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METHODS, COMPOSITIONS, AND KITS FOR TREATING PAIN
AND PRURITIS

Background of the Invention

The invention features methods, compositions, and kits for selective inhibition
of pain-and itch sensing neurons (nociceptors and pruriceptors) by drug molecules of
small molecule weight, while minimizing effects on non-pain-sensing neurons or
other types of cells. According to the method of the invention, small, hydrophilic
drug molecules gain access to the intracellular compartment of pain-sensing neurons
via entry through receptors that are present in pain- and itch-sensing neurons but to a
lesser extent or not at all in other types of neurons or in other types of tissue.

Local anesthetics such as lidocaine and articaine act by inhibiting voltage-
debendent sodium channels in neurons. These anesthetics block sodium channels and
thereby the excitability of all neurons, not just pain-sensing neurons (nociceptors).
Thus, while the goal of topical or regional anesthesia is to block transmission of
signals in nociceptors to prevent pain, administration of local anesthetics also
produces unwanted or deleterious effects such as general numbness from block of low
threshold pressure and touch receptors, motor deficits from block of motor axons and

other complications from block of autonomic fibers. Local anesthetics are relatively

- hydrophobic molecules that gain access to their blocking site on the sodium channel

by diffusing into or through the cell membrane. Permanently-charged derivatives of
these compounds (such as QX-314, a quaternary nitrogen derivative of lidocaine),
which are not membrane-permeant, have no effect on neuronal sodium channels when
applied to the external surface of the nerve membrane but can block sodium channels
1f somehow introduced inside the cell, for example by a micropipette used for whole-
cell electrophysiological recording from isolated neurons. Pain-sensing neurons differ
from other types of neurons in expressing (in most cases) the TRPV 1 receptor/channel,
activated by painful heat or by capsaicin, the pungent ingredient in chili pepper.
Other types of receptors selectively expressed in various types of pain-sensing and

itch-sensing (pruriceptor) neurons include but are not limited to TRPA1, TRPMS, and
P2X(2/3) receptors.
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Neuropathic, inflammatory, and nociceptive pain differ in their etiology,
pathophysiology, diagnosis, and treatment. Nociceptive pain occurs in response to the
activation of a specific subset of peripheral sensory neurons, the nociceptors by
intense or noxious stimuli. It is generally acute, self-limiting and serves a protective
biological function by acting as a warning of potential or on-going tissue damage. It
is typically well-localized. Examples of nociceptive pain include but are not limited
to traumatic or surgical pain, labor pain, sprains, bone fractures, burns, bumps, bruises,
injections, dental procedures, skin biopsies, and obstructions.

Inflammatory pain is pain that occurs in the presence of tissue damage or
inflammation including postoperative, post-traumatic pain, arthritic (rheumatoid or
osteoarthritis) pain and pain associated with damage to joints, muscle, and tendons as
in axial low back pain.

Neuropathic pain 1s a common type of chronic, non-malignant pain, which 1s
the result of an injury or malfunction in the peripheral or central nervous system and
serves no protective biological function. It is estimated to affect more than 1.6
million people in the U.S. population. Neuropathic pain has many different etiologies,
and may occur, for example, due to trauma, surgery, herniation of an intervertebral
disk, spinal cord 1njury, diabetes, infection with herpes zoster (shingles), HIV/AIDS,
late-stage cancer, amputation (including mastectomy), carpal tunnel syndrome,
chronic alcohol use, exposure to radiation, and as an unintended side-effect of
neurotoxic treatment agents, such as certain anti-HIV and chemotherapeutic drugs.

In contrast to nociceptive pain, neuropathic pain is frequently described as

3% ¢ 2% &6

“burning,” “electric,” “tingling,” or “shooting” in nature. It 1s often characterized by
chronic allodynia (defined as pain resulting from a stimulus that does not ordinarily
elicit a painful response, such as light touch) and hyperalgesia (defined as an
increased sensitivity to a normally painful stimulus), and may persist for months or
years beyond the apparent healing of any damaged tissues.

Pain may occur in patients with cancer, which may be due to multiple causes;
inflammation, compression, invasion, metastatic spread into bone or other tissues.

There are some conditions where pain occurs 1n the absence of a noxious
stimulus, tissue damage or a lesion to the nervous system, called dysfunctional pain
and these include but are not limited to fibromyalgia, tension type headache, irritable

bowel disorders and erythermalgia.
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Migraine is a headache associated with the activation of sensory fibers
innervating the meninges of the brain.

Itch (pruritus) 1s a dermatological condition that may be localized and
generalized and can be associated with skin lesions (rash, atopic eczema, wheals).
Itch accompanies many conditions including but not limited to stress, anxiety, UV
radiation from the sun, metabolic and endocrine disorders (e.g., liver or kidney
disease, hyperthyroidism), cancers (e.g., lymphoma), reactions to drugs or food,
parasitic and fungal infections, allergic reactions, diseases ot the blood (e.g.,
polycythemia vera), and dermatological conditions. Itch i1s mediated by a subset of
small diameter primary sensory neurons, the pruriceptor, that share many features of
nociceptor neurons, including but not limited to expression of TRPV1 channels.
Certain itch mediators — such as eicosanoids, histamine, bradykinin, ATP, and
various neurotrophins have endovanilloid functions. Topical capsaicin suppresses
histamine-induced itch. Pruriceptors like nociceptors are therefore a suitable target
for this method of delivering 1on channels blockers.

Despite the development of a variety of therapies for pain and itch, there 1s a

need for additional agents.

Summary of the Invention

In a first aspect, the invention features a method for treating pain and itch (e.g.,
neuropathic pain, inflammatory pain, nociceptive pain, idiopathic pain, cancer pain,
migraine, dysfunctional pain or procedural pain (e.g., dental procedures, injections,
setting fractures, biopsies)) as well as pruritus in a patient by administering to the
patient a first compound that activates a membrane bound receptor/ion channel
through which a second compound can pass, wherein the second compound inhibits
one or more voltage-gated 1on channels when applied to the internal face of the
channels but does not substantially inhibit the channels when applied to the external
face of the channels. The second compound 1s capable of entering neurons through a
membrane bound receptor/ion channel when the receptor is activated. In one
embodiment, a third compound that inhibits one or more voltage-gated ion channels is
also administered to a patient, wherein the third compound is membrane permeable
and blocks the potential irritant sensations elicited by the first compound. In a further

embodiment, activation of the channel-forming receptor by the first compound is
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reduced or halted following entry of the second compound into the intracellular space
to entrap the second compound in the cell. In certain embodiments, the first
compound activates a receptor selected from TRPV1, P2X(2/3), TRPA1, and TRPMS$
through which the second compound can pass. Treatment of pain or itch can be
determined using any standard pain or itch index, such as those described herein, or
can be determined based on the patient’s subjective pain or itch assessment. A patient
1s considered “treated” if there is a reported reduction in pain or a reduced reaction to
stimul1 that should cause pain and a reduction in itch. In certain embodiments, it 1s
desirable to administer the second compound 1n order to ensure that the receptors (e.g.,
the TRPV1, P2X(2/3), TRPA1, and/or TRPMS receptors) are activated, thus allowing
for entry of the first compound. In other embodiments, because the receptors (e.g.,
the TRPV1, P2X(2/3), TRPAI1, and/or TRPMS receptors) are already activated, the
second compound is not administered. Consequently, the first compound enters only
neurons having receptors that are endogenously activated. In still other embodiments,
the receptors (e.g., the TRPV1, P2X(2/3), TRPAI1, and/or TRPMS receptors) are
activated by indicing a physiological state that activates these receptors, thus allowing
for entry of the first compound.

[f desired, two or more cbmpounds that activate TRPV1, P2X(2/3), TRPAI,
and/or TRPMS receptors can be employed, as can two or more compounds that inhibit
one or more voltage-gated 1on channels. Desirably, the first compound(s) and the
second compound(s) are administered to the patient within 4 hours, 2 hours, 1 hour,
30 minutes, or 15 minutes of each other, or are administered substantially
simultaneously. Importantly, either compound can be administered first. Thus, in one
embodiment, one or more compounds that activate TRPV1, P2X(2/3), TRPA1, and/or
TRPMS receptors are administered first, while in another embodiment, one or more
compounds that inhibit one or more voltage-gated 1on channels when applied to the
internal face of the channels but do not substantially inhibit.the channels when applied
to the external face of the channels are administered first. The compounds can be co-
formulated 1nto a single composition or can be formulated separately. Each of the
compounds can be administered, for example, by oral, parenteral, intravenous,
intramuscular, rectal, cutaneous, subcutaneous, topical, transdermal, sublingual, nasal,
vaginal, intrathecal, epidural, or ocular administration, or by injection, inhalation, or

direct contact with the nasal or oral mucosa.
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Activators of TRPV1 receptors include but are not limited to capsaicin,
lidocaine, articaine, procaine, eugenol, camphor, clotrimazole, arvanil (N-
arachidonoylvanillamine), anandamide, 2-aminoethoxydiphenyl borate (2APB),
AMA404, resiniferatoxin, phorbol 12-phenylacetate 13-acetate 20-homovanillate |
(PPAHYV), olvanil (NE 19550), OLDA (N-oleoyldopamine), N-arachidonyldopamine
(NADA), 6'-10doresiniferatoxin (6'-IRTX), C18 N-acylethanolamines, lipoxygenase
derivatives such as 12-hydroperoxyeicosatetraenoic acid, inhibitor cysteine knot
(ICK) peptides (vanillotoxins), piperine, MSK 195 (N-[2-(3,4-dimethylbenzyl)-3-
(p1valoyloxy)propyl]-2-[4-(2-aminoethoxy)-3-methoxyphenyl]acetamide), JYL79 (N-
|2-(3,4-dimethylbenzyl)-3-(ptvaloyloxy)propyl]-N'-(4-hydroxy-3-
methoxybenzyl)thiourea), hydroxy-alpha-sanshool, 2-aminoethoxydiphenyl borate,
10-shogaol, oleylgingerol, oleylshogaol, and SU200 (N-(4-tert-butylbenzyl)-N'-(4-
hydroxy-3-methoxybenzyl)thiourea). Other activators of TRPV1 receptors are
described 1n O'Dell ef al., Bioorg. Med. Chem. 15:6164-6149 (2007) and Sexton et al.,
FASEB J. 21:2695-2703 (2007).

Activators of TRPA1 receptors include but are not limited to cinnamaldehyde,
allyl-1sothiocynanate, diallyl disulfide, icilin, cinnamon oi1l, wintergreen oil, clove oil,
acrolein, hydroxy-alpha-sanshool, 2-aminoethoxydiphenyl borate, 4-hydroxynonenal,
methyl p-hydroxybenzoate, mustard oil, and 3'-carbamoylbiphenyl-3-yl
cyclohexylcarbamate (URB597). Other activators of TRPA1 receptors are described
in Taylor-Clark et al., Mol. Pharmacol. PMID: 18000030 (2007); Macpherson et al.,
Naturé 445:541-545 (2007); and Hill et al., J. Biol. Chem. 282:7145-7153 (2007).

Activators of P2X receptors include but are not limited to ATP, 2-methylthio-
ATP, 2' and 3'-O—(4-benzoylbenzoyl)—ATP, and ATPS5'-O-(3-thiotriphosphate).

Activators of TRPMS receptors include but are ndt limited to menthol, 1cilin,
eucalyptol, linalool, geraniol, and hydroxycitronellal. '

In certain embodiments, the second compound inhibits voltage-gated sodium
channels. Exemplary inhibitors of this class are QX-314, N-methyl-procaine, QX-222,
N-octyl-guanidine, 9-aminoacridine, and pancuronium.

In yet other embodiments, the second compound inhibits voltage-gated
calcium channels. Exemplary inhibitors of this class are D-890 (quaternary

methoxyverapamil) and CERM 11888 (quaternary bepridil).
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In still other embodiments, the second compound is a quarternary amine
derivative or other charged derivative of a compound selected from riluzole,
mexilitine, phenytoin, carbamazepine, procaine, articaine, bupivicaine, mepivicaine,
tocainide, prilocaine, diisopyramide, bencyclane, quinidine, bretylium, lifarizine,
lamotrigine, flunarizine, and fluspirilene. Exemplary derivatives are described herein.

In certain embodiments, the third compound can inhibit one or more voltage-
gated 1on channels (e.g., sodium and/or calcium channels) when present inside a cell.
In a preferred embodiment, the third compound i1s lidocaine.

The invention also features a quarternary amine derivative or other charged
derivative of a compound selected from riluzole, mexilitine, phenytoin,
carbamazepine, procaine, articaine, bupivicaine, mepivicaine, tocainide, prilocaine,
diisopyramide, bencyclane, quinidine, bretylium, lifarizine, lamotrigine, flunarizine,
and fluspirilene.

In a related aspect, the invention features a pharmaceutical composition that
includes a quarternary amine derivative or other charged derivative of a compound .
selected from riluzole, mexilitine, phenytoin, carbamazepine, procaine, articaine,
bupivicaine, mepivicaine, tocainide, prilocaine, diisopyramide, bencyclane, quinidine,
bretylium, hifarizine, lamotrigine, flunarizine, and fluspirilene, and a pharmaceutically
acceptable excipient.

The invention also features a composition that includes: (1) a first compound
that activates a receptor selected from TRPV1, P2X(2/3), TRPAI, and TRPMS; and
(1) a second compound that inhibits one or more voltage-gated 10n channels when
applied to the internal face of these channels but does not substantially inhibit the
channels when applied to their external tace, wherein the second compound is capable
of entering pain sensing neurons through TRPV1, P2X(2/3j, TRPA1, and/or TRPMS8
receptors when these receptors are activated. In one embodiment, the second
compound is reduced in activity or partially active when applied to the external face,
but more active when applied to the internal face. In certain embodiments, a third
compound that inhibits one or more voltage-gated ion channels 1s also administered to
a patient, wherein the third compound is membrane permeable and can block the
irritant sensations elicited by the first. The composition can be formulated, for
example, for oral, intravenous, intramuscular, rectal, cutaneous, subcutaneous, topical,

transdermal, sublingual, nasal, vaginal, intrathecal, epidural, or ocular administration,
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or by injection, inhalation, or direct contact with the nasal or oral mucosa. If desired,
the composition can contain two or more compounds that activate TRPV 1, P2X(2/3),
TRPAI1, and/or TRPMS receptors, and/or two or more compound that inhibits one or
more voltage-gated ion channels.

The invention also features a method for inhibiting one or more voltage-gated
1on channels in a cell by contacting the cell with: (1) a first compound that activates a
receptor selected from TRPV1, P2X(2/3), TRPAI1, and TRPMS; and (i1) a second
compound that inhibits one or more voltage-gated 1on channels when applied to the
internal face of the channels but does not substantially inhibit the channels when
applied to the external face of the channels, wherein said second compound 1S capable
of entering pain sensing neurons through the receptor when the receptor 1s activated.
In a further embodiment, a third compound that inhibits one or more voltage-gated ion
channels 1s also administered to a patient, wherein the third compound i1s membrane
permeable. Suitable compounds are provided above.

The 1invention also features a method for identifying a compound as being
useful for the treatment of pain and itch. This method includes the steps of: (a)
contacting the external tace of TRPV1, TRPAI1, TRPMS, and/or P2X(2/3)-expressing
neurons with: (1) a first compound that activates TRPV1 TRPA1, TRPMS or P2X(2/3)
receptors; and (11) a second compound that inhibits one or more voltage-gated ion
channels when applied to the internal face of the channels but does not substantially
inhibit the channels when applied to the external face of the channels, and (b)
determining whether the second compound inhibits the voltage-gated 10n channels 1n
the neurons. In certain embodiments, a third compound that inhibits one or more
voltage-gated 10n channels 1s also administered to a patient, wherein the third
compound 1s membrane permeable. Inhibition of voltage-gated ion channels by the
second compound 1dentifies the second compound as a compound that 1s useful for
the treatment of pain and/or itch.

The methods, compositions, and kits can also be used to selectively block
neuronal activity in other types of neurons that express different members of the
TRPV, TRPA, TRPM, and P2X receptor families, where the first compound 1s an
agonist of the particular TRPV, TRPA, TRPM, and P2X receptor present in those
types of neurons, and the second compound is a sodium or calcium channel blocker

that 1s normally membrane impermeant.
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The methods, compositions, and kits of the invention allow for a block of pain
or itch without altering light touch or motor control. For example, patients receiving
an epidural will not have a complete loss of sensory input.

The term “pain” is used herein in the broadest sense and refers to all types of
pain, including acute and chronic pain, such as nociceptive pain, e€.g. somatic pain and
visceral pain; inflammatory pain, dysfunctional pain, idiopathic pain, neuropathic
pain, €.g., centrally generated pain and peripherally generated pain, migraine, and
cancer pain.

The term “nociceptive pain” is used to include all pain caused by noxious
stimuli that threaten to or actually injure body tissues, including, without limitation,
by a cut, bruise, bone fracture, crush injury, burn, and the like. Pain receptors for
tissue injury (nociceptors) are located mostly in the skin, musculoskeletal system, or
internal organs.

The term “somatic pain” 1s used to refer to pain arising from bone, joint,
muscle, skin, or connective tissue. This type of pain 1s typically well localized.

The term “visceral pain” 1s used herein to refer to pain arising from visceral
organs, such as the respiratory, gastrointestinal tract and pancreas, the urinary tract
and reproductive organs. Visceral pain includes pain caused by tumor involvement of
the organ capsule. Another type of visceral pain, which 1s typically caused by
obstruction of hollow viscus, 1s characterized by intermittent cramping and poorly
localized pain. Visceral pain may be associated with inflammation as in cystitis or
reflux esophagitis.

The term inflammatory pain includes pain associates with active inflammation
that may be caused by trauma, surgery, infection and autoimmune diseases.

The term “neuropathic pain” 1s used herein to refer to pain originating from
abnormal processing of sensory input by the peripheral or central nervous system
consequent on a lesion to these systems.

The term “procedural pain” refers to pain arising from a medical, dental or
surgical procedure wherein the procedure 1s usually planned or associated with acute
trauma.

The term “itch” 1s used herein in the broadest sense and refers to all types of

itching and stinging sensations localized and generalized, acute intermittent and
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persistent. The 1tch may be 1diopathic, allergic, metabolic, infectious, drug-induced,
due to hiver, kidney disease, or cancer. “Pruritus” is severe itching.

By “patient” 1s meant any animal. In one embodiment, the patient 1s a human.
Other animals that can be treated using the methods, compositions, and kits of the
invention include but are not limited to non-human primates (e.g., monkeys, gorillas,
chimpanzees), domesticated animals (e.g., horses, pigs, goats, rabbits, sheep, cattle,
llamas), and companion animals (e.g., guinea pigs, rats, mice, lizards, snakes, dogs,
cats, fish, hamsters, and birds).

Compounds useful in the invention include but are not limited to those
described herein in any of their pharmaceutically acceptable forms, including i1somers
such as diastereomers and enantiomers, salts, esters, amides, thioesters, solvates, and
polymorphs thereof, as well as racemic mixtures and pure 1somers of the compounds
described herein.

By “low molecular weight” 1s meant less than about 500 Daltons.

The term “pharmaceutically acceptable salt” represents those salts which are,
within the scope of sound medical judgment, suitable for use in contact with the
tissues of humans and lower animals without undue toxicity, irritation, allergic
response and the like-, and are commensurate with a reasonable benefit/risk ratio.
Pharmaceutically acceptable salts are well known in the art. The salts can be prepared
in situ during the final isolation and purification of the compounds of the invention, or
separately by reacting the free base function with a suitable organic acid.
Representative acid addition salts include but are not limited to acetate, adipate,
alginate, ascorbate, aspartate, benzenesulfonate, benzoate, bisulfate, borate, butyrate,
camphorate, camphersulfonate, citrate, cyclopentanepropionate, digluconate,
dodecylsulfate, ethanesulfonate, fumarate, glucoheptonate, glycerophosphate,
hemisulfate, heptonate, hexanoate, hydrobromide, hydrochloride, hydroiodide, 2-
hydroxy-ethanesulfonate, isethionate, lactobionate, lactate, laurate, lauryl sulfate,
malate, maleate, malonate, mesylate, methanesulfonate, 2-naphthalenesulfonate,
nicotinate, nitrate, oleate, oxalate, palmitate, pamoate, pectinate, persulfate, 3-
phenylpropionate, phosphate, picrate, pivalate, propionate, stearate, succinate, sulfate,
tartrate, thiocyanate, toluenesulfonate, undecanoate, valerate salts, and the like.
Representative alkali or alkaline earth metal salts include but are not limited to

sodium, lithium, potassium, calcium, magnesium, and the like, as well as nontoxic
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ammonium, quaternary ammonium, and amine cations, including, but not limited to
ammonium, tetramethylammonium, tetracthylammonium, methylamine,
dimethylamine, trimethylamine, triethylamine, ethylamine, and the like.

In the generic descriptions of compounds of this invention, the number of
atoms of a particular type in a substituent group is generally given as a range, €.g., an
alkyl group containing from 1 to 4 carbon atoms or C;4 alkyl. Reference to such a
range is intended to include specific references to groups having each of the integer
number of atoms within the specified range. For example, an alkyl group from 1 to 4
carbon atoms includes each of C;, C,, Cs, and C4. A C,_j2 heteroalkyl, for example,
includes from 1 to 12 carbon atoms in addition to one or more heteroatoms. Other
numbers of atoms and other types of atoms may be indicated 1n a similar manner.

As used herein, the terms “alkyl” and the prefix “alk-" are inclusive of both
straight chain and branched chain groups and of cyclic groups, 1.e., cycloalkyl. Cyclic
groups can be monocyclic or polycyclic and preferably have from 3 to 6 ring carbon
atoms, inclusive. Exemplary cyclic groups include cyclopropyl, cyclobutyl,
cyclopentyl, and cyclohexyl groups.

By “C,_4 alkyl” i1s meant a a branched or unbranched hydrocarbon group
having from 1 to 4 carbon atoms. A C,_ alkyl group may be substituted or
unsubstituted. Exemplary substituents include alkoxy, aryloxy, sulthydryl, alkylthio,
arylthio, halide, hydroxyl, fluoroalkyl, perfluoralkyl, amino, aminoalkyl, disubstituted
amino, quaternary amino, hydroxyalkyl, carboxyalkyl, and carboxyl groups. Cj_4
alkyls include, without limitation, methyl, ethyl, n-propyl, 1sopropyl, cyclopropyl,
cyclopropylmethyl, n-butyl, 1so-butyl, sec-butyl, tert-butyl, and cyclobutyl.

By “C,4 alkenyl” 1s meant a branched or unbranched hydrocarbon group
containing one or more double bonds and having from 2 to 4 carbon atoms. A C;4
alkenyl may optionally include monocyclic or polycyclic rings, in which each ring
desirably has from three to six members. The C,_4 alkenyl group may be substituted
or unsubstituted. Exemplary substituents include alkoxy, aryloxy, sulthydryl,
alkylthio, arylthio, halide, hydroxyl, fluoroalkyl, perfluoralkyl, amino, aminoalky],
disubstituted amino, quaternary amino, hydroxyalkyl, carboxyalkyl, and carboxyl
groups. C,4 alkenyls include, without limitation, vinyl, allyl, 2-cyclopropyl-1-
ethenyl, 1-propenyl, 1-butenyl, 2-butenyl, 3-butenyl, 2-methyl-1-propenyl, and 2-
methyl-2-propenyl.
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By “C,.4 alkynyl” 1s meant a branched or unbranched hydrocarbon group
containing one or more triple bonds and having from 2 to 4 carbon atoms. A C;4
alkynyl may optionally include monocyclic, bicyclic, or tricyclic rings, in which each
ring desirably has five or six members. The C,_4 alkynyl group may be substituted or
unsubstituted. Exemplary substituents include alkoxy, aryloxy, sulfhydryl, alkylthio,
arylthio, halide, hydroxy, fluoroalkyl, perfluoralkyl, amino, aminoalkyl, disubstituted
amino, quaternary amino, hydroxyalkyl, carboxyalkyl, and carboxyl groups. C;4
alkynyls include, without limitation, ethynyl, l-prOpynyI, 2-propynyl, 1-butynyl, 2-
butynyl, and 3-butynyl.

By “C,_g heterocyclyl” 1s meant a stable 5- to 7-membered monocyclic or 7- to
14-membered bicyclic heterocyclic ring which is saturated partially unsaturated or
unsaturated (aromatic), and which consists of 2 to 6 carbon atoms and 1, 2, 3 or 4
heteroatoms independently selected from N, O, and S and including any bicyclic
group in which any of the above-defined heterocyclic rings is fused to a benzene ring.
The heterocyclyl group may be substituted or unsubstituted. Exemplary substituents
include alkoxy, aryloxy, sulfhydryl, alkylthio, arylthio, halide, hydroxy, fluoroalkyl,
perﬂuoralkvyl, amino, aminoalkyl, disubstituted amino, quaternary amino,
hydroxyalkyl, carboxyalkyl, and carboxyl groups. The nitrogen and sulfur
heteroatoms may optionally be oxidized. The heterocyclic ring may be covalently
attached via any heteroatom or carbon atom which results in a stable structure, e.g., an
imidazolinyl ring may be linked at either of the ring-carbon atom positions or at the
nitrogen atom. A nitrogen atom in the heterocycle may optionally be quaternized.
Preferably when the total number of S and O atoms in the heterocycle exceeds 1, then
these heteroatoms are not adjacent to one another. Heterocycles include, without
limitation, 1H-indazole, 2-pyrrolidonyl, 2H,6H-1,5,2-dithiazinyl, 2H-pyrrolyl, 3H-
indolyl, 4-piperidonyl, 4aH-carbazole, 4H-quinolizinyl, 6H-1,2,5-thiadiazinyl,
acridinyl, azocinyl, benzimidazolyl, benzofuranyl, benzothioturanyl, benzothiophenyl,
benzoxazolyl, benzthiazolyl, benztriazolyl, benztetrazolyl, benzisoxazolyl,
benzisothiazolyl, benzimidazalonyl, carbazolyl, 4aH-carbazolyl, b-carbolinyl,
chromanyl, chromenyl, cinnolinyl, decahydroquinolinyl, 2H,6H-1,5,2-dithiazinyl,
dihydrofurof2,3-b]tetrahydrofuran, furanyl, furazanyl, imidazolidinyl, imidazolinyl,
imidazolyl, 1H-indazolyl, indolenyl, indolinyl, indolizinyl, indolyl, isobenzofuranyl,

1sochromanyl, 1soindazolyl, isoindolinyl, 1soindolyl, 1soquinolinyl, isothiazolyl,
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isoxazolyl, morpholinyl, naphthyridinyl, octahydroisoquinolinyl, oxadiazolyl, 1,2,3-
oxadiazolyl, 1,2,4-oxadiazolyl, 1,2,5-oxadiazolyl, 1,3,4-oxadiazolyl, oxazolidinyl,
oxazolyl, oxazolidinylperimidinyl, phenanthridinyl, phenanthrolinyl, phenarsazinyl,
phenazinyl, phenothiazinyl, phenoxathiinyl, phenoxazinyl, phthalazinyl, piperazinyl,
piperidinyl, pteridinyl, piperidonyl, 4-piperidonyl, pteridinyl, purinyl, pyranyl,
pyrazinyl, pyrazolidinyl, pyrazolinyl, pyrazolyl, pyridazinyl, pyridooxazole,
pyridoimidazole, pyridothiazole, pyridinyl, pyridyl, pyrimidinyl, pyrrolidinyl,
pyrrolinyl, pyrrolyl, quinazolinyl, quinolinyl, 4H-quinolizinyl, quinoxalinyl,
quinuclidinyl, carbolinyl, tetrahydrofuranyl, tetrahydroisoquinolinyl,
tetrahydroquinolinyl, 6H-1,2,5-thiadiazinyl, 1,2,3-thiadiazolyl, 1,2,4-thiadiazolyl,
1,2,5-thiadiazolyl, 1,3,4-thhadiazolyl, thianthrenyl, thiazolyl, thienyl, thienothiazolyl,
thienooxazolyl, thienoimidazolyl, thiophenyl, triazinyl, 1,2,3-triazolyl, 1,2,4-triazolyl,
1,2,5-tnazolyl, 1,3,4-tnnazolyl, xanthenyl. Preferred 5 to 10 membered heterocycles
include, but are not limited to, pyridinyl, pyrimidinyl, triazinyl, furanyl, thienyl,
thiazolyl, pyrrolyl, pyrazolyl, imidazolyl, oxazolyl, 1soxazolyl, tetrazolyl,
benzofuranyl, benzothiofuranyl, indolyl, benzimidazolyl, 1H-indazolyl, oxazolidinyl,
1soxazolidinyl, benzotriazolyl, benzisoxazolyl, oxindolyl; benzoxazolinyl, quinolinyl,
and 1soquinolinyl. Preferred 5 to 6 membered heterocycles include, without limitation,
pyridinyl, pyrimidinyl, triazinyl, furanyl, thienyl, thiazolyl, pyrrolyl, piperazinyl,
piperidinyl, pyrazolyl, imidazolyl, oxazolyl, 1soxazolyl, and tetrazolyl.

By “Ce_12 aryl” 1s meant an aromatic group having a ring system comprised of
carbon atoms with conjugated = electrons (e.g., phenyl). The aryl group has from 6 to
12 carbon atoms. Aryl groups may optionally include monocyclic, bicyclic, or
tricyclic rings, in which each ring desirably has five or six members. The aryl group
may be substituted or unsubstituted. Exemplary substituents include alkyl, hydroxy,
alkoxy, aryloxy, sulthydryl, alkylthio, arylthio, halide, fluoroalkyl, carboxy],
hydroxyalkyl, carboxyalkyl, amino, aminoalkyl, monosubstituted amino, disubstituted
amino, and quaternary amino groups.

By “C;_14 alkaryl” 1s meant an alkyl substituted by an aryl group (e.g., benzyl,
phenethyl, or 3,4-dichlorophenethyl) having from 7 to 14 carbon atoms.

By “Cs_19 alkheterocyclyl” 1s meant an alkyl substituted heterocyclic group

having from 3 to 10 carbon atoms in addition to one or more heteroatoms
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(e.g., 3-furanylmethyl, 2-furanylmethyl, 3-tetrahydrofuranylmethyl, or
2-tetrahydrofuranylmethyl).

By “C,_7 heteroalkyl” is meant a branched or unbranched alkyl, alkenyl, or
alkynyl group having from 1 to 7 carbon atoms in addition tol, 2, 3 or 4 heteroatoms
independently selected from the group consisting of N, O, S, and P. Heteroalkyls
include, without limitation, tertiary amines, secondary amines, ethers, thioethers,
amides, thioamides, carbamates, thiocarbamates, hydrazones, imines, phosphodiesters,
phosphoramidates, sulfonamides, and disulfides. A heteroalkyl may optionally
include monocyclic, bicyclic, or tricyclic rings, in which each ring desirably has three
to six members. The heteroalkyl group may be substituted or unsubstituted.
Exemplary substituents include alkoxy, aryloxy, sulfhydryl, alkylthio, arylthio, halide,
hydroxyl, fluoroalkyl, perfluoralkyl, amino, aminoalkyl, disubstituted amino,
quaternary amino, hydroxyalkyl, hydroxyalkyl, carboxyalkyl, and carboxyl groups.
Examples of C;_; heteroalkyls include, without limitation, methoxymethyl and
ethoxyethyl.

By “halide” 1s meant bromine, chlorine, 10dine, or fluorine.

By “fluoroalkyl” 1s meant an alkyl group that is substituted with a fluorine
atom.

By “pertluoroalkyl” 1s meant an alkyl group consisting of only carbon and
fluorine atoms.

By “carboxyalkyl” 1s meént a chemical moiety with the formula
-(R)-COOH, wherein R is selected from C,;_; alkyl, C,_7 alkenyl, C,_7 alkynyl, C,_¢
heterocyclyl, Ce-17 aryl, C;_y4 alkaryl, Cs_,¢ alkheterocyclyl, or C,_; heteroalkyl.

By “hydroxyalkyl” is meant a chemical moiety with the formula -(R)-OH,
wherein R 1s selected from C,_7 alkyl, C,_7 alkenyl, C,_7 alkynyl, C,_¢ heterocyclyl,
Ce-12 aryl, Cs_14 alkaryl, C5_;¢ alkheterocyclyl, or C,_;7 heteroalky].

By “alkoxy” 1s meant a chemical substituent of the formula -OR, wherein R is
selected from C,_5 alkyl, C,_7 alkenyl, C,_7 alkynyl, C,_¢ heterocyclyl, Cq_15 aryl, Co_14
alkaryl, Cs_;¢ alkheterocyclyl, or C,_7 heteroalkyl.

By “aryloxy” 1s meant a chemical substituent of the formula -OR, wherein R i1s

a Ce_12 aryl group.
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By “alkylthio” is meant a chemical substituent of the formula -SR, wherein R
1s selected from C,_7 alkyl, C,_7 alkenyl, C,_7 alkynyl, C,_¢ heterocyclyl, C¢_;2 aryl,
Cs-14 alkaryl, C3_,¢ alkheterocyclyl, or C,_7; heteroalkyl.

By “arylthio” 1s meant a chemical substituent of the formula -SR, wherein R 1s
a Ce-12 aryl group.

By “quaternary amino” is meant a chemical substituent of the formula
-(R)-N(R*)(R’}(R’’*)", wherein R, R’, R’’, and R’*’ are each independently an alkyl,
alkenyl, alkynyl, or aryl group. R may be an alkyl group linking the quaternary amino
nitrogen atom, as a substituent, to another moiety. The nitrogen atom, N, is
covalently attached to four carbon atoms of alkyl, heteroalkyl, heteroaryl, and/or aryl
groups, resulting in a positive charge at the nitrogen atom.

By “charged moiety” 1s meant a moiety which gains a proton at physiological
pH thereby becoming positively charged (e.g., ammonium, guanidinium, or
amidinium) or a moiety that includes a net formal positive charge without protonation
(e.g., quaternary ammonium). The charged moiety may be either permanently
charged or transiently charged.

As used herein, the term “parent™ refers to a channel blocking compound
which can be modified by quaternization or guanylation of an amine nitrogen atom
present in the parent compound. The quaternized and guanylated compounds are
derivatives of the parent compound. The guanmidyl derivatives described herein are
presented 1n their uncharged base form. These compounds can be administered either
as a salt (1.e., an acid addition salt) or in their uncharged base form, which undergoes
protonation in situ to form a charged moiety.

Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

Brief Description of the Drawing

Figure 1. Co-application of extracellular QX-314 (SmM) and capsaicin (1
uM) selectively blocks sodium currents in capsaicin-responsive dorsal root ganglion
(DRG) sensory neurons. (a) Effect on sodium current (elicited by a step to from -70
to -5 mV) of 10 minutes wash-in of 5 mM QX-314 alone (red trace), 1 uM capsaicin
alone (green trace), and co-applied 5SmM QX-314 and 1 uM capsaicin (blue trace) in a

small (24 um) capsaicin-sensitive adult cultured DRG neuron. Top panel: Brief
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application of capsaicin induced a prolonged inward current (holding voltage of -70

mV) 1n this neuron. (b) Effect on sodium current of the same series of drug

applications on a large (52 um) capsaicin-insensitive neuron. (c) Peak inward current
as a function of test pulse recorded in control (black symbols), in the presence of

>mM QX-314 alone (red symbols), 1 uM capsaicin alone (green symbols), and co-
applied SmM QX-314 and 1 uM capsaicin (blue symbols). Symbols show mean +

SEM for experiments on 25 small capsaicin-sensitive neurons. Currents were elicited
by 20 ms depolarizing steps from a holding potential of -70 mV to a range of test
potentials in 5 mV increments. (d) Time course of the effect of combination of
capsaicin and QX-314 on peak sodium current. Bars plot mean + SEM for peak
sodium current normalized relative to that in control (n=25).

Figure 2. Co-application of QX-314 and capsaicin blocks excitability in
nociceptive-like DRG neurons. (a) A depolarizing current step (250 pA, 4 ms)

applied to a small (23 um) DRG neuron evoked a nociceptor-like broad action
potential with a prominent deflection on the falling phase (arrow). A two minute
wash-in of QX-314 (5 mM) had no effect (second panel). Capsaicin (1 uM) reduced
the action potential amplitude (third panel), probably due to a combination of the
modest reduction of sodium current produced by capsaicin as shown in Figure 1 and
inactivation of sodium current secondary to the depolarization produced by capsaicin.
Co-apphied QX-314 and capsaicin completely abolished action potential generation
even with much larger stimulating current injeétion. (b) Mean + SEM of action
potential amplitudes (n=25 for QX-314, n=15 for capsaicin and capsaicin + QX-314).
Figure 3. Intraplantar injection of capsaicin (10 ng/10 uL) together with QX-
314 (2%, 10 ul.) leads to a prolonged local anesthesia to mechanical (von Frey
tilaments) and thermal noxious stimuli. (a) Mechanical threshold for paw withdrawal
In response to von Frey hairs of increasing strength after interplantar injection of QX -
314 alone (2%, 10 puL; green symbols), capsaicin alone (10 ng/10 uL; black symbols),
or QX-314 and capsaicin applied together (red symbols). Number of animals that did
not respond at all to the highest value (57 g, arrow) is indicated for time points with
largest etfects. (* = p<0.05, n=6 for each group). (b) Same for thermal (radiant heat)
threshold for paw withdrawal. Arrow indicates cutoff, and numbers of animals not

responding to strongest stimulus 1s indicated for time points with largest effects. (* =

p<0.05, n=6 for each group).
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Figure 4. Injection of QX-314 followed by capsaicin adjacent to the sciatic
nerve anesthetized the hind limbs of the animals to noxious mechanical and thermal
stimuli without producing any motor deficit. (a) Mechanical threshold for paw
withdrawal in response to von Frey filaments of increasing strength after sciatic
injection of QX-314 alone (0.2%, 100 uL), capsaicin alone (0.5 pg/uL, 100 uL), or
QX-314 injected 10 minutes before capsaicin. Number of animals that did not
respond at all to the highest value (57 g, arrow) 1s indicated for time points with
largest effects. (* = p<0.05, ** = p<0.01, n=6 for each group). (b) Same for thermal
(radiant heat) threshold for paw withdrawal. (c). Change in motor function (score: 2 =
full paralysis; 1 = partial paralysis; 0 = no impairment) evaluated after sciatic
injection of lidocaine (2%; 0.2%), QX-314 (0.2%), capsaicin (5 ng/10 pul.) and QX-
314 followed by capsaicin injection. Numbers of animals affected by the injections
are indicated above each column.

Figure 5. Voltage clamp recordings of sodium channel current in small dorsal
root ganglion neurons. The data show that eugenol alone has a modest inhibitory
effect on sodium current (10-20% inhibition). Co-application of eugenol and QX-314
produces progressive block that can be complete after 7 minutes. Two examples are
depicted, which are representative of 10 experiments with similar results.

Figure 6. Co-application of the TRPA agonist mustard o1l (MO) (50 uM) and

QX-314 (5 mM). MO alone reduces sodium current by 20-30% and reaches a plateau
after approximately 3 minutes. Co-application of MO and QX-314 reduced sodium

current dramatically.

Figure 7. Co-application of lidocaine, a membrane permeable sodium channel

inhibitor, with QX-314 and capsaicin. (a) Thermal latency (radiant heat) threshold for
paw withdrawal after sciatic injection of QX-314 alone (2%), lidocaine alone (1%), or
QX-314 and lidocaine co-injection. (b) Mechanical threshold for paw withdrawal in
response to von Frey filaments of increasing strength after sciatic injection of QX-314
alone (2%), lidocaine alone (1%), or QX-314 and lidocaine co-injection. (c¢) Thermal
latency (radiant heat) threshold for paw withdrawal after sciatic injection of lidocaine -
alone (1%), QX-314 alone (2%), lidocaine and QX-314 co-injection, and capsaicin
(1ng/10uL), hdocaine, and QX-314 co-injection. (d) Mechanical threshold for paw

withdrawal in response to von Frey filaments of increasing strength after sciatic

injection of lidocaine alone (1%), QX-314 alone (2%), lidocaine and QX-314
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co-injection, and capsaicin (1pg/10uL), lidocaine, and QX-314 co-injection.
Numbers of animals showing a complete block in nociception by the injections are
indicated above each column.

Figure 8. Capsaicin elicits an acute pain-related response immediately
following injection into the hindpaw, measured as flinches. This lasts for
approximately 15 min. following injection. The combination of capsaicin and QX-
314 does not block the acute pain-evoking response produced by the capsaicin
although this is then followed by a long-lasting analgesia. Conversely, injection of a
combination of capsaicin, QX-314, and lidocaine provides robust analgesia, including
blockade of the acute pain-evoking response elicited by capsaicin alone.

Detailed Description of the Invention

Voltage-dependent ion channels in pain-sensing neurons are currently of great
interest in developing drugs to treat pain. Blocking voltage-dependent sodium
channels in pain-sensing neurons can block pain signals by interrupting initiation and
transmission of the action potential, and blocking calcium channels can prevent
neurotransmission of the pain signal to the second order neuron in the spinal cord.
Heretofore, a limitation in designihg small organic molecules that block sodium
channels or calcium channels 1s that they must be active when applied externally to
the target cell. The vast majority of such externally-applied molecules are
hydrophobic and can pass through membranes. Because of this, they will enter all
cells and thus have no selectivity for affecting only pain-sensing neurons. Yet, some
blockers are known, such as QX-314, that are only effective when present inside the
cell. To date, such blockers have been studied primarily with electrophysiological
recording techniques such as whole-cell patch clamp that permit dialysis of the inside
of a cell by mechanical rupturing of the membrane. The difficulty of mechanical
rupturing without killing the cell, and the difficulty of reversibly applying blockers
inside the cell subsequently, has precluded development of high-throughput screening
assays for drug molecules that might act from inside cells.

We have discovered a means for delivering inhibitors of voltage-gated 1on
channels into nociceptive neurons. By providing a way for these inhibitors to enter
nociceptive neurons, the invention permits the use—both in screening and in

therapy—of entire classes of molecules that are active as drug blockers from the

1nside of cell but need not be membrane-permeant. Moreover, confining the entry of
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such blockers to pain-sensing neurons under therapeutic conditions allows tor the use
of drugs that do not necessarily have intrinsic selectivity for 1on channels in pain-
sensing neurons compared to other types of cells, but rather gain their selective action
on pain-sensing neurons by being allowed to enter pain-sensing neurons in preference
to other cells in the nervous and cardiovascular system. Additionally, since TRPV1
receptors in particular are often more active in tissue conditions associated with pain
(such as inflammation), entry is favored to the particular sensory neurons most
associated with tissues that are generating pain. Itch-senstive primary sensory
neurons also express TRP channels, particularly TRPV1, and are also be amenable to
this approach.

The invention 1s described in more detail below.

Inhibitors of voltage-gated ion channels

Compounds that act as inhibitors of voltage-gated 1on channels when applied
to the internal face of the channels but do not substantially inhibit the channels when
applied to the external face of the channels and that are suitable for use in the
methods, compositions, and kits of the invention are desirably positively-charged,
hydrophilic compounds. In one embodiment, the compounds are permanently
charged (1.e., have a charge that 1s not transient). In another embodiment, the
compounds are transiently or fractionally charged. Suitable inhibitors of voltage-
gated sodium channels include but are not limited to QX-314, N-methyl-procaine
(QX-222), N-octyl-guanidine, 9-aminoacridine, and pancuronium. Suitable inhibitors
of voltage-gated calcium channels include but are not limited to D-890 (quaternary
methoxyverapamil) and CERM 11888 (quaternary bepridil).

. Additionally, there are many known inhibitors of voltage-gated ion channels
that would be of a suitable size to be useful in the methods of the invention (e.g., from
about 100 to 4,000 Da, 100 to 3,000 Da, 100 to 2,000 Da, 150 to 1,500 Da, or even
200 to 1,200 Da) and that have amine groups, or can be modified to contain amine
groups, that can be readily modified to be charged (e.g., as positively-charged
quarternary amines, or as transiently charged guanylated compounds). Such
inhibitors include but are not limited to riluzole, mexilitine, phenytoin, carbamazepine,

procaine, tocainide, prilocaine, diisopyramide, bencyclane, quinidine, bretylium,
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lifarizine, lamotrigine, flunarizine, articaine, bupivicaine, mepivicaine, and
fluspirilene.

Compounds that can be used in the compositions, kits, and methods of the
invention include compounds of formulas I-X, below.

R]A

1E 1F
1C I N R\"' /R
R | N
= Xl-( \R]G
RIB RlD (I)

In formula I, each of R'2, R'B and R!¢ s, independently, selected from H,
halogen, C;_4 alkyl, C,_4 alkenyl, C»_4 alkynyl, OR'", NR''R"”, NR'"*C(O)R'",
S(O)R™, SO,R'™R'®, SO,NR'R'? SO;R'R, CO,R'®, C(O)R'', and C(O)NR'"RY;
and each of R'™. R". RY, R'¥ R''. R' R'™. R'© R R'Q R} R'S, R'T R'Y, and
R'" is, independently, selected from from H, C,_4 alkyl, C,4 alkenyl, C,_4 alkynyl,
and C,_4 heteroalkyl X' is selected from -CR'"R'*-, -NR'"C(0O)-, -OC(0)-, -SC(O)-,
-C(O)NR'%-, -CO,-, and -OC(S)-; and each of R'Y,R'*, R'Y, and R'“ s,
independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4
heteroalkyl; R'P is selected from H, C,_4 alkyl, C,_4 alkenyl, C,4 alkynyl, and C;_4
heteroalkyl; and each of R'F, R'F, and R'Y is, independently, selected from C,_4 alkyl,
C,4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; or R'P and R'¢ together complete a
heterocyclic ring having at least one nitrogen atom. In a preferred embodiment, X' is
-NHC(O)-. Exemplary compounds of formula I include methylated quaternary
ammonium derivatives of anesthetic drugs, such as N-methyl lidocaine, N,N-dimethyl
prilocaine, N,N,N-trimethyl tocainide, N-methyl etidocaine, N-methyl ropivacaine, N-
methyl bupivacaine, N-methyl levobupivacaine, N-methyl mepivacaine. These

derivatives can be prepared using methods analogous to those described in Scheme 1.
Compounds of formula I include QX-314 (CAS 21306-56-9) and QX-222 (CAS
21236-55-5) (below).

o CH, _
3 CH.
O <§/\CH3 30 H3C\+ /CH3
N
CH, o H ?
3 H3C CH3
QX-314 QX-222

19



10

15

20

25

CA 02717042 2010-08-27

WO 2009/114139 PCT/US2009/001541

R2F
A N. NR2GR2H
e Y
= X2—~  TRE
R2B R2D (1)

In formula 11, each of R*A R?®, and R is, independently, selected from H,
halogen, C,s alkyl, C,_4 alkenyl, C, alkynyl, OR*, NR¥R?*, NR*"C(O)R*™,
S(O)R™™, SO,R?*°R?P, SO,NR?PR?R, SO;R%, CO,R?T, C(O)R?", and C(O)NR*VR*Y;
and each of R?. R¥, R R2* R2M R R0 R?P R2Q R RZ R2T RV R?Y RV s,
independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C;_4
heteroalkyl; X is selected from -CR**R?**-, -NR**C(0O)-, -OC(0)-, -SC(O)-, -
C(O)NR?* ., -CO,-, and -OC(S)-; and each of R**,R*", R*, and R*** is,
independently, selected from H, C,_4 alkyl, C,4 alkenyl, C,4 alkynyl, and Cy4
heteroalkyl;R*" is selected from H, C;4 alkyl, Co4 alkenyl, C; 4 alkynyl, and C,_4
heteroalkyl; R**is H or C4 alkyl; and each of R : RZG, and R?" is, independently,
selected from H, C,_4 alkyl, C,4 alkenyl, C5_4 alkynyl, and C,_4 heteroalkyl; or R*"
and R*“ together complete a heterocyclic ring having two nitrogen atoms. Where R*
and R*“ form a heterocyclic ring having two nitrogen atoms, the resulting guanidine

group 1s, desirably, selected from
£ N sL N
N~ ] N ]
%o N % N
R#H and R%H :
where R*" is H or CH;. Desirably, R*" and R*“ combine to form an alkylene
or alkenylene of from 2 to 4 carbon atoms, e.g., ring systems of 5, 6, and 7-membered
rings. In a preferred embodiment, X* is -NHC(O)-. Exemplary compounds of
formula II include N-guanidyl derivatives (e.g., -C(NH)NH; derivatives) of anesthetic
drugs, such as desethyl-N-guanidyl lidocaine, N-guanidyl prilocaine, N-guanidyl
tocainide, desethyl-N-guanidyl etidocaine, desbutyl-N-guanidyl ropivacaine,
desbutyl-N-guanidy! bupivacaine, desbutyl-N-guanidyl levobupivacaine, desmethyl-
N-guanidyl mepivacaine. These derivatives can be prepared using methods analogous
to those described in Schemes 2-5.
The guanidyl derivatives described herein (e.g., the compounds of formula II)

are presented in their uncharged base form. These compounds can be administered
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either as a salt (i.e., an acid addition salt) or in their uncharged base form, which
undergoes protonation in situ to form a charged moiety.

The synthesis of parent drugs of formulas I and II are described in the
literature. See, for example, U.S. Patent No. 2,441,498 (synthesis of lidocaine), U.S.
Patent No. 3,160,662 (synthesis of prilocaine), DE Patent No. 2235745 (synthesis of
tocainide), DE Patent No. 2162744 (synthesis of etidocaine), PCT Publication No.
WO85/00599 (synthesis of ropivacaine), U.S. Patent No. 2,955,111 (synthesis of
bupivacaine and levobupivacaine), and U.S. Patent No. 2,799,679 (synthesis of

mepivacaine).

In formula III, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of R** R’® and
R is, independently, selected from H, halogen, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl,
C,-4 heteroalkyl, OR’", NR°MR°™, NR’°C(O)R”", S(O)R’?, SO,R**R”®, SO,NR’'R’Y,
SO;R*Y, CO,R™Y, C(O)R*, and C(O)NR’YR?; and each of R°Y, R°M, R*N, R*©, R®”,
R3Q, R3R, R’ S, R’ T, R’ U, R’ V, R’ W R’ X R’ T R s, independently, selected from H,
Ci— alkyl, C,4 alkenyl, C,4 alkynyl, and C,_4 heteroalkyl; Y? is selected from from -
CRAARM8_ -NR**“C(0)-, -OC(0)-, -SC(0)-, -C(O)NR’*P-, -CO,-, and -
OC(S)-; and each of R°**, R**B R*C and R**P is, independently, selected from H,
Ci4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; each of R°°, R**, R*", and
R%Y is, independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, C,_4
heteroalkyl, C,_¢ heterocyclyl, Ce_12 aryl, C;_;4 alkaryl, and Cs_,¢ alkheterocyclyl;
each of R’ H, R , and RK 1S, independently, selected from C,_4 alkyl, C,_4 alkenyl, C,_
4 alkynyl, and C;_4 heteroalkyl. The quaternary nitrogen in formula III 1s identified
herein as N’. Exemplary compounds of formula III include methylated quaternary
ammonium derivatives of anesthetic drugs, such as N’-methyl procaine, N’-methyl
proparacaine, N’-methyl allocain, N’-methyl encainide, N’-methyl procainamide, N’-

methyl metoclopramide, N’-methyl stovaine, N’-methyl propoxycaine, N’-methyl
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chloroprocaine, N’,N’-dimethyl flecainide, and N’-methyl tetracaine. These

derivatives can be prepared using methods analogous to those described in Scheme 1.

R4G R4A
R4H —§N+ Iu/\\
! v4 4E RA4F
/ / bz R
R 4B
n

N
RA4C m*y4

R4D (IV)

In formula IV, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of R** and R*® is,

independently, selected from H, halogen, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, C,_4
heteroalkyl, OR*", NR*MR*™ NR*°C(O)R¥, S(O)R*?, SO,R*RR*®, SO,NR*TR*Y,
SO;R*Y, CO,R*YW, C(O)R*, and C(O)NR*'R*; and each of R*", R™MR™ R?9, R*,
R R® R® RY R™ RY™, R*™ R* R, and R*is, independently, selected from

H, C,s alkyl, Co4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; Y* is selected from -

CR*¥AR*B. _NR*“C(0)-, -OC(0)-, -SC(0)-, -C(O)NR**P-, -CO,-, and -OC(S)-;

R4AA, R4AB, R4AC R4AD

and each of , and

C,_4 alkenyl, C4 alkynyl, and C,_4 heteroalkyl;each of R*“, R*®, R*F, and R*" is,

1s, iIndependently, selected from H, C,_4 alkyl,

independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,4 alkynyl, C,_4
heteroalkyl, C,_¢ heterocyclyl, Cq_1» aryl, C_i4 alkaryl, and Cs-o alkheterocyclyl; X*
1s selected trom H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and NR4JR4K; each of R
and R*" is, independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C5_4 alkynyl, and
Chy hetefoalkyl; and each of R4G, R4H, and R* 1s, iIndependently, selected from C,_4
alkyl, C,_4 alkenyl, C,4 alkynyl, and C;,_4 heteroalkyl . The quaternary nitrogen in
formula IV 1s identified herein as N”. Exemplary compounds of formula III include
methylated quaternary ammonium derivatives of anesthetic drugs, such as N, N”° N”’-
trimethyl procaine, N”,N”,N”-trimethyl proparacaine, N”’,N”°,N”’-trimethyl
procainamide, N”,N” N”-trimethyl metoclopramide, N, N’ N”-trimethyl
propoxycaine, N”,N” N”-trtmethyl chloroprocaine, N’,N”’-dimethyl tetracaine,
N”,N” N”-trimethyl benzocaine, and N”’,N”,N”’-trimethyl butamben. These

derivatives can be prepared using methods analogous to those described in Scheme 1.

22



10

15

20

25

CA 02717042 2010-08-27

WO 2009/114139 PCT/US2009/001541

R5&\

RC M |
5D " N/l\NRSKRSL

RSH (V)

In formula V, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of R°*, R°®, and
R is, independently, selected from H, halogen, C,4 alkyl, C,4 alkenyl, C,_4 alkynyl,
C,_4 heteroalkyl, OR’™, NR°NR°, NR*’C(O)R’, S(O)R’®, SO,R™R’T, SO,NRVR?Y,
SO;R’Y, CO,R*, C(O)R’Y, and C(O)NR’*R*; and each of R°™, R°N R°°, R°F, R*®,
R’ R, R’ S, R, & U, R’ V, R’ W, R’ X, R’ Y, R’ Z, and R°* 1S, independently, selected from
H, C,4 alkyl, C,4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; Y is selected from -
CR>BRAC. _NR>*PC(0)-, -OC(0)-, -SC(0)-, -C(O)NR’**-, -CO,-, and -OC(S)-;

A A
RSAB, RSAC, RS D RS E

and each of , and 1S, iIndependently, selected from H, C,_4 alkyl,

C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; each of R°® R, R, and R*“ is,
independently, selected from H, C,_4 alkyl, C,4 alkenyl, C,_4 alkynyl, C;_4

heteroalkyl, C,_¢ heterocyclyl, Ce-7 aryl, Cs_14 alkaryl, and C;_)¢ alkheterocyclyl; RH

is H or C alkyl; and each of R, R°", and R’" is, independently, selected from H,
C s alkyl, Co_4 alkenyl, C5_4 alkynyl, and C,_4 heteroalkyl; or R> and R”" together

complete a heterocyclic ring having two nitrogen atoms. Where R> and R’ ® form a
heterocyclic ring having two nitrogen atoms, the resulting guanidine group 1s,

desirably, selected from

PRI LN

N— :] N— ]
«{ N «{ N

R5L/ and RSL/ ,

where R°" is H or CH;. Desirably, R* and R°* combine to form an alkylene

or alkenylene of from 2 to 4 carbon atoms, e.g., ring systems of 5, 6, and 7-membered
rings. The guanylated nitrogen in formula V is identified herein as N’. Exemplary
compounds of formula V include N-guanidyl derivatives (e.g., -C(NH)NH;
derivatives) of anesthetic drugs, such as such as desethyl-N’-guanidyl procaine,
desethyl-N’-guanidyl proparacaine, desethyl-N’-guanidyl allocain, desmethyl-N’-
guanidyl encainide, desethyl-N’-guanidyl procainamide, desethyl-N’-guanidyl
metoclopramide, desmethyl-N’-guanidyl stovaine, desethyl-N’-guamidyl

propoxycaine, desethyl-N’-guanidyl chloroprocaine, N’-guanidyl flecainide, and
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desethyl-N’-guanidyl tetracaine. These derivatives can be prepared using methods

analogous to those described in Schemes 2-5.

R6G R6A
| X
i '\// y$
_N R6B
R6H n X6
6C ROD I
R (V1)

In formula VI, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of R®* and R®B is,
independently, selected from H, halogen, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, Cs_4
heteroalkyl, OR®*, NR®*R®M NRMC(O)R®®, S(O)R®", SO,R®RR, SO,NR*R®T,
SO;R®Y, CO,R®Y, C(O)R®Y, and C(O)NR®*R®"; and each of R°¢ R®" R®M R®N R
RGP, R6Q, R6R, R6S, R®' ROV R6V, R®Y R®* and R®"is, independently, selected from
H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; Y® is selected from -
CR®“R**- -NR®***C(0)-, -OC(0)-, -SC(0)-, -C(O)NR®**¢-, -CO;,-, and -OC(S)-; and
each of R%, R°** R®AB and R®A¢ 1s, independently, selected from H, C,_4 alkyl, C;_4
alkenyl, C,_4 alkynyl, and C,4 heteroalkyl; each of R6C, R6D, R6E, and R®" 1S,
independently, selected from H, C,4 alkyl, C,_4 alkenyl, C,_4 alkynyl, Cy_4
heteroalkyl, C»_¢ heterocyclyl, Ce_2 aryl, Co_j4 alkaryl, and Cs3_;¢ alkheterocyclyl; X°
is selected from H, C 4 alkyl, C,_4 alkenyl, C,4 alkynyl, and NR®**PR6"E; each of
R%AP and R%AE 1s, independently, selected from H, C;_4 alkyl, C,_4 alkenyl, C,_4
alkynyl, and C,_4 heteroalkyl; R isHor Ci4 alkyl;, and each of R6H, R6}, and R¥ 1S,
independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,4
heteroalkyl; or R°" and R® together complete a heterocyclic ring having two nitrogen
atoms. Where R®" and R® form a heterocyclic ring having two nitrogen atoms, the

resulting guanidine group is, desirably, selected from

s N s N
N— j N— ]
) )
RY and RO
where R® is H or CHs. Desirably, R®" and R® combine to form an alkylene or
alkenylene of from 2 to 4 carbon atoms, e.g., ring systems of 5, 6, and 7-membered
rings. The guanylated nitrogen in formula V is identified herein as N”. Exemplary

compounds of formula VI include N-guanidyl derivatives (e.g., -C(NH)NH;
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derivatives) ot anesthetic drugs, such as such as N”’-guanidyl procaine, N’-guanidyl
proparacaine, N”’-guanidyl procainamide, N”’-guanidyl metoclopramide, N’-guanidyl
propoxycaine, N’-guanidyl chloroprocaine, N”’-guanidyl tetracaine, N”’-guanidyl
benzocaine, and N”’-guanidyl butamben. These derivatives can be prepared using
methods analogous to those described in Schemes 2-5.

The synthesis of parent drugs of formulas III-VI i1s described in the literature.
See, for example, U.S. Patent No. 812,554 (synthesis of procaine), Clinton et al., J.
Am. Chem. Soc. 74:592 (1952) (synthesis of proparacaine), U.S. Patent No. 2,689,248
(synthesis of propoxycaine), Hadicke et al, Pharm. Zentralh. 94:384 (1955) (synthesis
of chloroprocaine), U.S. Patent No. 1,889,645 (synthesis of tetracaine), Salkowski et
al., Ber. 28:1921 (1895) (synthesis of benzocaine), Brill et al., J. Am. Chem. Soc.
43:1322 (1921) (synthesis of butamben), U.S. Patent No. 3,931,195 (synthesis of
encainide), Yamazaki et al., J. Pharm. Soc. Japan 73:294 (1953) (synthesis of
procainamide), U.S. Patent No. 3,177,252 (synthesis of metoclopramide), U.S. Patent
No. 3,900,481 (synthesis of flecainide), and Fourneau et al., Bull. Sci. Pharmacol.
35:273 (1928) (synthesis of stovaine).

RIA_Z |

N
k -~ X7 R7F R?G

n /R7J
R7C : 3 m/N+

7D 7E N\
RTRT j RK (v

In formula VII, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of R’* R'®, and

R?B

R7C is, iIndependently, selected from H, halogen, C,_4 alkyl, C,4 alkenyl, C,_4 alkynyl,
Cy_4 heteroalkyl, OR’", NR’™MR™ NR'°C(O)R’", S(O)R’?, SO,R"™*R”®, SO,NR''R"",
SO;R”Y, CO,R™Y, C(O)R'*, and C(O)NR''R’4; and each of R"*R™ R™ R’® R'",
R7Q, R7R, R7S, R7T, R7U, RW, R7W, R7X, R7Y, and R’ 1S, independently, selected from
H, Ci_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; X’ is selected from -
CR'AMRB_ -NR*“C(0)-, -OC(0)-, -SC(0)-, -C(O)NR"*P- .CO,-, and -
OC(S)-; and each of R"** R’A® R’A“ and R’*" is, independently, selected from H,
Ci4 alkyl, C,_4 alkenyl, C,4 alkynyl, and C,_4 heteroalkyl; each of R7D, R7E, R7F, and
R’ s, independently, selected from H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, C,_4
heteroalkyl, C,_¢ heterocyclyl, Ce-12 aryl, Cs_14 alkaryl, and C;_;¢ alkheterocyclyl; and
each of Rm, R” , and RK 1s, independently, selected from C,_4 alkyl, C,_4 alkenyl,
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C,4 alkynyl, and C,_4 heteroalkyl. In a preferred embodiment, X is -C(O)NH-.
Exemplary compounds of formula VII include methylated quaternary ammonium
derivatives of anesthetic drugs, such as N’-methyl dibucaine. These derivatives can

be prepared using methods analogous to those described in Scheme 1.

RSA / I
N~ R8I
}\ J—x8 R RN
' |
8B
R n8E M N/J\NRSJRSK
RSH (VIID)

In formula VIII, n = 0-3 and m = 0-3, with (n+m) = 0-6; each of RSA, RSB, and
RS¢ 1s, independently, selected from H, halogen, C_4 alkyl, C,4 alkenyl, C,_4 alkynyl,
C,_4 heteroalkyl, OR®, NR®MR3N NR3OC(O)R¥, S(O)R®*?, SO,R*RR®®, SO,NR3TR®Y,
SO;R*Y, CO,R®Y, C(O)R®*, and C(O)NR®*YR®; and each of R*", R®M R®N R®%© R®
R*, R*™, R®, RY, R*™, R*Y, R*, R*™, R, and R is, independently, selected from
H, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; X3 is selected from —
CRAAARSAB. NR¥**€C(0)-, -0C(0)-, -SC(0)-, -C(O)NR®**P_. .CO,-, and -
OC(S)-; and each of RSAA, RSAB, RSAC, and R5AP 1S, iIndependently, selected from H,
Ci4 alkyl, Cy4 alkenyl, C,4 alkynyl, and C,_4 heteroalkyl; each ot R%P R R® and
RS 1s, independently, selected from H, C,_4 alkyl, C,4 alkenyl, C,4 alkynyl, C,_4
heteroalkyl, C,_g heterocyclyl, Ce_12 aryl, C7_14 alkaryl, and C;_o alkheterocyclyl; R®"
1s H or C,_4 alkyl; and each of RSI, R , and R3K 1s, independently, selected from H,
Ci4 alkyl, C,_4 alkenyl, C,_4 alkynyl, and C,_4 heteroalkyl; or R® and R¥ together
complete a heterocyclic ring having two nitrogen atoms. Where R¥ and R* form a
heterocyclic ring having two nitrogen atoms, the resulting guanidine group 1s,

desirably, selected from

PN 2N
s bt

RSK and RSK |
where R®* is H or CH;. Desirably, R*' and R¥ combine to form an alkylene or
alkenvlene of from 2 to 4 carbon atoms, €.g., ring systems of 5, 6, and 7-membered
rings. The guanylated nitrogen in formula V i1s identified herein as N’. In a preferred
embodiment, X°® is -C(O)NH-. Exemplary compounds of formula VIII include N-

guanidyl derivatives (e.g., -C(NH)NH; derivatives) of anesthetic drugs, such as such
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as desethyl-N-guanidyl dibucaine. These derivatives can be prepared using methods

analogous to those described in Schemes 2-5.

R9A
R9B ¥ 9 )
nyY
. RIC
R9D
RVE (IX)

In formula IX, n = 0-6; each of R°*, R*2, R°“, R°", and R”" is, independently,
selected from H, halogen, C,_4 alkyl, C,_4 alkenyl, C,_4 alkynyl, OR9', NR” R9K,
NRL'C(O)RM, S(O)R’M, SO,RPOR?, SO,NR®RR, SO;R”®, CO,R”", C(O)R?Y, and
C(O)NR®YR®Y: and each of R”', R”, R%, R, R, RN, R, R*F, R%Q RR RS RT
R°Y. R®Y, and R7V i, independently, selected from H, C,_4 alkyl, C,_4 alkenyl, Cy_4
alkynyl, and C,_4 heteroalkyl; X’ is selected from -CR9XR9Y-, -O-, -S-, and -NR9Z-;
and each of R°*, R°Y, and R”% is, independently, selected from H, C,4 alkyl, C,_4

alkenyl, C,_4 alkynyl, and C,4 heteroalkyl; Y is NR**NR*PNR”*“ or NR7*PZ”;

R9AA’ R9AB R9AC

each of , and

alkenyl, and C,_4 alkynyl; RAP 1s H or C;4 alkyl; 7’ is
N—RF

—

NR?ORH: and

1S, iIndependently, selected from H, Ci_4 alkyl, Cy4

each of R°", RgG, and R°" 1S, iIndependently, selected from H, C,_4 alkyl, Cy4
alkenyl, and C,_4 alkynyl, or R”" and R’ together c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>