412 (2003)) forming pyridyl
functionalized graphite which can act as a ligand for metals.
Thus, the pyridyl functionalized graphite was treated with
Pd(OAc), to form Pd catalyst (XI) as shown in Scheme 23.

Scheme 23

Pd(PPhs),
—_—

charcol

graphite
or
charcol

charcoal-XI
graphite-XI

In a similar manner, brominated graphite was coupled (py-
ridin-2-yl)pyridin-4-yl-4-boronic acid using Suzuki-Miyaura
coupling reaction conditions forming a bipyridyl functional-
ized graphite which can act as a ligand for metals. Thus, the
bipyridyl functionalized graphite was treated with Pd(OAc),
to form Pd catalyst (XII) as shown in Scheme 24.

Scheme 24

Pd(PPhs),
—_—

charcoal
or
graphite

Pd(OAc),
D ——
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-continued

charcoal
or

y

N------- Pd(OAC),

charcoal-X1I
graphite-XII

Each of the Pd catalysts obtained was applied in the air
oxidation of 1-phenylethanol and the results are summarized
in Table 10. The pyridyl functionalized charcoal and graphite
ligands are more efficient ligands than corresponding simple
pyridine (23% yield) and bipyridine (<6% yield) ligands,
respectively. The activity of graphite functionalized catalyst
is much higher than charcoal functionalized catalyst, with the
pyridyl functionalized graphite catalyst affording the highest
yields. A similar reaction run with non-functionalized char-
coal or graphite and Pd(OAc), does not work on this reaction
at all, supporting the idea that the functionalized graphite or
charcoal ligand in combination with the Pd catalyst, increases
the reactivity of the Pd catalyst.

TABLE 10

Air oxidation of 1-phenylethanol.

OH (€]

)\ XTI or XII )k
Ph Ph

_—
NaOAc (0.1 eq.)

Entry Catalyst Time (h) Yield (%)
1 charcoal-XI? 72 56.7
2 charcoal-XII? 88 20.2
3 graphite-X1° 72 100
4 graphite-XII? 88 30.2

20.2 mol % loading.
%0.3 mol % loading.
“Determined by 'H NMR.

The application of the pyridyl functionalized graphite Pd
catalyst (graphite-XI) to the air oxidation of alcohols was
further extended to other alcohols as shown in Table 11. The
oxidized products were isolated by filtration and concentra-
tion of the filtrate. The results show that the catalyst is gen-
erally applicable to a wide range of alcohols, and gives the
corresponding products in good yields. The mild reaction
conditions are easily and safely handled. The stable, easily
removable and reusable characteristics of the catalysts are
great advantages in industrial processes.

TABLE 11

Air oxidation of various alcohols.

Entry Alcohol Time (h) Yield (%)
1 1-phenylethanol 48 95.7
2 2-octanol 96 69.5
3 benzyl alcohol 48 84.7
4 2-heptanol 72 64.8
5 4-isopropylbenzy! alcohol 48 81.8
6 trans-2-methylcyclohexanol 72 534
7 3-octanol 96 55.4
8 3,3-dimethyl-2-butanol 96 71.8
9 2-hexanol 96 65.8

10 1-(4-methylphenyl)ethanol 48 73.6
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EXPERIMENTAL

All reagents unless otherwise indicated were commercially
available from Aldrich, Boron Molecular Inc or Strem. All
reactions were carried out in oven-dried glassware with mag-
netic stirring under nitrogen atmosphere unless otherwise
noted. Zirconium(I'V) chloride, aluminum(III) chloride and
bistrifluoromethanesulfonimide were handled in a glove box.
A green laser pointer (Wavelength 532 nm, Max output power
<5 mW) was purchased from Leadlight Technology, Inc. 'H
NMR spectra were recorded on a Bruker Avance 400 (400
MHz) or 500 (500 MHz) spectrometer at ambient tempera-
ture. Chemical shift values (0) are expressed in ppm down-
field relative to internal standard (tetramethylsilane at O ppm).
Multiplicities are indicated as s (singlet), d (doublet), t (trip-
let), q (quartet), m (multiplet) and br (broad). Elemental
analysis was performed by Midwest Microlab, LLC, India-
napolis, Ind., USA. Analytical thin layer chromatography
(TLC) was performed on E. Merck precoated TLC plates
(silica gel 60 GF254, 0.25 mm). Visualization was accom-
plished with UV light and phosphomolybdic acid solution in
ethanol by heating. All solvents were freshly distilled. All
other reagents and starting materials, unless otherwise noted,
were purchased from commercial vendors and used without
further purification. Charcoal was purchased from Sigma-
Aldrich company (St. Louis, Mo., USA): Activated carbon,
Darco®, 12-20 mesh, granular, catalog #242241-250G.
Graphite was purchased from Sigma-Aldrich company (St.
Louis, Mo., USA), Graphite, powder, =325 mesh, >99.99%,
catalog #496596-113 .4G.

Example 1

General Procedure for the Halogenation of Aromatic
Compounds

To a solution of NXS (X—Br, C, I) or NFSI (0.5 mmol) in
CH,Cl, (4.0 mL) under a nitrogen atmosphere and cooled to
the desired temperature is added ZrCl, (0.025 mmol), fol-
lowed by the substrate (0.5 mmol) under nitrogen atmo-
sphere. The reaction was stirred until completion and then
quenched by saturated NaHCO; aqueous solution (4 mL).
The aqueous layer was extracted with CH,Cl, (3x4 mL), and
the combined organic phases were washed with brine (4 mL)
and dried over Na,SO, to give the desired product. The struc-
ture of the product may be determined by comparison of *H
NMR and '*C NMR with reported data, or by other analytical
techniques known to one skilled in the art.

Example 2

1-Halo-4-methoxy-benzene

OMe

X

(X=—Cl): 'HNMR (500 MHz, CDCl,) 8 7.23 (m, 2H), 6.82
(m, 2H), 3.77 (s, 3H). (X=Br): "H NMR (500 MHz, CDCl,)
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8737 (m, 2H), 6.78 (m, 2H), 3.77 (s, 3H). (X—I): '"H NMR
(500 MHz, CDCl,) 8 7.54 (m, 2H), 6.68 (m, 2H), 3.77 (s, 3H).

Example 3

1-Halo-2-methoxy-naphthalene

X

l l OMe

(X—F): "H NMR (400 MHz, CDCl,) 8 8.00 (d, 11, J=8.5
Hz), 7.68 (m, 2H), 7.54 (m, 1H), 7.35 (m, 1H), 7.24 (m, 1H),
3.95 (s, 3H). (X=—=Cl): "HNMR (500 MHz, CDCl,) $8.21 (d,
1H, J=8.5 Hz), 7.76 (m, 2H), 7.55 (m, 1H), 7.38 (m, 1H), 7.26
(d, 1H, J=9.0 Hz), 4.00 (s, 3H). (X=—Br): 'H NMR (400 MHz,
CDCl,)$8.20 (dd, 1H, 1=0.8, 8.5 Hz), 7.75 (m, 2H), 7.54 (m,
1H), 7.36 (m, 1H), 7.20 (d, 1H, J=9.0 Hz), 3.97 (s, 3H).
(X=—T): '"HNMR (400 MHz, CDCl,)$8.11 (d, 1H, J=8.6 Hz),
7.74 (d, 1H, J=8.9 Hz), 7.68 (d, 1H, J=8.0 Hz), 7.50 (m, 1H),
7.34 (m, 1H), 7.11 (d, 1H, J=9.0 Hz), 3.95 (s, 3H).

Example 4

1-Halo-4-methoxy-naphthalene

OMe

X

(X—F): "HNMR (400 MHz, CDCL,)  8.30-7.50 (m, 4H),
6.99 (m, 1H), 6.59 (m, 1H), 3.91 (s, 3H). (X—=CI): "H NMR
(400 MHz, CDCl,) d 8.26 (d, 1H, J=8.0 Hz), 8.17 (d, 1H,
J=8.4Hz),7.58 (m, 1H), 7.50 (m, 2H), 6.65 (d, 1H, =8.2 Hz),
3.93 (s, 3H). (X=—Br): 'HNMR (500 MHz, CDC1,) §8.25 (d,
1H,J=8.0 Hz), 8.14 (d, 1H, J=8.5 Hz), 7.62 (d, 1H, ]=8.5 Hz),
7.58 (t, 1H, I=7.5 Hz), 7.50 (t, 1H, J=7.5 Hz), 6.62 (d, 1M,
J=8.5Hz), 3.93 (5, 3H). (X—I): 'H NMR (400 MHz, CDCl,)
88.19(dd, 1H,1=0.7, 8.4 Hz), 7.98 (d, 1H, ]=8.4 Hz), 7.88 (d,
1H, J=8.2Hz), 7.54 (m, 1H), 7.46 (m, 1H), 6.49 (d, 11, ]=8.2
Hz), 3.90 (s, 3H).

Example 5

2-Halo-1-methoxy-naphthalene

OMe

(X—TF): "H NMR (400 MHz, CDCl,) & 8.20-7.20 (m, 6H),

4.08 (d, 3H, J=1.9 Hz). (X—Cl): '"H NMR (400 MHz, CDCl,)
87.2-8.2 (m, 6H), 3.99 (s, 3H).
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Example 6

2-Bromo-naphthalen-1-ylamine

NH,

o

10

'HNMR (500 MHz, CDCL;) 7.72 (m, 2H), 7.42 (m, 3H),

7.12 (d, 1H, J=9.0 Hz), 4.56 (br s, 2H).

Example 7

4-lodo-naphthalen-1-ylamine

NH,

&

'HNMR (400 MHz, CDCl,) 8 7.81 (m, 2H), 7.44 (m, 3H),
6.54 (d, 1H, J=7.9 Hz), 4.65 (br s, 2H).

Example 8

2,4-Diiodo-naphthalen-1-ylamine

NH,

&

'H NMR (400 MHz, CDCl,) 8 8.02 (d, 1H, J=7.7 Hz), 7.49
(m, 2H), 7.79 (m, 2H), 4.62 (br s, 2H).

Example 9

2-Halo-1H-pyrrole

E%X

(X=F): "H NMR (400 MHz, CDCl,) 8 6.83 (m, 1H), 6.16
(m, 2H), NH not observed. (X=Cl): '"H NMR (400 MHz,
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CDCl,)88.27 (brs, 1H), 6.64 (m, 1H), 6.15 (m, 1H), 6.04 (m,

1H). (X=Br): 'H NMR (400 MHz, CDC1,) 4 8.26 (br s, 1H),
6.77 (m, 1H), 6.25 (m, 1H), 6.22 (m, 1H).

Example 10

2,5-Diiodo-1H-pyrrole

-

'FINMR (400 MHz, CDC1,) 8 8.29 (brs, 1H), 5.97 (s, 2H).

Example 11

1-Halo-naphthalen-2-ol

00 :

(X=—CI): "H NMR (400 MHz, CDCl,) 8 8.03 (d, 1H, J=8.5
Hz), 7.74 (d, 11, ]=8.2 Hz), 7.65 (d, 11, ]=8.9 Hz), 7.53 (m.
1H), 7.36 (m, 1H), 7.23 (d, 1H, J=8.9 Hz), 6.00 (s, 1H).
(X—Br): "H NMR (500 MHz, CDCL,) & 8.00 (d, 11, J=8.5
Hz), 7.74 (d, 11, ]=8.0 Hz), 7.70 (d, 11, J=8.5 Hz), 7.54 (m,
1H), 7.36 (m, 1H), 7.24 (d, 1H, J=9.0 Hz), 5.94 (s, 1H).
(X=T): '"HNMR (400 MHz, CDCl,)7.92 (d, 1H, 1=9.0 Hz),
7.67 (t, 2H, J=8.7 Hz), 7.50 (1, 1H, J=7.4 Hz), 7.33 (1, 11,
J=7.4 Hz), 7.19 (d, 1H, J=9.0 Hz), 6.06 (br s, 1H).

Example 12

5-Chloro-2,3-dihydro-benzofuran

(X—C1): '"HNMR (400 MHz, CDC1,)87.13 (m, 1H), 7.04
(dd, 1H, J=2.3, 8.5 Hz), 6.68 (d, 1, J=8.5 Hz), 4.56 (1, 2H,
J=8.7 Hz), 3.18 (t, 2H, J=8.7 Hz). (X—Br): 'H NMR (400
MHz, CDCL,) 8 7.26 (t, 1H, 1=0.9 Hz), 7.18 (dd, 11, J=2.1,
8.4 Hz), 6.64 (d, 1M, J=8.4 Hz), 4.55 (t, 2H, ]=8.7 Hz), 3.18
(t, 2H, 1=8.7 Hz).
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Example 13 Example 17

4-Chloro-naphthalen-1-ol | -(Bromomethyl)benzene

OH

O y

Cl

'HNMR (400 MHz, CDCl,) 8 8.15 (m, 2H), 7.53 (m, 2H), 15 “H NMR (400 MHz, CDCL,) 8 7.34 (m, 5H), 4.49 (s, 2H).
7.30 (d, 1H, 1=8.0 Hz), 6.65 (d, 1H, ]=8.0 Hz), 5.26 (s, 1H).

CH,Br

Example 14 Example 18
2,4-Dichloro-naphthalen-1-o0l 20 1-(Dibromomethyl)benzene
oH CHBr,
25
OO Cl
& 30

. 'HNMR (500 MHz, CDCI,) 8 7.57 (m, 2H), 7.35 (m, 3H),
HNMR (400 MHz, CDC1,) 8 8.20 (m, 2H), 7.60 (m, 2H), 6 64 (s, 11,

7.31 (s, 1H), 5.95 (s, 1H).
Example 15 35 Example 19

4-lodo-phenylamine 1-(Tribromomethyl)benzene

40

N CBr,
45
I
"HNMR (400 MHz, CDCL,)  7.38 (m, 2H), 6.44 (m, 2H), "HNMR (400 MHz, CDCl,) 3 8.00 (d, 2H, J=8.0 Hz), 7.34
3.64 (br s, 2H). 50 (m, 3H).
Example 16 Example 20
2,4-Diiodo-phenylamine
55 1-(1-Bromoethyl)benzene
NH,
CHBICH;
! 60
I
65
"HNMR (400 MHz, CDCl,) 8 7.87 (m, 1H), 7.35 (m, 1H), 'HNMR (400 MHz, CDCl5) 8 7.42 (m, 2H), 7.32 (m, 3H),

6.47 (m, 1H), 4.12 (br s, 2H). 5.20 (q, 1H, J=6.9 Hz), 2.03 (d, 3H, ]=6.9 Hz).
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Example 21

1-(Bromomethyl)naphthalene

'H NMR (400 MHz, CDCl,) 8 8.11 (d, 11, I=8.5 Hz), 7.80
(m, 2H), 7.57 (dt, 1H, J=1.4, 8.5 Hz), 7.48 (m, 2H), 7.34 (t,
1H, J=7.7 Hz), 4.90 (s, 2H).

CH,Br

Example 22

2-(Bromomethyl)naphthalene

l I CH,Br

'HNMR (400 MHz, CDCL,) 8 7.76 (m, 4H), 7.44 (m, 3H),
4.60 (s, 2H).

Example 23

1-Bromo-2-(bromomethyl)benzene

CH,Br

Br

'HNMR (500 MHz, CDCl3) 8 7.56 (m, 1H), 7.44 (m, 1H),
7.28 (m, 1H), 7.15 (m, 1H), 4.59 (s, 2H).

Example 24

4-(Bromomethyl)-1,2-dichlorobenzene

CH,Br

Cl

Cl

'H NMR (400 MHz, CDCl,) 8 7.47 (d, 1H, J=2.1 Hz), 7.39
(d, 1H, 1=8.2 Hz), 7.21 (dd, 1H, J=2.1, 8.2 Hz), 4.40 (s, 2H).

10

—_
w
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25
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40
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60

65
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Example 25

4-(Bromomethyl)-1,2-difluorobenzene

CH,Br

F

'F1 NMR (400 MHz, CDCl) 8 7.22 (m, 1H), 7.12 (m, 2H),
4.42 (s, 2H).

Example 26

General Procedure for Halogenation of Materials
Comprising Aromatic Compounds

A suspension of the material comprising an aromatic com-
pound (1.0 g), NBS (0.5 g) and ZrCl, (0.0196 g, 3 mol %) in
CH,C1, (5 mL) was stirred at room temperature under a N,
atmosphere for 24 h. The solid was separated by filtration and
washed well with CH,Cl,, then dried under vacuum. The
weight % of halogen incorporation is determined by elemen-
tal analysis.

Example 27
Bromination of Graphite

A suspension of graphite (1.0 g), NBS (0.5 g) and ZrCl,
(0.0196 g, 3 mol %) in CH,Cl, (5 mL) was stirred at room
temperature under a N, atmosphere for 24 h. The solid was
separated by filtration and washed well with CH,Cl,, then
dried under vacuum to afford brominated graphite. Weight %
Br was determined by elemental analysis.

Example 28
Bromination of Charcoal
The procedure of example 27 was followed except that
graphite was replaced by charcoal. Brominated charcoal
(1.14 g) was isolated. Weight % Br determined by elemental
analysis: 12.25%.
Example 29

Pyridine-3-graphite

B(OH),
XY, Pd(PPhy); (6 mol %)
graphite Br + | —_—
/ N Na2C03,
DME/H,0 (2.5:1),
84°C.,,20h

—N

> )

To a solution of brominated graphite (1.0 g) and pyridine-
3-boronic acid (1 eq., according to weight % Br of brominated
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graphite) in 1,2-dimethoxyethane (3 mL) under nitrogen was room temperature for 30 min. The solvent was removed
added a solution of Na,CO, (6 eq.) in water, followed by slowly under vacuum to afford the desired catalyst.

Pd(PPh,), (6 mol1%). The reaction was stirred at 84° C. for 20
h. After cooling to room temperature, the suspension was

filtered, and the solid was washed well with water and 5 Fxample 32
CH,Cl,, then dried under vacuum to afford 1.0 g of a black
solid. Weight % N as determined by elemental analysis: Pd(OAc),((pyridin-2-yl)pyridin-4-yl-4-graphite)

0.18%.

Example 30

(Pyridin-2-yl)pyridin-4-yl-4-graphite

toluene, 80° C.,
+ Pd(OAc),
then rt., 30 min

(HO):B
/ \ / \ Pd(PPh3)s (6 mol %) 20
B ———————
Na,COj,
—N N= DME/H,0 (2.5:1), - %
84°C.,20h N------ Pd(OAc),

To a solution of PA(OAc), (1 eq., according to weight % N
of graphite) in toluene (2 mL.) at 80° C. was added (pyridin-
2-yl)pyridin-4-yl-4-graphite (1.0 g) under nitrogen. The reac-
tion was stirred at room temperature for 30 min. The solvent
was removed slowly under vacuum to afford the desired cata-
lyst.

To a solution of brominated graphite (1.0 g) and (pyridin-

2-yD)pyridin-4-yl-4-boronic acid (1 eq., according to weight 55 Example 33
% Br of brominated graphite) in 1,2-dimethoxyethane (3 mL)
under nitrogen was added a solution of Na,CO; (6 eq.) in General Procedure for Oxidation of Alcohols

water, followed by Pd(PPh,), (6 mol %). The reaction was
stirred at 84° C. for 20 h. After cooling to room temperature,
the suspension was filtered, and the solid was washed well ,,
with water and CH,Cl,, then dried under vacuum to afford
1.01 g of a black solid. Weight % N as determined by elemen-

tal analysis: 0.28%.

Under an air balloon, a solution of the Pd catalyst from
Example 31 or 32 (0.3-0.5 mole %) and NaOAc (0.2 mmol) in
toluene (2 mL) was stirred at room temperature for 1 min and
at 80° C. for 3 min. Then the alcohol (2.0 mmol) was added
over 1 min at 80° C., and the solution was stirred at 80° C. for
the time listed in Table 10-11 After the mixture was cooled to

Example 31 45 room temperature, the catalyst was filtered off, and the filtrate
was concentrated under reduced pressure to atford the desired
Pd(OAc),(pyridine-3-graphite), alcohol or ketone. The yield of the reaction was determined
by 'H NMR.
50
N Example 34
_ PAOA toluene, 80° C.,
+ e
e \ / (©49 then 1t., 30 min (Bromomethyl)trimethylsilane
)
graphite
\ N/ CHj CH;
Pd(OAc), H;C—Si—CH; —» H3C—Si—CH,Br
—N 60 CH; CH;

@ )

To a suspension of NBS (50 mmol) and AICI, (5 mol %) in

CH,CI, (400 mL) was added Me,Si (50 mmol) under nitro-

To a solution of Pd(OAc), (0.5 eq., according to weight % 65 gen. The solution was stirred at room temperature for 18 h.
N ofgraphite) in toluene (2 mL) at 80° C. was added pyridine- The reaction was quenched by a saturated aqueous solution of
3-graphite (1.0 g) under nitrogen. The reaction was stirred at NaHCO;, and the separated organic phase was washed with
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brine. After drying over Na,SO,, the organic phase was dis-
tilled and (bromomethyl)trimethylsilane was obtained as
major product.

Example 35 5

(1,1-Dibromoethyl)triethylsilane

10
Et Et
Bt—Si—CH,CH; —» Et—Si—CBnCH;
Et Et
15

To a suspension of NBS (60 mmol) and ZrCl,, (5 mol %) in
CH,Cl, (240 mL) was added Et,Si (30 mmol) under nitrogen.
The solution was stirred at room temperature for 18 h. The
reaction was quenched by a saturated aqueous solution of
NaHCO,, and the separated organic phase was washed with 20
brine. After drying over Na,SO,, the organic phase was con-
centrated in vacuum, and the crude product was distilled to
give (1,1-dibromoethyl)triethylsilane.

It is therefore intended that the foregoing detailed descrip-
tion be regarded as illustrative rather than limiting, and that it 23
be understood that it is the following claims, including all
equivalents, that are intended to define the spirit and scope of
this invention.

The invention claimed is:

1. A method of halogenating an activated carbon atom in
the presence of a Lewis acid comprising,

reacting a material comprising an activated carbon atom

with a halogen donor in the presence of a catalytic

30

46

amount of the Lewis acid; wherein the Lewis acid com-
prises a metal selected from the group consisting of Zr,
Fe, and Al;

wherein the activated carbon atom is a carbon atom alpha to
asilicon atom and the material is represented by formula
Vlla:

Vila
i
RZ—?i—?—R3
R? R
wherein

R? is independently selected from the group consisting of
hydrogen, —OR;, —NR?R* —SR?, C, alkyl, C, 4
heteroalkyl, C, ¢haloalkyl, C, _galkenyl, C, ¢ alkynyl, 3-
to 10-membered heterocyclyl, C, ,, aryl, and 5- to
10-membered heteroaryl; and

R? and R* an each independently selected from the group
consisting ofhydrogen, C, _; alkyl, C,_¢heteroalkyl,C,
alkenyl, C, ¢ alkynyl, C,_,, aryl, 5 to 10-membered het-
eroaryl, and 3- to 10-membered heterocycle; and

wherein the halogen donor is selected from the group con-
sisting of N-bromosuccinimide, N-iodosuccinimide,
N-chlorosuccinimide and N-fluorobenzene-sulfonim-
ide.

2. The method of claim 1, wherein the Lewis acid com-

prises Zr.

3. The method of claim 2, wherein the Lewis acid is ZrCl,,.

#* #* #* #* #*
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