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METHOD OF PRODUCING
INGENOL-3-ANGELATE

This application 1s a continuation, and claims priority, of
co-pending U.S. application Ser. No. 14/557,302, filed Dec.
1, 2014; which 1s a continuation of U.S. application Ser. No.
13/811,207, having a 371 completion date of Mar. 25, 2013,
now U.S. Pat. No. 8,901,356, 1ssued Dec. 2, 2014; which 1s
a U.S. National Stage application, and claims priority of
International Application No. PCT/DK2011/000081, filed
Jul. 8, 2011; which claims priority of U.S. Provisional
Application Ser. No. 61/366,018, filed Jul. 20, 2010. The
contents of all of the prior applications are incorporated
herein by reference in their entirety.

FIELD OF THE INVENTION

The present invention relates to methods of producing
ingenol-3-angelate (2-methyl-2(Z)-butenoic acid (1aR,2S,
SR,5aS,65,8a5,9R,10aR )-35,5a-dihydroxy-4-(hydroxym-
ethyl)-1,1,7,9-tetramethyl-11-ox0-1a,2,5,5a,6,9,10,10a-oc-
tahydro-1H-2,8a-methanocyclopentala]cyclopropale]
cyclodecen-6-yl ester; PEPO0S, ingenol mebutate) from
ingenol. The present invention further provides novel inter-
mediates and methods for the synthesis of the intermediates
usetul for producing ingenol-3-angelate.

BACKGROUND OF THE INVENTION

Ingenol-3-angelate (PEP0O0S, ingenol mebutate) 1s a pro-
tein kinase C activator in phase III clinical development for
the treatment of actinic keratosis. The drug candidate 1s also
in phase II trials for non-melanoma skin cancer [Ogbourne,
S. M.; Anti-cancer Drugs, (2007), 18, 357-62].

The compound ingenol-3-angelate (PEP00S) [Saved, M.
D. et. al.; Experienta, (1980), 36, 1206-12077] can be 1solated
from various FEuphorbia species, and particularly from
Fuphorbia peplus [Hohmann, J. et. al; Planta Med., (2000),
66, 291-294] and FEuphorbia drummondii by extraction
followed by chromatography as described in U.S. Pat. No.
7,449,492, According to this procedure, extraction of 17 kg
of fresh Fuphorbia peplus aftords 7 g of a crude o1l, which
subsequently must be purified by HPLC to afford pure
ingenol-3-angelate. The purification method 1s not 1deally
suited for larger scale production, as chlorophyll, which
otherwise would co-migrate with ingenol-3-angelate, must
be removed from the extract before the final purification
step. Thus, the yield of ingenol-3-angelate by extraction
from Fuphorbia peplus and subsequent chromatography 1s
extremely low. Therefore an alternative process for the
production of ingenol-3-angelate which 1s also suitable for
larger scale production would be desirable.

Ingenol 1s a natural product which 1s easily extracted from
the readily available seeds of Euphorbia lathyris [Appen-
dino, G. et. al., J. Nat. Prod. (1999), 62, 76-79]. As part of
the extraction procedure the various ingenol esters present
are hydrolysed and thus the amount of isolated ingenol is

increased, making ingenol more readily available than inge-
nol-3-angelate [Appendino, G. et. al., J. Nat. Prod. (1999),

62, 76-79; Girin, M. A. et. al., J. Chromatogr., (1993), 637,
206-208].

Ingenol or ingenol esters may also be found in other
Fuphorbia species, for example ingenol or ingenol esters
have also been found in E. acrurensis, k. antiqguorum, L.
biglandulosa, E. canariensis, E. cooped, E. cotinifolia, E.
deightonii, E. desmondi, E. drupifera, E. ebracteolata, E.
esula, E. helioscopia, E. hermentiana, L. iberica, E. ingens,
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2

E. jolkini, E. kamerunica, E. kansui, E. leuconeura, E.
matabelensis, E. megalantha, E. millii, E. myrsinites, FE.
nematocypha, E. nubica, E. palustris, E. peplus, E. peti-
olata, E. pilosa, E. quadrialata, E. quinguecostata, E. res-
inifera, E. royleana, E. seguieriana, E. serrata, E. sieboldi-
ana, L. tirucalli, E. triangularis, L. trigona.

Furthermore, ingenol 1s commercially available, for
example from LC Laboratories, 165 New Boston Street,

Woburn, Mass. 01801, USA.

Ingenol has previously been used as a starting point for
the semi-synthetic preparation of ingenol-3-esters [Sorg, B.
et. al, Z. Naturforsch., (1982), 37B, 748-756] and ingenol-
3-ester denvatives [Appendino et. al., Fur. J. Org. Chem.
(1999), 3413; Opterkuch et. al., Naturforschung, (1981),

36B, 878]. However, the preparation of ingenol-3-angelate
and ingenol-3-angelate derivatives from ingenol has not
been described. The preparation of angelate esters i1s not
straightforward as angelic acid and angelate esters are prone
to 1somerisation of the double bond to form the tiglate ester,
both with and without the presence of base [Beeby, P.,

letrahedron Lett. (1977), 38, 3379-3382, Hoskins, W. M., J.
Chem. Soc. Perkin Trans. 1, (1977), 538-544, Bohlmann, F.
et. al., Chem. Ber. (1970), 103, 561-563]. Furthermore,
ingenol derivatives are known to degrade 1n the presence of
acid [Appendino et. al., Fur. J. Org. Chem. (1999), 3413].

Also, mgenol-3-esters are readily rearranged to afford the

ingenol-5-esters and ingenol-20-esters. This 1s particularly
the case for esters of short-chain carboxylic acids [Sorg, B.
et. al, Z. Naturforsch., (1982), 37B, 748-756]. The purifi-
cation method previously described for the punfication of
ingenol-3-esters to avoid the rearranged side-products [Sorg,

B. et. al, Z. Naturforsch., (1982), 37B, 748-756] 1s not
suitable for large scale production of ingenol-3-angelate.

SUMMARY OF THE INVENTION

It 1s an object of this mvention to provide a scalable
process for the synthesis of ingenol-3-angelate (PEP00S)
starting from ingenol.

The present invention provides novel processes to pro-
duce ingenol-3-angelate from ingenol. The present invention
further provides novel intermediates for the preparation of
ingenol-3-angelate.

Thus, 1n one aspect, the invention relates to methods of
producing ingenol-3-angelate (I) from ingenol (II).

In another aspect, the invention relates to a method of
producing ingenol-3-angelate (2-Methyl-2(Z)-butenoic acid
(1aR,2S,5R,5aS,6S5,8aS,9R,10aR )-5,5a-dihydroxy-4-(hy-
droxymethyl)-1,1,7,9-tetramethyl-11-ox0-1a,2,5,5a,6,9,10,
10a-octahydro-1H-2,8a-methanocyclopentala]cyclopropa
[e]cyclodecen-6-yl ester) (I) from ngenol (1)

()
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-continued

(1)

comprising the steps of:

(a) reacting one or both hydroxyl groups in positions 5 and
20 of 1ngenol with suitable hydroxyl protecting agents, same
or different, to obtain a compound of the general formula
(III) or (IV), 1.e. protecting one or both hydroxyl groups in
positions 5 and 20 of mngenol with a protective group to
obtain a compound of the general formula (III) or (IV)

(I11)

(IV)

wherein R, represents hydrogen or a hydroxyl protective
group and R, represents hydrogen or a hydroxyl protective
group, or R, represents a hydroxyl protective group and R,
represents hydrogen or a hydroxyl protective group, or
wherein D represents a dihydroxyl protective group

(b) esteritying compounds (III) or (IV) to obtain compounds
of the general formula (V) or (VI), 1.e. esterifying the
hydroxyl group at the 3-position of compounds (III) or (IV)
to obtain compounds of the general formula (V) or (VI)
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(V)

(VD)

wherein R, R, and D are as described above, and

(c) removing the hydroxyl protective groups R, or R, and
R,, or D from compounds (V) or (VI) to obtain ingenol-3-
angelate (I).

In another aspect, the invention relates to a method of
producing ingenol-3-angelate (2-Methyl-2(Z)-butenoic acid
(1aR,25,5R,5a8,6S,8aS,9R,10aR )-5,5a-dihydroxy-4-(hy-
droxymethyl)-1,1,7,9-tetramethyl-11-ox0-1a,2,5,5a,6,9,10,
10a-octahydro-1H-2,8a-methanocyclopentala]cyclopropa
[e]cyclodecen-6-yl ester) (I) from ingenol (II)

(1)

(1)

comprising the steps of:

(d) esterifying ingenol (II) to obtain a compound of the
formula (VII)
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(VII)

wherein R, represents hydrogen or angeloyl, 1.e. esterifying
the 3- and the 20-hydroxyl group and optionally esterifying
the S-hydroxyl group of ingenol (II) to obtain a compound
of the formula (VII) and

(e) cleaving the angelate ester(s) 1n position 20 or 1n position
5 and 20 of compound (VII) to obtain ingenol-3-angelate (I).

In a further aspect, the invention relates to a method of
producing ingenol-3-angelate (2-Methyl-2(Z)-butenoic acid
(1aR,2S5,5R,5a8,6S,8aS,9R,10aR )-5,5a-dihydroxy-4-(hy-
droxymethyl)-1,1,7,9-tetramethyl-11-0x0-1a,2,5,5a,6,9,10,
10a-octahydro-1H-2,8a-methanocyclopentala]cyclopropa
[e]cyclodecen-6-yl ester) (I) from ngenol (1I)

(D

(1)

comprising the step of:
(1) selective esterification of the 3-hydroxy group of com-
pound (II) to obtain 1ngenol-3-angelate (I).

In another aspect, the invention relates to a compound of
general structure (V) wherein R, represents hydrogen or a
hydroxyl protective group and R, represents hydrogen or a
hydroxyl protective group;
with the proviso that not both R, and R, represent hydrogen:
and with the proviso that R, and R, do not represent acetyl;

and with the proviso that R, and R, do not represent
2-[(2-aminobenzoyl)amino]|benzoyl;
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6

and with the proviso that R, does not represent decanoyl;
and with the proviso that R, does not represent 3-phenyl-
2-propenoyl.

In another aspect the invention relates to a compound of
general structure (VI) wherein D represents a dihydroxyl
protective group; with the proviso that D does not represent
1sopropylidene.

In another aspect, the invention relates to a compound of
general formula III wherein R, and R, independently rep-
resents hydrogen or an ether, acetal, ketal, silylether, or a
sulfenate derived hydroxyl protective group;
with the proviso that not both R, and R, represent hydrogen;
and with the proviso that R, does not represent triphenyl-
methyl;
and with the proviso that R, does not represent t-butyldim-
ethylsilyl.

In another aspect, the invention relates to a compound of
general formula IV wherein D represents a dihydroxyl
protective group;
with the proviso that D does not represent 1sopropylidene.

DETAILED DESCRIPTION OF THE
INVENTION

Definitions

All terms are intended to be understood as they would be
understood by a person skilled in the art.

The term “hydroxyl protecting agent™ 1s intended to mean
a reagent which under suitable reaction conditions reacts
with a hydroxyl group to form a hydroxyl protective group.

The term “hydroxyl protective group” 1s intended to
include any group which forms a derivative of the hydroxyl
group that 1s stable to the projected reactions wherein said
hydroxyl protective group subsequently optionally can be
selectively removed. Said hydroxyl derivative can be
obtained by selective reaction of a hydroxyl protecting agent
with a hydroxyl group.

The term “hydroxyl protecting group” 1s intended to have
the same meaning as the term “hydroxyl protective group™.

Ether derivatives, such as allyl ether, prenyl ether,
p-methoxybenzyl ether, triphenylmethyl ether, 2-trimethyl-
silylethyl ether, tert-butyl ether, cinnamyl ether, propargyl
ether, p-methoxyphenyl ether, benzyl ether, 3,4-dimethoxy-
benzyl ether, 2,6-dimethoxybenzyl ether, o-nitrobenzyl
cther, p-nitrobenzyl ether, 4-(trimethylsilylmethyl)-benzyl
cther, 2-naphthylmethyl ether, diphenylmethyl ether,
(4-methoxyphenyl)-phenylmethyl ether, (4-phenyl-phenyl)-
phenylmethyl ether, p,p'-dinitrobenzhydryl ether, 5-diben-
zosuberyl  ether, tris(4-tert-butylphenyl)methyl ether,
(a.-naphthyl)-diphenylmethyl ether, p-methoxyphenyldiphe-
nylmethyl ether, di(p-methoxyphenyl)phenylmethyl ether,
tri(p-methoxyphenyl)methyl ether or 9-(9-phenyl)xanthenyl
ether are examples of hydroxyl protecting groups.

Ether derived hydroxyl protective groups also include
alkoxyalkylethers (acetals and ketals) such as 1-ethoxyethyl
cther, 1-methyl-1-methoxyethyl ether, [(3,4-dimethoxyben-
zyl)oxy]|methyl ether, guailacolmethyl ether, 2-methoxy-
cthoxymethyl ether, 2-(trimethylsilyl)ethoxymethyl ether,
tetrahydropyranyl ether, tetrahydrofuranyl ether, methoxym-
cthyl ether benzyloxymethyl ether, p-methoxybenzyloxym-
cthyl ether, p-nitrobenzyloxymethyl ether, o-nitrobenzy-
loxymethyl ether, (4-methoxyphenoxy)methyl ether, tert-
butoxymethyl ether, 4-pentenyloxy ethyl ether, siloxymethyl
cther, 1-methoxycyclohexyl ether, 4-methoxytetrahydropy-
ranyl ether, 1-[(2-chloro-4-methyl)phenyl]-4-methoxypip-
eridin-4-yl ether, 1-(2-fluorophenyl)-4-methoxypiperidin-4-
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yl ether, 1-(4-chlorophenyl)-4-methoxypiperidin-4-yl ether
or 1-methyl-1-benzyloxyethyl ether.

Ether derived hydroxyl protective groups also include
thioacetals and thio ketals such as tetrahydrothiopyranyl
ether, 4-methoxytetrahydrothiopyranyl ether, tetrahydroth-
iofuranyl ether or 1,3-benzodithiolan-2-yl ether.

Hydroxyl protective groups also include silyl ether
derivatives, such as trimethylsilyl ether, triethylsilyl ether,
tritsopropylsilyl ether, tert-butyldimethylsilyl ether, dimeth-
ylisopropylsilyl ether, diethylisopropylsilyl ether, diphenyl-
methylsilyl ether, triphenylsilyl ether, dimethylthexylsilyl
ether, 2-norbornyldimethylsilyl ether, tert-butyldiphenylsi-
lyl ether, (2-hydroxystyryl)dimethylsilyl ether, (2-hydrox-
ystyryl)diisopropylsilyl ether, e butylmethoxyphenylsilyl
ether or tert-butoxydiphenylsilyl ether.

Hydroxyl protective groups also include esters of
hydroxyl groups such as acetate ester, chloroacetate ester,
trifluoroacetate ester, phenoxyacetate ester, formate ester,
benzoyliformate ester, dichloroacetate ester, trichloroacetate
ester, methoxyacetate ester, p-chlorophenoxyacetate ester,
phenylacetate ester, 3-phenylpropionate ester, 4-pentenoate
ester, 4-oxopentanoate ester, pivaloate ester, crotonate ester,
4-methoxycrotonate ester, angelate ester, benzoate ester or
p-phenylbenzoate ester.

Hydroxyl protective groups also include carbonates of
hydroxyl groups such as methoxymethyl carbonate, 9-fluo-
renylmethyl carbonate, methyl carbonate, ethyl carbonate,
2,2,2-trichloroethyl carbonate, 2-(trimethylsilyl)ethyl car-
bonate, vinyl carbonate, allyl carbonate or p-mitrophenyl
carbonate.

Hydroxyl protective groups also include sulfenates of
hydroxyl groups such as 2,4-dinitrophenylsulfenate.

A dihydroxyl protective group 1s any group which forms
a dertvative of a diol which i1s stable to the projected
reactions wherein said dihydroxyl protective group subse-
quently optionally can be selectively removed. Said dihy-
droxyl derivative can be obtained by selective reaction of a
dihydroxyl protecting agent with a dial.

Ketal derivatives, such as i1sopropylidene ketal (ac-
etonide), cyclopentylidene ketal, cyclohexylidene ketal,
cycloheptylidene ketal, benzophenone ketal, 1-tert-butyleth-
ylidene ketal or 1-phenylethylidene ketal, 3-pentylidene
ketal, 2.,4-dimethyl-3-pentylidene ketal, 2,6-dimethyl-4-
heptylidene ketal, 3,3-dimethyl-2-butylidene ketal; and
acetal derivatives such as benzylidene acetal, 2,4-dime-
thoxybenzylidene acetal, 4-nitrobenzylidene acetal, trimeth-
ylbenzylidene acetal, 2,2-dimethyl-1-propylidene acetal,
methylene acetal, ethylidene acetal, p-methoxybenzylidene
acetal, tert-butylethylidene acetal, 3-(benzyloxy)propy-
lidene acetal, acrolein acetal, 2-nitrobenzylidene acetal,
mesitylene acetal or 2-naphthaldehyde acetal, are examples
of dihydroxyl protective groups.

Other dihydroxyl protective groups include cyclic ortho
esters or ortho esters, such as methoxymethylene acetal,
ethoxymethylene acetal, 2-oxacyclopentylidene ortho ester
or 1sopropoxymethylene acetal.

Other dihydroxyl protective groups include bisacetal
derivatives such as butane 2,3-bisacetal or cyclohexane-1,
2-diacetal; or dispiroketals such as octahydro-[2,2']-bipyra-
nyl ketal.

Other dihydroxyl protective groups include silyl deriva-
tives such as di-tert-butylsilylene, dialkylsilylene, 1,3-(1,1,
3,3-tetraisopropyldisiloxanylidene), 1,1,3,3-tetra-tert-bu-
toxydisiloxanylidene, methylene-bis-
(duiisopropylsilanoxanylidene, or 1,1.4,4-tetraphenyl-1,4-
disilanylidene derivatives.
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8

Dihydroxyl protective groups also include cyclic carbon-
ates.

Other dihydroxyl protective groups include cyclic boro-
nates such as phenyl boronate, methyl boronate or ethyl
boronate.

Hydroxyl protective groups and dihydroxyl protective
groups also include solid phase supported protective groups.
Solid phase supported reagents for the introduction of solid
phase supported protective groups may include for example
polymer-bound 2-Chlorotrityl chloride for the introduction
of a solid phase supported trityl protective group, or Acetyl-
polystyrene resin or 4-(4-Hydroxyphenyl)butan-2-one-
based resins for the preparation solid phase supported ketal-
protective groups.

Non-limiting examples of hydroxyl protective groups and
dihydroxyl protective groups all included 1n the scope of this
invention, can for example be found in “Protective Groups
in Organic Synthesis”, 4” ed. P. G. M. Wuts; T. W. Greene,
John Wiley, 2007, page 16-366, and in P. J. Kociensk,
“Protecting Groups”, 3’ ed. G. Thieme, 2003, which are
hereby incorporated by reference

Angelic acid 1s 2-methyl-2(Z)-butenoic acid.

Tiglic acid 1s 2-methyl-2(E)-butenoic acid.

The term “alkyl” 1s intended to 1ndicate a radical obtained
when one hydrogen atom 1s removed from a hydrocarbon.
Said alkyl comprises 1-20, preferably 1-12, such as 1-6
carbon atoms. The term includes the subclasses normal alkyl
(n-alkyl), secondary and tertiary alkyl, such as methyl, ethyl,
n-propyl, 1sopropyl, n-butyl, isobutyl, sec-butyl, tert-butyl,
pentyl and 1sopentyl.

The term “alkenyl” 1s intended to indicate a radical
obtained when one hydrogen atom i1s removed from a
hydrocarbon containing at least one C—C double bond. Said
alkenyl comprises 3-12, preferably 3-6 carbon atoms, e.g.
allyl.

The term alkyl halide 1s intended to 1ndicate a molecule of
the general formula R—X, wherein R 1s an optionally
substituted alkyl group as defined above, and X 1s any
halogen substituent such as chloro, bromo or 10do.

The term alkenyl halide 1s intended to indicate a molecule
of the general formula R—X, wherein R 1s an optionally
substituted alkenyl group as defined above, and X 1s any
halogen substituent such as chloro, bromo or 10do. The term
“alkoxy” 1s itended to indicate a radical of the formula
—OR', wherein R' 1s alkyl as indicated above, e.g. methoxy,
ethoxy, n-propoxy, 1sopropoxy, butoxy, etc.

The term *“‘alkoxyalkyl” 1s intended to indicate an alkyl
radical as defined above, which 1s substituted with an alkoxy
radical as defined above, 1.e. R—0O—R'—, wherein each R’
1s alkyl same or different, as indicated above, e.g.
methoxymethyl, ethoxymethyl,

The term “alkoxyalkyl halide” 1s intended to indicate a
molecule of the general formula R'—O—R'—X wherein
cach R' 1s alkyl, same or different, as indicated above, and
X 1s any halogen substituent such as chloro, bromo or 10do,
¢.g. methoxymethyl chloride, ethoxymethyl chloride.

The term “alkylcarbonyl” 1s intended to indicate a radical
of the formula —C(O)—R', wherein R' 1s alkyl as indicated
above, e.g. acetyl.

The term “alkenylcarbonyl” i1s intended to indicate a
radical of the formula —C(O)—R', wherein R' 1s alkenyl as
indicated above, e.g. angeloyl.

The term “aryl” 1s intended to indicate a radical of the
formula Ar—, obtained when one hydrogen atom 1s
removed from a cyclic carbon containing compound with a
delocalised (4n+2) m-electron system. n 1s an integer >0,
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preferably 1 or 2. Examples of Ar— are phenyl, 2.,4,6-
trichlorophenyl, 4-nitrophenyl.

The term ““arylalkyl” 1s intended to indicate a radical of
the formula Ar—R"—, wherein Ar—R"— 1s an alkyl radical
as 1ndicated above substituted with an aromatic radical, e.g.
benzyl.

The term ““acid halide” 1s intended to indicate a molecule
of the general formula R'—C(O)—X or Ar—C(0O)—X
wherein R' 1s optionally substituted alkyl or alkenyl as
defined above, Ar 1s optionally substituted aryl as defined
above and X 1s halogen such as chloro, bromo or 10do, as
defined herein. Examples of acid halides are acetyl chloride,
chloroacetyl chloride, phenoxyacetyl chloride, benzoyl
chloride, 2.,4,6-trichlorobenzoyl chloride, 4-nitrobenzoyl
chloride or angeloyl chloride.

The term “acid anhydride” 1s intended to indicate a

molecule of the general formula R—C(O)—O—C(O)—R'
or Ar—C(0O)—0O—C(O)—Ar wherein R' 1s optionally sub-
stituted alkyl or alkenyl as defined above and Ar 1s option-
ally substituted aryl as defined above. Examples of acid
anhydrides are acetic anhydride, angelic anhydride, benzoic
anhydride or 2,4,6-trichlorobenzoic anhydride.

The term “mixed anhydride” 1s intended to indicate a
molecule of the general formula R—C(O)—0O—C(O)—R"
or Ar—C(0O)—O—C(O)—R' wherein R— and R'— are
different and R' and R" are optionally substituted alkyl or
alkenyl as defined above and Ar 1s optionally substituted aryl
as defined above. Examples of “mixed anhydrides™ are
angeloyl 2.,4,6-trichlorobenzoyl anhydride or angeloyl 4-ni-
trobenzoyl anhydride.

The term “alkoxycarbonyl” 1s intended to indicate a
radical of the formula R'—0O—C(O)—, wherein R' 1s alkyl
as 1ndicated above, e.g. methoxycarbonyl, ethoxycarbonyl,
n-propoxycarbonyl, 1sopropoxycarbonyl, tert-butoxycarbo-
nyl etc.

The term “arylsulienyl” 1s intended to indicate a radical of
the formula Ar—S(O)— wherein Ar— 1s as defined above,
e.g. 2,4-dimitrophenylsulfenyl.

The term “dial” 1s intended to indicate a molecule con-
taining two or more hydroxyl groups, in which the two
hydroxyl groups are not attached to the same carbon atom.
In general dial protecting groups are used for protection of
1,2-diols and/or 1,3-diols. Examples of “diols” are ingenol
or ingenol-3-angelate.

The term “activated acid derivative” 1s mtended to indi-
cate a derivative of an acid, which under the chosen reaction
conditions will react more readily than the corresponding
acid with an alcohol to form an ester. Examples of “activated
acid dernivatives” are acid halides, acid anhydrides, “mixed
anhydrides”, methyl angelate or vinyl angelate.

The term “coupling reagent” 1s intended to indicate a
reagent, which will facilitate the formation of an ester from
an acid and an alcohol by the formal binding of water.
Examples of “coupling reagents” are dicyclohexylcarbodi-
imide (DCC), 1-methyl-2-chloro-pyridinium iodide, HBTU
(O-(benzotriazol-1-y1)-N,N,N',N'-tetramethyluronium
hexafluorophosphate), DMTMM (4-(4,6-dimethoxy-1,3,5-
triazin-2-yl)-4-methylmorpholinium chloride), HATU (N,N,
N'.N'-Tetramethyl-O-(7-azabenzotriazol-1-yl)uronium
hexafluorophosphate), EDCI (N-(3-Dimethylaminopropyl)-
N'-ethylcarbodiimide hydrochloride).

The term “activator” 1s intended to indicate a reagent,
which will facilitate the formation of an ester from an acid
or an activated acid derivative and an alcohol by the removal
of acid from the reaction mixture. Examples of “activators™
are triethylamine, N,N-diisopropylethylamine, pyridine or
lutidine.
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The term “catalyst” 1s intended to indicate a compound,
which 1n substoichiometric or stoichiometric amount, or in
excess, will accelerate the reaction without being consumed
itself. Examples of a catalyst 1s DMAP (4-(N,N-dimethyl-
amino)pyridine) or 1-hydroxybenzotriazole.

The term “enzymatic catalysis” 1s intended to indicate
catalysis of chemical reactions by specialised proteins called
enzymes. Examples of enzymes are lipases, esterases, pro-
teases or cutinases.

The term “esterase” 1s intended to indicate an enzyme
which 1s capable of catalysing the cleavage of an ester into
acid and alcohol.

The term “lipase” 1s intended to indicate an enzyme which
1s capable of catalysing the hydrolysis of lipids. Lipases are
often capable of hydrolysing esters that are not lipids. An
example of a lipase 1s Candida antarctica Lipase B.

The term “‘angelate” 1s intended to indicate an ester of
angelic acid,

The term “esterify” 1s intended to indicate a reaction 1n
which a hydroxyl group 1s combined with a suitable reactant,
1.e. combined with a carboxylic acid or a carboxylic acid
derivative under suitable reaction conditions, to form an
ester.

The term “ether derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of an ether group.

The term “ester derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of an ester group.

The term “acetal derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of an acetal group.

The term “ketal derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of a ketal group.

The term “silylether derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of a silylether
group.

The term ““sulfenate derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of a sulfenate
group.

The term “boronate derived hydroxyl protective group” 1s
intended to indicate a hydroxyl protecting group in which
the hydroxyl group to be protected 1s part of a boronate
group.

The term “carbonate derived hydroxyl protective group”
1s intended to 1ndicate a hydroxyl protecting group 1n which
the hydroxyl group to be protected 1s part of a carbonate

group.

Embodiments

In one embodiment, the invention relates to methods of
producing ingenol-3-angelate (I) from ingenol (II), in which
one or more hydroxyl groups are protected by hydroxyl
protective groups or dihydroxyl protective groups.

In one embodiment the invention relates to a method of
producing ingenol-3-angelate (2-Methyl-2(Z)-butenoic acid
(1aR,2S5,5R,5a8,6S,8aS,9R,10aR )-5,5a-dihydroxy-4-(hy-
droxymethyl)-1,1,7,9-tetramethyl-11-ox0-1a,2,5,5a,6,9,10,
10a-octahydro-1H-2,8a-methanocyclopentala]cyclopropa
[e]cyclodecen-6-yl ester) (I) from ngenol (1I)
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(b) esterifying compounds (III) or (IV) to obtain compounds

of the general formula (V) or (VI)
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(V)

(VD)

wherein R, R, and D are as described above, and

(c) removing the hydroxyl protective groups R, or R, and
R,, or D from compounds (V) or (VI) to obtain ingenol-3-
angelate (I).

In another embodiment the invention relates to a method
of producing ingenol-3-angelate (2-Methyl-2(Z)-butenoic
acid  (1aR,25,5R,5aS,6S,8aS,9R,10aR)-5,5a-dihydroxy-4-
(hydroxymethyl)-1,1,7,9-tetramethyl-11-ox0-1a,2,5,5a,6,9,
10,10a-octahydro-1H-2,8a-methanocyclopentala]cyclo-
propale|cyclodecen-6-yl ester) (I) from ingenol (II)

(1)

(1)

comprising the steps of:

(d) esterifying ingenol (II) to obtain a compound of the
formula (VII)



US 9,676,698 B2

13

(VII)

wherein R, represents hydrogen or angeloyl, and
(e) cleaving the angelate ester(s) 1n position 20 or 1n position
5 and 20 of compound (VII) to obtain ingenol-3-angelate (I).
In another embodiment the invention relates to a method
of producing ingenol 3-angelate (2-Methyl-2(Z)-butenoic
acid (1aR,2S5,5R,5aS,6S,8aS,9R,10aR)-5,5a-dihydroxy-4-
(hydroxymethyl)-1,1,7,9-tetramethyl-11-oxo0-1a,2,5,5a,6,9,
10,10a-octahydro-1H-2,8a-methanocyclopentalajcyclo-
propale]cyclodecen-6-yl ester) (I) from ingenol (II)

(D

(1)

comprising the step of:
(1) selective esterification of the 3-hydroxy group of com-
pound (II) to obtain ingenol-3-angelate (I).

In one embodiment, R, may represent hydrogen or R,
may represent an ether, acetal, ketal, silylether, ester, car-
bonate, or a sulfenate derived hydroxyl protective group and
R, may represent hydrogen or an ether, acetal, ketal, sily-
lether, ester, carbonate, or a sulfenate derived hydroxyl
protective group.

For example, R, may be selected from the group consist-
ing of hydrogen, [(3,4-dimethoxybenzyl)oxy |methyl, guaia-
colmethyl, 2-methoxyethoxymethyl, tetrahydropyranyl, tet-
rahydrofuranyl, 1-ethoxyethyl, 1-methyl-1-methoxyethyl,
allyl, prenyl, p-methoxybenzyl, triphenylmethyl, 2-(trimeth-
ylsilyl)ethoxymethyl, triethylsilyl, triisopropylsilyl, tert-bu-
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tyldimethylsilyl, dimethylisopropylsilyl, diethylisopropylsi-
lyl, tert-butyldiphenylsilyl, triphenylsilyl, acetyl,
chloroacetyl, phenoxyacetyl or angeloyl.

R, may for instance be selected from the group consisting
of hydrogen or [(3,4-dimethoxybenzyl)oxy|methyl, guaia-
colmethyl, 2-methoxyethoxymethyl, tetrahydropyranyl, tet-
rahydrofuranyl, 1-ethoxyethyl, 1-methyl-1-methoxyethyl,
allyl, prenyl, p-methoxybenzyl, triphenylmethyl, 2-(trimeth-
ylsilyl)ethoxymethyl, triethylsilyl, triissopropylsilyl, tort-bu-
tyldimethylsilyl, dimethylisopropylsilyl, diethylisopropylsi-
lyl, tert-butyldiphenylsilyl, triphenylsilyl, acetyl,
chloroacetyl, phenoxyacetyl or angeloyl.

In another embodiment, D may represent an acetal, ketal,
diacetal, diketal, ortho ester, silyl, boronate or a carbonate
derived dihydroxyl protective group. For example, D may be
selected from the group consisting of 1sopropylidene, cyclo-
pentylidene, cyclohexylidene, p-methoxybenzylidene,
methoxymethylene, 2-oxacyclopentylidene, 2,3-dime-
thoxybutane-2,3-di-yl, 1,2-dimethoxycyclohexane-1,2-di-
yl, octahydro-[2,2']-bipyran-2,2'-di-yl, di-tert-butylsilylene,
1,3-(1,1,3,3-tetraisopropyldisiloxanylidene), phenyl boro-
nate, 3-pentylidene, 2,4-dimethyl-3-pentylidene, 2,6-dim-
cthyl-4-heptylidene, 3,3-dimethyl-2-butylidene, 1-phenyl-1-
ethylidene, benzylidene, 2,4-dimethoxybenzylidene,
4-nitrobenzylidene, 2,4,6-trimethylbenzylidene, 2,2-dim-
ethyl-1-propylidene, ethoxymethylene or 1sopropoxymeth-
ylene.

In a specific embodiment, R, represents a hydroxyl pro-
tective group, and R, represents hydrogen.

In another specific embodiment, R, represents hydrogen.

In another embodiment the invention relates to a method
wherein step (b) comprises reacting compound (I1I) or (IV),
wherein R, R, and D are as defined above with angelic acid
in the presence of a coupling reagent or an enzyme.

In another embodiment the invention relates to a method
wherein step (b) comprises reacting compound (I1I) or (IV),
wherein R, R, and D are as defined above with angelic acid

in the presence of a coupling reagent.

In an embodiment the coupling reagent 1s selected from
the group consisting of DCC, HATU, EDCI or 2-chloro-1-
methyl-pyridinium 1odide

In another embodiment the invention relates to a method
wherein step (b) comprises reacting compound (I1I) or (IV),
wherein R, R, and D are as defined above, with an activated
derivative of angelic acid.

In an embodiment the activated derivative of angelic acid
1s selected from the group consisting of methyl angelate,
angeloyl chloride, angelic acid anhydride, [(Z)-2-methylbut-
2-enoyl]2,4,6-trichlorobenzoate or angeloyl 4-nitrobenzoyl
anhydride.

In another embodiment the invention relates to a method
wherein step (b) comprises reacting compound (I1I) or (IV),
wherein R, R, and D are as defined above, with an angelic
acid halide or with angelic acid anhydride or with a mixed
angelic acid anhydride.

In an embodiment angelic acid halide 1s angeloyl chlo-
ride,

In an embodiment a mixed angelic anhydride 1s [(Z)-2-
methylbut-2-enoyl]2,4,6-trichlorobenzoate or angeloyl 4-ni-
trobenzoyl anhydride.

In an embodiment the invention relates to a compound of
general formula (V) wherein R, represents hydrogen or an
ether, acetal, ketal, silylether, ester, carbonate, or a sulfenate
derived hydroxyl protective group, and R, represents hydro-
gen or an ether, acetal, ketal, silylether, ester, carbonate, or
a sulfenate derived hydroxyl protective group;
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In an embodiment the invention relates to a compound of
general formula (V) wherein R, and R, independently rep-
resents hydrogen or [(3,4-dimethoxybenzyl)oxy]|methyl,
guaiacolmethyl, 2-methoxyethoxymethyl, tetrahydropyra-
nyl, tetrahydrofuranyl, 1-ethoxyethyl, 1-methyl-1-methoxy-
cthyl, allyl, prenyl, p-methoxybenzyl, triphenylmethyl,
2-(trimethylsilyl)ethoxymethyl, triethylsilyl, trizsopropylsi-
lyl, tert-butyldimethylsilyl, dimethylisopropylsilyl, diethyl-
1sopropylsilyl, tert-butyldiphenylsilyl, triphenylsilyl, chlo-
roacetyl or phenoxyacetyl.

In an embodiment the invention relates to a compound of
general formula (V) wherein R, represents a hydroxyl pro-
tective group and R, represents hydrogen;

In an embodiment the invention relates to a compound
chosen from the group consisting of
Ingenol-20-(tert-butyldimethylsilyl)-ether-3-angelate.

In an embodiment the invention relates to a compound of
general formula (VI) wherein D represents an acetal ketal
diacetal diketal ortho ester, silyl, boronate or a carbonate
dihydroxyl protective group.

In an embodiment the invention relates to a compound of
general formula (VI) wherein D represents cyclopentyl-
idene, cyclohexylidene, p-methoxybenzylidene, methoxym-
ethylene, 2-oxacyclopentylidene, 2,3-dimethoxybutane-2,3-
di-yl, 1,2-dimethoxycyclohexan-1,2-d1-yl, octahydro-[2,2']-
bipyran-2,2'-di-yl, di-tert-butylsilylene, 1,3-(1,1,3,3-
tetraisopropyldisiloxanylidene), phenyl boronate,
3-pentylidene, 2,4-dimethyl-3-pentylidene, 2,6-dimethyl-4-
heptylidene, 3,3-dimethyl-2-butylidene, 1-phenyl-1-ethyl-
idene, benzylidene, 2,4-dimethoxybenzylidene, 4-nitroben-
zylidene,  2.,4,6-trimethylbenzylidene,  2,2-dimethyl-1-
propylidene, ethoxymethylene or 1sopropoxymethylene.

In an embodiment the invention relates to a compound
chosen from the group consisting of
ingenol-35,20-(di(tert-butyl)silylene)-ether-3-angelate

In an embodiment the invention relates to a compound of
general formula (IV) wherein D represents an acetal, ketal,
diacetal, diketal, ortho ester, silyl, boronate or a carbonate
derived dihydroxyl protective group.

In an embodiment the invention relates to a compound of
general formula (IV) wherein D represents cyclopentyl-
idene, cyclohexylidene, p-methoxybenzylidene, methoxym-
ethylene, 2-oxacyclopentylidene, 2,3-dimethoxybutane-2,3-
di-yl, 1,2-dimethoxycyclohexan-1,2-di-yl, octahydro-[2,2']-
bipyran-2,2'-di-yl, di-tert-butylsilylene, 1,3-(1,1,3,3-
tetraisopropyldisiloxanylidene), phenyl boronate,
3-pentylidene, 2,4-dimethyl-3-pentylidene, 2,6-dimethyl-4-
heptylidene, 3,3-dimethyl-2-butylidene, 1-phenyl-1-ethyl-
idene, benzylidene, 2,4-dimethoxybenzylidene, 4-nitroben-
zylidene,  2.,4,6-timethylbenzylidene,  2,2-dimethyl-1-
propylidene, ethoxymethylene or 1sopropoxymethylene.

In an embodiment the invention relates to a compound
chosen from the group consisting of
Ingenol-5,20-(3-pentylidene)-ketal,
Ingenol-5,20-(2,4-dimethyl-3-pentylidene)-ketal,
Ingenol-5,20-(2,6-dimethyl-4-heptylidene)-ketal,
Ingenol-5,20-cyclopentylidene-ketal,
Ingenol-5,20-cyclohexylidene-ketal,
Ingenol-5,20-(3,3-dimethyl-2-butylidene)-ketal,
Ingenol-5,20-(1-phenyl-1-ethylidene)-ketal,
Ingenol-5,20-benzylidene-acetal,
Ingenol-5,20-(4-methoxybenzylidene)-acetal,
Ingenol-5,20-(2,4-dimethoxybenzylidene)-acetal,
Ingenol-5,20-(4-nitrobenzylidene)-acetal,
Ingenol-5,20-(2,4,6-trimethylbenzylidene)-acetal,
Ingenol-5,20-(2,2-dimethyl-1-propylidene)-acetal,
Ingenol-5,20-methyl-orthoformate,
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Ingenol-5,20-ethyl-orthoformate,
Ingenol-5,20-(prop-2-yl)-orthoformate, or
Ingenol-5,20-(di(tert-butyl)silylene)-ether.

In an embodiment the invention relates to a compound a
compound of general structure (VII) wherein R, represents
hydrogen or angeloyl.

In an embodiment the mvention relates to the use of a

compound of general formula (III), (IV), (V) or (VI) as an
intermediate 1n the manufacture of ingenol-3-angelate.

Synthetic Methods

The compounds of the general formula (III) and (IV) can
for example be synthesised by reacting compound (II) with
a hydroxyl protecting agent or a dihydroxyl protecting agent
according to methods well known to a person skilled 1n the
art, such as methods described in “Protective Groups 1n
Organic Synthesis”, 47 ed. P. G. M. Wuts; T. W. Greene,
John Wiley, 2007 or 1n P. J. Kocienski, “Protecting Groups”,
3" ed. G. Thieme, 2003 and references cited therein.

For example, compound (III) wherein R, 1s triphenylm-
ethyl and R, 1s hydrogen or triphenylmethyl, can be syn-
thesised by reacting compound (II) with a triphenylmethyl
reagent such as triphenylmethylpyridinmum fluoroborate or
triphenylmethyl chloride 1n a suitable solvent such as pyri-
dine, N,N-dimethylformamide or dichloromethane in the
presence or 1n the absence of base [eg. Opierkuch et. al., Z.
Naturforschung, (1981), 36B, 878].

Compound (III) wherein R, 1s arylalkyl or alkenyl such as
p-methoxybenzyl or allyl and R, 1s hydrogen or arylalkyl or
alkenyl, can for example be synthesised by reacting com-
pound (II) with an alkyl halide or alkenyl halide such as
p-methoxybenzyl halide or allyl halide 1n a suitable solvent
such as N,N-dimethylformamide or tetrahydrofuran option-
ally 1n the presence of a suitable base such as potassium
carbonate.

Compound (III) wherein R, 1s alkoxyalkyl such as
methoxymethyl or 2-methoxyethoxymethyl and R, 1s hydro-
gen or alkoxyalkyl such as methoxymethyl or 2-methoxy-
ethoxymethyl, can for example be synthesised by reacting
compound (II) with an alkoxyalkyl halide such as
methoxymethyl chloride or 2-methoxyethoxymethyl chlo-
ride in a suitable solvent such as tetrahydrofuran or dichlo-
romethane optionally 1n the presence of a suitable base such
as N,N-diisopropylethylamine.

Compound (III) wherein R, 1s 2-tetrahydropyranyl and R,
1s hydrogen or 2-tetrahydropyranyl, can for example be
synthesised by reacting compound (II) with dihydropyran in
a suitable solvent such as dichloromethane or acetonitrile 1n
the presence of a suitable acid such as p-toluenesulionic
acid.

Compound (III) wherein R, 1s silyl and R, 1s hydrogen or
s1lyl, can for example be synthesised by reacting compound
(II) with a silyl chloride such as tart-butyldimethylsilyl
chloride, tert-butyldiphenylsilyl chloride or triisopropylsilyl
chloride 1n a suitable solvent such as N,N-dimethylforma-
mide, pyridine, dichloromethane, tetrahydrofuran or
acetonitrile optionally 1n the presence of a suitable base such
as 1midazole, triethylamine, N,N-diisopropylethylamine,
4-(N,N-dimethylamino )pyridine or 2,6-lutidine, or by react-
ing compound (II) with a silyl triflate such as tert-butyldim-
cthylsilyl trifluoromethanesulfonate in a suitable solvent
such as dichloromethane optionally in the presence of a
suitable base such as triethylamine.

Compound (III) wherein R, 1s alkylcarbonyl or alkenyl-
carbonyl such as acetyl, chloroacetyl or phenoxyacetyl or
angeloyl and R, 1s hydrogen or alkylcarbonyl or alkenyl-
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carbonyl, can for example be synthesised by reacting com-
pound (II) with the corresponding acid chloride such as
acetyl chloride, chloroacetyl chloride or phenoxyacetyl
chloride or angeloyl chloride or by reacting compound (II)
with an acid anhydride such as acetic anhydride, chloro-
acetic anhydride or phenoxyacetic anhydride or angelic acid
anhydride 1n a suitable solvent such as pyridine or dichlo-
romethane optionally 1n the presence of a suitable base such
as N,N-diusopropylethylamine or 4-(N,N-dimethylamino)
pyridine, or by reacting compound (II) with an acyl donor
such as vinyl acetate or chloroacetic anhydride or vinyl
angelate optionally 1n the presence of an enzyme as catalyst.

Compound (III) wherein R, 1s alkoxycarbonyl such as
methoxycarbonyl or 9-fluorenylmethoxy carbonyl and R, 1s
hydrogen or alkoxycarbonyl such as methoxycarbonyl or
O-fluorenylmethoxy carbonyl, can for example be synthe-
sised by reacting compound (II) with the corresponding
alkylchloro formate 1n a suitable solvent such as pyridine or
dichloromethane optionally 1n the presence of a suitable
base such as triethylamine or N,N,N',N'-tetramethylenedi-
amine.

Compound (III) wherein R, 1s an arylsultenyl such as
2.4-dinitrophenylsulfenyl and R, 1s hydrogen or an aryl-
sulfenyl such as 2,4-dinitrophenylsulienyl can for example
be synthesised by reacting compound (II) with an optionally
substituted sulfenylchloride such as 2,4-dinitrophenylsulfe-
nyl chloride 1n a suitable solvent such as dichloromethane
optionally 1n the presence of a suitable base such as pyridine.

Compound (IV) wherein D represents an acetal such as
benzylidene acetal can for example be synthesised by react-
ing compound (II) with an aldehyde such benzaldehyde or a
dimethoxy acetal such as benzaldehyde dimethyl acetal 1n a
suitable solvent such as dichloromethane or N,N-dimethyl-
formamide or THF 1n the presence of a suitable acid such as
p-toluenesulionic add; or a benzylidene acetal can for
example be prepared by reacting compound (II) with an
a.,a.-d1-halo-toluene derivative such as for example a,a-
dibromotoluene or o, a-(bipyridinium )toluenedibromide 1n a
suitable solvent such as pyridine, DMF or THF 1n the
presence of a suitable base such as K,CO; or LIHMDS.

Compound (IV) wherein D represents a ketal such as
isopropylidene ketal can for example be synthesised by
reacting compound (II) with a ketone such as acetone or a
dimethoxy ketal such as 2,2-dimethoxy propane 1n a suitable
solvent such as dichloromethane or N,N-dimethylforma-
mide or THF 1n the presence of a suitable acid such as
p-toluenesulionic acid or methanesuifonic acid. Acetone and
2,2-dimethoxy propane can also act as solvents.

Compound (IV) wherein D represents a bis-acetal such as
butane 2,3-bisacetal or cyclohexane-1,2-diacetal or a
dispiroketals such as octahydro-[2,2]-bipyranyl ketal can be
prepared by reacting compound (II) with 2,2,3,3-tetram-
ethoxybutane or cyclohexane-1,2-dione and trimethyl ortho-
formate 1n the presence of a suitable acid such as p-tolu-
enesulfonic acid 1n a suitable solvent such as methanol or by
reacting with bisdihydropyran in the presence of a suitable

acid such as p-toluenesulionic acid 1n a suitable solvent such
as dichloromethane.

Compound (IV) wherein D represents a cyclic ortho ester
such as methoxymethylene acetal or 2-oxacyclopentylidene
ortho ester can for example be synthesised by reacting
compound II with an ortho ester such as trimethyl orthofor-
mate 1n a suitable solvent such as dichloromethane in the
presence of an acid such as p-toluenesulionic acid; or by
reacting compound II with a dihalomethylalkoxyether, such
as for example dichloromethyl methyl ether, 1n a suitable
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solvent such as DMF or THF 1n the presence of a suitable
base such as LiHMDS or K,CO,.

Compound (IV) wherein D represents silyl such as di-tert-
butylsilylene can for example be synthesised by reacting
compound II with a dialkylsilyl dichloride or a dialkylsilyl
ditriflate such as di-tert-butylsilyl ditriflate 1n a solvent such
as acetonitrile, dichloromethane or N,N-dimethylformamaide
optionally 1n the presence of a base such as triethylamine or
2,6-lutidine.

Compound (IV) wherein D represents carbonyl can for
example be synthesised by reacting compound (II) with
phosgene or N,N'-carbonyldiimidazole in pyridine.

Compound (IV) wherein D represents a boronate such as
phenyl boronate can for example be synthesised by reacting
compound (II) with phenylboronic acid 1n pyridine.

The synthesis of compounds of general formula (III) and
(IV) from compound (II) may be performed both 1n a batch
reactor and 1n a flow reactor, such as for example an Alfa
Laval ART® Plate Reactor 37

The reagents for introducing the hydroxyl protective
groups R1, R2 or D may be solid phase supported reagents
such as for example polymer bound 2-Chlorotrityl chloride,
acetylpolystyrene resin or 4-(4-Hydroxyphenyl)butan-2-
one-based resins.

The compounds of the general formula (III) and (IV) can
be esterified 1n the 3-position to obtain the compounds of the
general formula (V) and (VI) by reaction of compound (I1I)
or (IV) with angelic acid in the presence of a coupling
reagent or with activated angelic acid denivatives. Com-
pound (II) can be esterified to obtain compounds of the
general formula (VII) by reaction of compound (II) with
angelic acid in the presence of a coupling reagent or with
activated angelic acid derivatives. The compounds may be
prepared according to, but not limited to, methods for
esterification described 1n “Esterification” by J. Otera,
Wiley-VCH, 2003, which 1s hereby incorporated by refer-
ence, and references cited therein.

For example compound (V), (VI) or (VII) can be synthe-
sised by reacting compound (III), (IV) or (II) with an
activated angelic acid derivative such as angeloyl halide
such as angeloyl chloride. The esterification by reaction with
angeloyl chloride can take place without an activator, or 1t
can take place 1n the presence of a base such as pyridine or
triethylamine, LIHMDS or DMAP, 1n a suitable solvent such
as for example pyridine or THF. Examples of the synthesis

of angelic acid esters using angeloyl chloride can {for
example be found in Beeby, P. 1., Tetrahedron Lett, (1977),

38, 3379-3382.

Compound (V), (VI) or (VI) can for example be synthe-
sised by reacting compound (III), (IV) or (II) with an
activated angelic acid derivative such as angelic anhydride.
The esterification by reaction with angelic anhydride can
take place without a catalyst, or 1n the presence of an acidic
catalyst using an acid such as perchloric acid or a Lewis acid
such as scandium (III) triflate or bismuth (III) triflate, or 1n
the presence of a base such as sodium hydrogencarbonate or
triethylamine, LiHMDS, NaHMDS, KHMDS, pyridine,
cesium carbonate or DMAP, 1n a suitable solvent such as for
example THFE, MeCN, pyrnidine or MTBE. Examples of the
synthesis of angelic acid esters using angelic acid anhydride
can for example be found 1n Hartmann, B. et. al.; Tetrahe-
dron Lett., (1991), 32, 5077-5080 or in JP2008127287.

Compound (V), (VI) or (VII) can for example be synthe-
sised by reacting compound (III), (IV) or (II) with an
activated angelic acid derivative such as a mixed anhydride
such as angeloyl trichlorobenzoyl anhydride, such as
angeloyl 2,4,6-trichlorobenzoyl anhydride. The esterifica-



US 9,676,698 B2

19

tion by reaction with a mixed anhydride can take place
without a catalyst, or in the presence of an acidic catalyst
using an acid such as perchloric acid or a Lewis acid such
as scandium (III) triflate or bismuth (III) triflate, or in the
presence of a base such as sodium hydrogencarbonate or
triethylamine, 1n a suitable solvent such as for example
toluene. Examples of the synthesis of angelic acid esters
using angeloyl trichlorobenzoyl anhydride can for example
be found 1n Hartmann, B. et. al.; Tetrahedron Lett. (1991),
32, 5077-5080, or 1n Ball, B., Org. Lett., (2007), 9, 663-666.

Compound (V), (VI) or (VII) can for example be synthe-
sised by reacting compound (IIT), (IV) or (II) with angelic
acid 1n the presence a coupling reagent.

Angelic acid can be esterified 1n the presence of a cou-
pling reagent such as a carbodiimide such as dicyclohexyl-
carbodiimide or EDCI (N-(3-Dimethylaminopropyl)-N'-eth-
ylcarbodiimide hydrochloride) with or without catalysts
such as 1-hydroxybenzotriazole. Examples of the synthesis
of angelic acid esters using dicyclohexylcarbodiimide with
or without catalysts can for example be found in Hoskins, W.
M., J. Chem. Soc. Perkin Trans. 1, (1977), 538-544. Other
coupling reagents for esterification can for example be
2-halo-1-alkylpyridinium salts such as 1-methyl-2-chloro-
pyridinium 10dide, or hydroxy-benzotriazol derivatives such
as HBTU (0-(benzotriazol-1-y1)-N,N,N'.N'-tetramethyluro-
nium hexafluorophosphate), or HATU (N,N,N'.N'-Tetram-
ethyl-O-(7-azabenzotriazol-1-yl)urontum hexafluorophos-
phate), or triazine derivatives such as DMTMM (4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride. Suitable solvents can be methylene chloride, tolu-
ene, DMF or THF. Solid-supported coupling reagents can

also be used 1n the esterification step [Nam, N.-H., Journal
of Combinatorial Chemistry, (203), 5, 479-5435, or “Esteri-

fication” by J. Otera, Wiley-VCH, 2003] which are hereby
incorporated by reference.

Compound (V), (VI), (VII) or (I) can for example be
synthesised by reacting compound (III), (IV) or (II) with an
angeloyl donor such as angelic acid anhydride, angelic acid
ester such as vinyl angelate, or angelic acid thioester 1n the
presence of an enzyme such as a lipase or an esterase.
Examples of esterification of an ingenol derivative catalysed
by lipase can be found in Teng, R. W., Fitoterapia, (2009),
80, 233-236 which 1s hereby incorporated by reference

The synthesis of compounds of general formula (V) and
(VI) from compound of general formula (IIT) and (IV) may
be performed both 1n a batch reactor and 1n a flow reactor.

The reagents for the synthesis of compounds of general
formula (V) and (VI) from compound of general formula
(III) and (IV) may be solid phase supported reagents.

Ingenol-3-angelate (I) can be synthesised by selective
removal of the protective groups, R, and R, or D, from the
compounds of the general structure V or VI, according to
methods well known to a person skilled in the art for
deprotection of hydroxyl or dihydroxyl protective groups,

such as methods described in “Protective Groups 1n Organic
Synthesis”, 47 ed. P. G. M. Wuts; T. W. Greene, John Wiley,

2007 or in P. J. Kocienski, “Protecting Groups”, 3™ ed. G.
Thieme, 2003 which are hereby incorporated by reference
and references cited therein.

Ingenol-3-angelate (I) can be synthesised by selective
removal of the angeloyl groups from the 20-position or from
the 5- and the 20-positions of the compound of the general
structure (VII).

For example compound (I) can be synthesised from
compound (V) wherein R,, represents hydrogen or alkyl
such as triphenylmethyl and R, represents hydrogen or
triphenylmethyl by reacting compound (V) with a suitable
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acid such as formic acid or trifluoroacetic acid 1n a suitable
solvent such as ether, methanol or dichloromethane.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or alkyl such
as p-methoxybenzylmethyl or allyl and R, represents hydro-
gen or p-methoxybenzylmethyl or allyl by reacting com-
pound (V) with 2,5-dichloro-5,6-dicyano-p-benzoequinone
(DDQ) 1n dichloromethane. The allyl group can also be
removed by 1somerisation of the olefin to a vinyl ether by
reaction with a transition metal catalyst such as Wilkinson’s
catalyst (Rhodium (I) tris(triphenylphosphine) chloride),
followed by cleavage of the vinyl ether in the presence of
water.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or alkoxy-
alkyl such as 2-methoxyethoxymethyl and R, represents
hydrogen or alkoxyalkyl such as 2-methoxyethoxymethyl
by cleaving the acetal moiety of R, and/or R, for example
by acid catalysed cleavage with a Lewis acid such as zinc
(II) bromide or titanium (IV) chloride 1n a suitable solvent
such as dichloromethane.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or alkoxy-
alkyl such as 2-tetrahydropyranyl and R, represents hydro-
gen or alkoxyalkyl such as 2-tetrahydropyranyl by cleaving
the acetal moiety of R, and/or R,, for example by acid
catalysed cleavage in the presence of a suitable acid such as
p-toluenesulfonic acid 1n a suitable solvent such as metha-
nol.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or silyl such
as tert-butyldimethylsilyl and R, represents hydrogen or
s1lyl such as tert-butyldimethylsilyl by reacting compound
(V) with a suitable acid such as hydrogen chloride in a
suitable solvent such as methanol or by reacting with a
fluoride source such as tetra n-butylammonium fluoride or
tetratluorosilane 1n a suitable solvent such as tetrahydrofuran
or acetonitrile.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or alkylcar-
bonyl such as acetyl or chloroacetyl and R, represents
hydrogen or alkylcarbonyl such as acetyl or chloroacetyl by
hydrolysing the ester moiety of R, and/or R, by enzymatic
catalysis utilising an enzyme such as a lipase, or by hydro-
lysing the ester moiety of R; and/or R, 1n a suitable solvent
such as methanol or water 1n the presence of a suitable base
such as potassium carbonate or in the presence of a suitable
acid such as hydrogen chlonde.

Compound (I) can for example be synthesised from
compound V wherein represents hydrogen or alkoxycarbo-
nyl such as 9-fluorenylmethoxycarbonyl and R, represents
hydrogen or alkoxycarbonyl such as 9-fluorenylmethoxy-
carbonyl by cleaving the carbonate moiety of R, and/or R,
by cleavage in the presence of a suitable base such as
triethylamine 1n a suitable solvent such as pyridine.

Compound (I) can for example be synthesised from
compound (V) wherein R, represents hydrogen or 2.,4-
dinitrophenylsulfenyl and R, represents hydrogen or 2,4-
dinitrophenylsulfenyl by cleavage of the sulfenate moiety of
R, and/or R, with a nucleophile such as sodium cyanide 1n
a suitable solvent such as methanol.

Compound (I) can for example be synthesised from
compound (VI) wherein D represents an acetal such as
benzylidene acetal by cleaving the acetal moiety in the
presence of a suitable acid such as acetic acid, trifluoroacetic
acid or p-toluenesulifonic acid 1n a suitable solvent such as
water, dichloromethane or methanol.



