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Title: PROCESS FOR FORMING A CARBON-CARBON BOND

(57) Abstract: A process for forming a carbon-carbon bond to couple an aryl or heteroaryl group of a first
compound with an aryl or heteroaryl group of a second compound, the process comprising reacting the
X\ first compound with the second compound in the presence of a catalytically effective amount of a neutral
- Ru(L)4 or cationic ruthenium(Il) catalyst of formula (I):
Y

formula (1)
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PROCESS FOR FORMING A CARBON-CARBON BOND

Technical Field of the Invention

The invention relates to a process for forming a carbon-carbon bond to couple an aryl or
heteroaryl group of a first compound with an aryl or heteroaryl group of a second compound.
The process comprises reacting the first compound with the second compound in the

presence of a catalytically effective amount of a neutral or cationic ruthenium(ll) catalyst.

Background to the Invention

Coupled aryl/aryl, aryl/heteroaryl and heteroaryl/heteroaryl units are common structural motifs
in many compounds, such as pharmaceutically active compounds and agrochemicals. Such
coupled units are typically incorporated into compounds during their synthesis using cross-
coupling reactions (in the presence of metal catalysts) that are well known to persons skilled in
the art.

It would be desirable to incorporate coupled aryl/aryl, aryl/heteroaryl and heteroaryl/heteroaryl
units into complex compounds via late-stage C-H arylation reactions, as this would enable the
preparation of compounds of diverse structures and potentially novel compounds. However,
C-H arylation reactions are typically conducted under reaction conditions that are too harsh to
be applied at late stages in synthesis to already functionalised compounds and functional
groups present in such functionalised compounds can interfere with and poison the metal

catalyst.

In the context of ortho-directed C—H arylation reactions with aryl (pseudo)halides, palladium-
catalysed processes are by far the most studied (see, for example, Adv. Organomet. Chem.
2017, 67, 299-399). The use of ruthenium however often brings several benefits. In addition
to being more than 15 times cheaper than palladium, electrophiles like aryl chlorides, triflates,
and bromides can be coupled by ruthenium with similar levels of efficiency (see, for example,
ACS Catal. 2017, 7, 5721-5745; Adv. Organomet. Chem. 2017, 67, 299-399). Ru(ll)-
catalysed C-H arylation reactions between directing group (DG)-containing arenes and aryl
halides are known, but it would be desirable to establish more general and efficient reaction
conditions. For example, it would be desirable to provide such reactions that do not require
the use of high temperatures and/or several fold excess of the aryl (pseudo)halide. It would
also be desirable to provide such reactions that can be used with polar sensitive groups, which

are ubiquitous in pharmaceutical and natural products.
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Thus, it is an object of the invention to provide a process for forming a carbon-carbon bond to
couple an aryl or heteroaryl group of a first compound with an aryl or heteroaryl group of a
second compound, for example to prepare compounds including coupled aryl/aryl,
aryl/heteroaryl and/or heteroaryl/heteroaryl units (such as, for example, compounds including
biaryl units as part of complex compound, such as a pharmaceutically active compound or
agrochemical) by a late stage formation of a carbon-carbon bond, for example by adding aryl

or heteroaryl units to already functionalised complex molecules.

Summary of the Invention

According to a first aspect of the invention, there is provided a process for forming a carbon-
carbon bond to couple an aryl or heteroaryl group of a first compound with an aryl or heteroaryl
group of a second compound, the process comprising reacting the first compound with the

second compound in the presence of a catalytically effective amount of a neutral or cationic

X
AN
[ R

formula (1)

ruthenium(ll) catalyst of formula (1):

wherein:

each L is independently selected from neutral and anionic ligands in any combination
that balances the bonding and charge requirements of the ruthenium, and wherein any two
ligands L can be linked so as to form a bidentate ligand; and

X and Y together form a bidentate cyclometalated ligand for the ruthenium, resulting in a
five- or six-memebered metallacycle, wherein the bidentate cyclometalated ligand comprises
an organic group represented by X which is bonded to the ruthenium by a heteroatom selected
from N, P or O (preferably N or P) and an organic group represented by Y which is bonded to

the ruthenium via an sp2 or an sp3 carbon.

The process of the present invention can be conducted under mild reaction conditions, such as
at low temperatures. The ruthenium(ll) catalysts used in the process are inexpensive, display
extremely high reactivity and are highly robust. The ruthenium(ll) catalysts display
unprecedented high reactivity under remarkably mild reaction conditions. Thus, the process of
the invention may be used for forming carbon-carbon bonds at a late-stage in the preparation
of a wide range of complex compounds, wherein the complex compounds may include a range

of functional groups previously considered to be incompatible with such coupling reactions.

The ruthenium(ll) catalyst of formula () may be neutral or it may be cationic, depending on the

nature of the ligands bonded to the ruthenium. When the catalyst is charged, it includes an
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associated counterion, such as for example hexafluorophosphate (PFg), tetrafluoroborate
(BF,), trifluoromethanesulfonate (OTY), perchlorate (ClOy), tetrakis(3,5-
bis(trifluoromethyl)phenyl)borate (BArF4'), nitrate (NOj;), or bis(trifluoromethylsulfonyl)imide
(NTT,).

Unless otherwise stated, the following terms used in the specification and claims have the

meanings set out below.

The term “alkyl” includes both straight and branched chain alkyl groups. References to
individual alkyl groups such as “propyl” are specific for the straight chain version only and
references to individual branched chain alkyl groups such as “isopropyl” are specific for the
branched chain version only. For example, “(1-20C)alkyl” includes (1-10C)alkyl, (1-4C)alkyl,
propyl, isopropyl and t-butyl. References to “alkyl” within other functional groups, such as in
“alkylamino” and “alkylthio” groups etc, are to be interpreted analogously. For example, “(1-
10C)alkylamino” includes (1-4C)alkylamino, methylamino, propylamino, isopropylamino and

tert-butylamino.

The term “alkenyl” includes both straight and branched chain alkenyl groups. References to
individual alkenyl groups such as “propenyl” are specific for the straight chain version only and
references to individual branched chain alkenyl groups such as “isopropenyl” are specific for
the branched chain version only. For example, “(2-10C)alkenyl” includes (2-6C)alkenyl,

propenyl, isopropenyl and t-butenyl.

The term “(4-10C)cycloalkyl” means a hydrocarbon ring containing from 4 to 10 carbon atoms,
for example, cyclopropyl, cyclobutyl, cyclopentyl, cyclohexyl, cycloheptyl, adamantyl,
bicyclo[2.2.2]octyl, bycyclo[2.1.1]hexyl, bicyclo[1.1.1]pentyl and bicyclo[2.2.1]heptyl.

The term “alkoxy” includes both straight and branched chain alkoxy groups. References to
individual alkoxy groups such as “propoxy” are specific for the straight chain version only and
references to individual branched chain alkyl groups such as “isopropoxy” are specific for the
branched chain version only. For example, “(1-10C)alkoxy” includes (1-6C)alkoxy, (1-

4C)alkoxy, propoxy, isopropoxy and t-butoxy.

The term “heterocyclic ring” means a non-aromatic saturated or partially saturated monocyclic

or fused, bridged or spiro bicyclic heterocyclic ring system.

The term “aryl” means a cyclic or polycyclic aromatic ring having from 5 to 20 carbon atoms. .
Examples of aryl groups include, but are not limited to, phenyl, biphenyl, naphthyl, pyrenyl and
perylenyl. In particular, an aryl is phenyl.
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The term “heteroaryl” means an aromatic mono-, bi- or poly-cyclic ring incorporating one or
more (for example from 1 to 4, such as 1, 2 or 3) heteroatoms selected from nitrogen, oxygen
and sulfur. Examples of heteroaryl groups are monocyclic and bicyclic groups containing from
5 to 12 ring members, typically from 5 to 10 ring members. The heteroaryl group can, for
example, be a 5 or 6 membered monocyclic ring or a 9 or 10 membered bicyclic ring, for
example a bicyclic structure formed from fused 5 and 6 membered rings or two 6 membered
rings. Each ring may contain up to 4 heteroatoms typically selected from nitrogen, oxygen and
sulfur. Typically, the heteroaryl ring will contain up to 3 heteroatoms, for example up to 2, such
as 1 heteroatom.

The term “halo” includes fluoro, chloro, bromo and iodo.

The term “pseudohalide” means a substituent that behaves like a ‘halo’ in the context of the

present invention and includes triflate, tosylate, mesylate.

The term “optionally substituted” is used to indicate optional substitution by the group or
groups specified at any suitable position. Examples of suitable optional substituents include
halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy, trifluoromethyl, (4-10C)cycloalkyl, aryl, heteroaryl,
(2-10C)alkenyl, hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllJamino, (1-10C)alkanovl,
(1-10C)alkylthio, amido, (1-10C)alkylamido, di[(1-10C)alkylJamido and carboxy(1-10C)alkyl.

Throughout this specification, the term “comprising” or “comprises” means including the
component(s) specified but not to the exclusion of the presence of other components. The
term “consisting essentially of” or “consists essentially of’ means including the components
specified but excluding other components except for components added for a purpose other
than achieving the technical effect of the invention. The term “consisting of” or “consists of”
means including the components specified but excluding other components. Whenever
appropriate, depending upon the context, the use of the term “comprises” or “comprising” may
also be taken to include the meaning “consists essentially of” or “consisting essentially of”,

and also may also be taken to include the meaning “consists of” or “consisting of”.

In formula (1), each L is independently selected from neutral and anionic ligands in any
combination that balances the bonding and charge requirements of the ruthenium, and
wherein any two ligands L can be linked so as to form a bidentate ligand. As the skilled

person would appreciate, each L may be the same or different.

Examples of suitable neutral ligands L include H,O, benzonitrile, (1-20C)alkylnitrile, tri-[(2-
10C)alkyllamine, (2-10C)alkenyl and di[(2-10C)alkyl]sulfide, wherein each benzonitrile, (1-
20C)alkylnitrile, tri[(2-10C)alkyllamine, (2-10C)alkenyl or di[(2-10C)alkyl]sulfide group is
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optionally substituted. For example, each benzonitrile, (1-20C)alkylnitrile, tri[(2-
10C)alkyllamine, (2-10C)alkenyl or di[(2-10C)alkyl]sulfide group may be optionally substituted
by one or more substituents independently selected from (1-10C)alkyl, (3-8C)cycloalkyl, aryl,
heteroaryl, (2-10C)alkenyl, (1-10C)alkoxy, trifluoromethyl, hydroxyl, amino, (1-10C)alkylamino,
di[(1-10C)alkyllamino, (1-10C)alkanoyl and (1-10C)alkylthio. Examples of suitable anionic
ligands L include halides such as chloride, bromide and iodide, (1-20C)alkylcarboxylate and

aryl carboxylate.

Suitably, L does not represent a tridendate ligand of the nﬁ-arene type. Examples of
unsuitable such nﬁ-arene ligands are benzene, o0-, m-, p-xylene, mesitylene, p-cymene, and

hexamethylbenzene.

Suitably, the ligand L represents (1-20C)alkylnitrile, such as (1-5C)alkylnitrile, for example
methylnitrile (i.e. acetonitrile). Suitably, all four ligands L represent acetonitrile.

X and Y together form a bidentate cyclometalated ligand for the ruthenium, wherein the
bidentate cyclometalated ligand comprises an organic group represented by X which is
bonded to the ruthenium by a heteroatom selected from N, P or O (preferably N or P, more
preferably N) and an organic group represented by Y which is bonded to the ruthenium via an
sp2 or an sp3 carbon. The organic group represented by X may be any group provided it is
bonded to the ruthenium by a heteroatom selected from N, P or O. The organic group
represented by Y may be any group provided that it is bonded to the ruthenium via an sp2 or

sp3 carbon atom.

The bidentate cyclometalated ligand may form a 5- or 6-membered ruthenacycle with the

ruthenium.

The organic group represented by Y may comprise an aryl or heteroaryl group bonded to the

ruthenium via an sp2 or an sp3 carbon atom.

For example, the organic group represented by Y may comprise a group of formula (ll) bonded
to the ruthenium via an sp2 or an sp3 carbon atom:

(CR1R)p—™

formula (Il)
wherein
A represents an optionally substituted aryl or heteroaryl group;

nisOor1;and
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R; and R, are each independently selected from H or (1-4C)alkyl.

The group of formula (Il) is bonded to the ruthenium either via the sp3 carbon of the CR4R;

group (when n is 1) or via an sp2 ring carbon of the group A.

In formula (I) n represents 0 or 1, particularly 0. Suitably, when n represents 1, R, and R, are
each independently selected from H or (1-2C)alkyl and in particular Ry and R, may both

represent H.

The group A in the formula (Il) may be optionally substituted by any suitable substituent, for
example by one or more (suitably 0, 1, 2, 3 or 4) substituents independently selected from
halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl,
(2-10C)alkenyl, hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllJamino, (1-10C)alkanouyl,
(1-10C)alkylthio, amido, (1-10C)alkylamido, di[(1-10C)alkyllJamido and carboxy(1-10C)alkyl.
For example, suitable substituents may be selected from fluoro, methyl, butyl (such as tert-

butyl), methoxy, phenoxy and trifluoromethyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (I1A):

/Y\ X'

@ RILI(L)4

formula (I1A)

wherein

L is as defined above;

A represents an optionally substituted aryl or heteroaryl group;

X' represents NRgR; and Y’ represents NR;;, CR2R3 or C(O), or X’ represents PRgRg
and Y’ represents CR;:R3, or X’ represents O and Y’ represents CR;R5 or C(O); wherein R
Rz Rs, Rs, Ri1, Rz and Ry; are each independently selected from H, (1-10C)alkyl, (1-
10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, or Rs and R; or Rg and Rg
together with the N or P to which they are attached form a 4 to 6 membered heterocyclyl group
and/or R;> and R,; together with the C to which they are attached form a (4-10C)cycloalkyl
group, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-
10C)cycloalkyl groups is optionally substituted;

or any of the groups Rs R; Rs or Ry, and any of the groups R4, Rq2 or Ry; together with
the N, C or P to which they are attached may form a cycloalkyl, heterocyclyl, heteroaryl or aryl
ring, wherein the cycloalkyl, heterocyclyl, heteroaryl or aryl ring so formed is optionally
substituted.
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Examples of suitable optional substituents for the aryl or heteroaryl group represented by A in
the formula (lIA) include halo (for example fluoro), (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyllamido and carboxy(1-10C)alkyl. Any suitable number of

optional substituents may be present depending on the particular aryl or heteroaryl group A.

Suitably, in the formula (1A), the group A may represent an optionally substituted aryl group,
such as an optionally substituted phenyl or napthyl group, particularly an optionally substituted
phenyl group. Examples of suitable optional substituents for the aryl group represented by A
include halo (for example fluoro), (1-10C)alkyl, (1-10C)alkoxy, phenoxy, trifluoromethyl, (3-
8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-10C)alkylamino, di[(1-
10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-10C)alkylamido, di[(1-
10C)alkyllamido and carboxy(1-10C)alkyl. Suitably, optional substituents for the aryl group
represented by A include halo (for example fluoro), (1-5C)alkyl (for example methyl or tert-

butyl), phenoxy and trifluoromethyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IA):

(X
X
RO
(R1e)q
formula (IA")
wherein:
L is as defined above;
qrepresents 0,1, 2, 3 or 4,
X' represents NRgR; and Y’ represents CR2R 3 or C(O), or X’ represents PRgRg and Y’
represents CR2R 3, or X’ represents O and Y’ represents CR; ;R 3 or C(O);
wherein Rs, R; Rs, Re, Rz and Ry; are each independently selected from H, (1-
10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, or Rs and R7 or
Rs and Rg together with the N or P to which they are attached form a 4 to 8 membered
heterocyclyl group and/or R;» and R,; together with the C to which they are attached form a (4-
10C)cycloalkyl group, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl,
aryl and (4-10C)cycloalkyl groups is optionally substituted;
each Ry is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.
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In the formulae (IA and IA’), X’ may suitably represent NRgR7 and Y’ may represent CR;R3,
wherein Rg, R7, Ri2 and Ry; are as defined above. For example, Rg and R; may suitably each
be independently selected from (1-10C)alkyl, wherein each (1-10C)alkyl is optionally
substituted by one or more substituents independently selected from (1-15C)alkoxy, fluoro,
trifluoromethyl and (1-15C)alkyl (especially (1-15C)alkoxy), or Rg and Ry together with the N to
which they are attached may form a 4 to 8 membered heterocyclic ring, wherein the
heterocyclic ring is optionally substituted by one or more substituents independently selected
from (1-10C)alkyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, (1-10C)alkoxy,
trifluoromethyl, hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl
and (1-10C)alkylthio. Suitably, Ri> and Ry; may each be independently selected from H or (1-
4C)alkyl, such as from H, methyl or ethyl.

In the formulae (IA and IA’), X’ may suitably represent PRgRg and Y’ may represent CR 2R3,
wherein Rs, Rg, Ri2 and Ry; are as defined above. Ry and Ry may for example each
independently represent (4-10C)cycloalkyl, such as for example adamantyl. Suitably, R, and
Ri; may each be independently selected from H or (1-4C)alkyl, such as from H, methyl or
ethyl.

In the formulae (IA and IA’), X’ may suitably represent O and Y’ may represent C(O).
Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IA”):

K B
Ry A
formula (IA™)
wherein:

L is as defined above;

qrepresents 0,1, 2, 3 or 4,

B represents a heteroaryl or heterocyclyl group containing a heteroatom N or P
represented by X” and an sp2 or sp3 heteroatom N or an sp2 or sp3 C represented by Y”,
wherein the heteroaryl or heterocyclyl group is optionally substituted;

each Ry is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IA™):



WO 2019/215426 PCT/GB2019/051226

10

15

20

25

30

(R16)q
formula (IA™)

wherein:

L is as defined above;

qrepresents 0,1, 2, 3 or 4,

Rs R7 Riz and R,; are each independently selected from H, (1-10C)alkyl, (1-10C)alkoxy,
heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, or Rg and R; together with the N to which
they are attached form a 4 to 6 membered heterocyclyl group, wherein any of the (1-10C)alkyl,
(1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl groups is optionally
substituted;

each Ry is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

In the formulae (I1A), (IA%), (IA”) and (IA’), the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl,
heterocyclyl, aryl and cycloalkyl groups may be optionally substituted by any suitable
substituents. Examples of suitable optional substituents include halo (such as fluoro), (1-
15C)alkyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, (1-15C)alkoxy, trifluoromethyl,
hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl and (1-
10C)alkylthio.

The substituent(s) Rig (When present) in the formula (IA’), (IA”) and (IA’”) may be located at

any suitable position on the phenyl ring.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula
(IAH”):
L

o T 5
Ru(|-)4

formula (IA””)

wherein:
L is as defined above;

m’ represents 0, 1, 2, 3, 4, 5 or 6;
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Rs and R; are each independently selected from H, (1-10C)alkyl, phenyl or (4-
10C)cycloalkyl, wherein each (1-10C)alkyl, phenyl and (4-10C)cycloalkyl is optionally
substituted by one or more substituents independently selected from (1-15C)alkoxy, fluoro,
trifluoromethyl and (1-15C)alkyl,

Ri2 and Ry; are each independently selected from H or (1-10C)alkyl, wherein each (1-
10C)alkyl is optionally substituted by one or more substituents independently selected from (1-
10C)alkyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, (1-10C)alkoxy, trifluoromethyl,
hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl and (1-
10C)alkylthio;

each Ry; (is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyllJamido and carboxy(1-10C)alkyl.

The substituent(s) Ry; (when present) in the formula (IA””) may be located on one or both of

the rings of the napthyl group and at any suitable position on the rings.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula
(IA!HH):
(Rog)m”
R
N™\
Ru(L)4
(Rsz)m'’

formula (IA™)

wherein:

L is as defined above;

m’ represents 0, 1, 2, 3 or 4,

m” represents 0, 1, 2 or 3;

each Ry and Rj; is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyllJamido and carboxy(1-10C)alkyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IB):
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Y'
(zl)p/ Xy

\R WL
u(L)4
@\(RZR@)(

formula (IB)
wherein

L is as defined above;

nisOor1;

R; and R, are each independently selected from H or (1-4C)alkyl;

A represents an optionally substituted aryl or heteroaryl group;

p represents 0 or 1;

Z represents CR3R4, O or NRs, wherein R;, R4 and Rs each independently represent H
or (1-4C)alkyl;

X' represents NR;, and Y’ represents CR;s or N, wherein Ry, and Rys are each
independently selected from H, (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and
(4-10C)cycloalkyl, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl
and (4-10C)cycloalkyl groups is optionally substituted

or Ry4 and R;s can together with the N or C to which they are attached form a
heterocyclyl or heteroaryl ring, wherein the heterocyclyl or heteroaryl ring so formed is
optionally substituted.

Examples of suitable optional substituents for the aryl or heteroaryl group represented by A in
the formula (IB) include halo (for example fluoro), (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyllamido and carboxy(1-10C)alkyl. Any suitable number of

optional substituents may be present depending on the particular aryl or heteroaryl group A.

Suitably, in the formula (IB), the group A may represent an optionally substituted aryl group,
such as an optionally substituted phenyl or napthyl group, particularly an optionally substituted
phenyl group. Examples of suitable optional substituents for the aryl group represented by A
include halo (for example fluoro), (1-10C)alkyl, (1-10C)alkoxy, phenoxy, trifluoromethyl, (3-
8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-10C)alkylamino, di[(1-
10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-10C)alkylamido, di[(1-
10C)alkyllamido and carboxy(1-10C)alkyl. Suitably, optional substituents for the aryl group
represented by A include halo (for example fluoro), (1-5C)alkyl (for example methyl or tert-
butyl), phenoxy and trifluoromethyl. In particular, the optional substituents may include fluoro

and methyl.
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Suitably, in the formula (IB), nis 0.

Suitably, in the formula (IB), X' represents NR;4 and Y’ represents CR;5, wherein R4 and R;s
are each independently selected from (1-10C)alkyl and aryl, wherein any of the (1-10C)alkyl
and aryl groups is optionally substituted, or the group R4 and the group R,stogether with the N
and C to which they are attached form a heterocyclyl or heteroaryl ring, wherein the

heterocyclyl or heteroaryl ring so formed is optionally substituted.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IB’):
Ris

(Z)p/§N
@ RU(L)4/

R17)r

formula (IB")

—R14

wherein:

L is as defined as above;

p represents 0 or 1;

rrepresents 0, 1, 2, 3 or 4;

Z represents CR3R4, O or NRs, wherein R;, R4 and Rs each independently represent H
or (1-4C)alkyl;

wherein Ry, and R;s are each independently selected from H, (1-10C)alkyl, (1-
10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, wherein any of the (1-
10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, groups is
optionally substituted;

or the group R4 and the group Rys can together with the N and C to which they are
attached form a heterocyclyl or heteroaryl ring, wherein the heterocyclyl or heteroaryl ring so
formed is optionally substituted;

each Ry; is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

In the formulae (IB) and (IB’), the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and
cycloalkyl groups may be optionally substituted by any suitable substituents. Examples of
suitable optional substituents include halo (such as fluoro), (1-15C)alkyl, (3-8C)cycloalkyl, aryl,
heteroaryl, (2-10C)alkenyl, (1-15C)alkoxy, trifluoromethyl, hydroxyl, amino, (1-10C)alkylamino,
di[(1-10C)alkyllamino, (1-10C)alkanoyl and (1-10C)alkylthio.
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Suitably, in the formulae (IB) and (IB’), Z (when present) represents CH,, O or NH.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IB”):
(R2a)w
| X
A\
\
Ru(L)4

Ry
formula (IB”)

wherein:

L is as defined above;

wis0,1,2 3or4;

riso,1,2,3or4; and

each R;7 and Ry, is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IB™):

(R2g)w, N

=N

\

Z  Ru(L)4

(R12)f
formula (IB”)

wherein:

L is as defined above;

Z represents CR;R,, O or NRs, wherein R;, R4 and Rs; each independently represent H,
(1-4C)alkyl or aryl (preferably H or (1-4C)alkyl);

w represents 0,1, 2, 3 or 4;

rrepresents 0, 1, 2, 3 or 4;

each Ry7 and Ry, (when present) is independently selected from halo, (1-10C)alkyl, (1-
10C)alkoxy, phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl,
hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllJamino, (1-10C)alkanoyl, (1-10C)alkylthio,
amido, (1-10C)alkylamido, di[(1-10C)alkyllamido and carboxy(1-10C)alkyl.
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In the formula (IB”), w may represent 0 or 1 (especially 0). In the formula (IB”), r may
represent 0 or 1 (especially 0).

Suitably, in the formula (IB”), each Ry; and R, is independently selected from halo (for
example fluoro), (1-5C)alkyl (for example methyl or tert-butyl), phenoxy and trifluoromethyl. In

particular, the optional substituents may include fluoro and methyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula
(IBH”):

(Rag)n'

formula (IB””)
wherein:

L is as defined above;

n’ represents 0, 1, 2, 3 or 4;

R,s and Ri; are each independently selected from H, (1-10C)alkyl, phenyl or (4-
10C)cycloalkyl, wherein each (1-10C)alkyl, phenyl and (4-10C)cycloalkyl is optionally
substituted by one or more substituents independently selected from (1-15C)alkoxy, fluoro,
trifluoromethyl and (1-15C)alkyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula
(IB!H”):
(I|?31)m'
[ ]
O__N
‘e

Ru(L)4
(Rzz)m"

formula (IB””)

wherein:

L is as defined above;

m’ represents 0, 1 or 2;

m” represents 0, 1, 2, 3 or 4;

each Rj3; and Rs; (when present) is independently selected from halo, (1-10C)alkyl, (1-
10C)alkoxy, phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl,



WO 2019/215426 PCT/GB2019/051226

10

15

20

25

30

15

hydroxyl, amino, (1-10C)alkylamino, di[(1-10C)alkyllJamino, (1-10C)alkanoyl, (1-10C)alkylthio,
amido, (1-10C)alkylamido, di[(1-10C)alkylJamido and carboxy(1-10C)alkyl.

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (IC):

(R1g)s ey
= N\
Zi Ru(L)4
(R19);
formula (IC)

wherein:

L is as defined above;

srepresents 0,1, 2 or 3;

trepresents 0, 1, 2 or 3;

each Rz and Ryg is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl;

Z, represents —C=C-, -C=N- or -N=C-.

In the formula (IC), s may represent 0 or 1, such as 0. In the formula (IC), t may represent 0 or

1, such as 0.

Suitably, in the formula (IC), each R4 and Ryg (when present) may be independently selected

from halo and (1-10C)alkyl (especially (1-4C)alkyl, such as methyl).

Suitably, the neutral or cationic ruthenium(ll) catalyst may be represented by the formula (ID):

(Ra2)y - (Ras)y
NG
RROpl,
formula (ID)

wherein:

L is as defined above;

R; and R, are each independently selected from H or (1-4C)alkyl;

urepresents 0, 1, 2 or 3;

vrepresents 0, 1, 2 or 3;

each Ry and Ry, is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
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10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyllJamido and carboxy(1-10C)alkyl.

In the formula (ID), u may represent 0 or 1. In the formula (ID), v may represent 0 or 1, such

as 0.

Suitably, in the formula (ID), each Ry, and Rg; (when present) may be independently selected
from halo, (1-10C)alkyl and (1-10C)alkoxy (especially (1-4C)alkyl, such as methyl, and (1-
4C)alkoxy, such as methoxy).

In the formula (ID), suitably Ry, and Rz; (when present) may each independently be selected

from (1-10C)alkoxy, such as (1-4C)alkoxy, especially methoxy.
Examples of suitable cyclometalating ligands that may be bonded to the ruthenium to provide

a suitable neutral or cationic ruthenium(ll) catalyst for use in the process of the invention

include (but are not limited to):

F
.CH .CH. CH .CH .CH
COL QUCOE ™00 OOCE" der
F H CH3 o H CHs H CH3 H CHs CI:H
F H
L1 L2 L3 L4 LS

CHa CH;
-CH .CH -CH
)ﬁ:f”m L8 ”CX[:C"“ 3 b v
! CH3 3 CH; CHs )
CH FsC H H H CH
CHy H® : HiC op, H®
L6 L7 L8 L9 L10

CH |\ |\
-CH3
CCC oCo 0D L0 L. X
H H H H H CH, H
OCH;,
L1 L12 L13 L14 L15 L16
CH;

® [ CHa~ A\
ZN ZN |
=N =N
F H F H ZzN
F H
F F F
F F CHy F
CH,
x OCH
| S
=N
s
‘ H N
@ .

L22
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Examples of suitable cyclometalating ligands that may be bonded to the ruthenium to provide
a suitable neutral or cationic ruthenium(ll) catalyst for use in the process of the invention
include (but are not limited to):

_ 7\ _
QL oW oa o o
NN N N
H
L2

]

i
L
=
~
AN

28 9 L30 L31 L32 L33 L34
= S
| I N—H | N
N N N | Z
=N N=N
s H N H N)\’e N H
- r H -
L35 L36 L37 L39
EN & 7 N\
SN | | =N
| =N N X
NN N HN,  H
H
oL @’ &
N ~# H
L41 L42 L43 L44 L45 L46

Examples of suitable neutral or cationic ruthenium(ll) catalysts for use in the process of the

invention include (but are not limited to):

CHs -CHs .CH3
OO Quorse Cos ooo
Ru(L)s Ru(L)s Ru(L)s Ru(L)4 3

F Ru(L)y
y-CHs n-CHs -CHs Gt cH
N~cti, Nech, / “CHs NS
CH3 FoC Ru(L) Ru(L Ru(L /s
Ru(L)4 3 4 HyC U( Ja u(L)g RuL)s
G
/\/OCH3 | |
N 2N
ST oo o0 o X \
Ru(L)y . ey ey Ru(L)4 CHy Ru(L)y
o CHy CH,
o~ o~ ~ s CHs CHs
LN L~ L~ CHan [ [
\ \ \ | ] 2N 2N
F Ru(L)y F Ru(L)y F Ru(L)y N \ \
F. Ru(L)4 F. Ru(L)4
CH, Ru(L)y
F F F
v v v F CHg F
F CH,
| R OCHj — |
/N \,\{ .
u(l_)4 Ru(L)y C /
Ru(L
( " Ru(L)4 Ru(L)4

whereln each L is as defined above.
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Examples of neutral or cationic ruthenium(ll) catalysts for use in the process of the invention

include (but are not limited to):

=\ 7\ =\

\ N O.__N
Ru(L)s N
Ru(L)s

—
-
/

{/ Y
N
? \ MO
Ru(L)s Ru(L)s Ru(L)s

S—Ru(L), |
L

Ru(|-)4 Ru(L)4

wherein each L is as defined above.

Further examples of suitable cationic ruthenium(ll) catalysts for use in the process of the
invention include (but are not limited to):

E
C@PFG C"mp CH?‘PFG CHj CH
AN e. e e s e

Ru(MeCN)4 Ru(MeCN), Ru(MeCN) 4 Ru(MeCN)4 , 3
Ru(MeCN) 4
Ru1 Ru2 Ru3 Ru4
CHj ~IPFe cH,  I'Fe
CH3 CH3 CH3
n-CHs w-CHs
/ “cH Nch, N-ch, N-ch, o
3 3
FsC Ru MeCN
RU(MeCN) 4 3 ( )a Ru(MeCN)4 Ru(MeCN)4 Ru(MeCN)4
Ru7 Rug Ru10
PFG ~ PR PR
/\/OCH3 |
NT _N
oo e egs
Ru(MeCN) 4 RUMECN), RUMECN), RUMECN), Ru(MeCN), CH, Ru(MeCN) 4
Ru11 Ru12 Ru13 Rul4 Ru15 Ru16
CH
PFg PFg PFg PFg Ha PFg 3 PFg
1 1 1 CHj T 1 CHa L 1
CHj N ‘
I N /N\
Ru(MeCN) F Ru(MeCN) Ru(MeCN) Z
¢ ¢ ¢ \ Ru(MeCN)4 F RU(MeCN),,
CH, Ru(MeCN)
CHj F
CH,
Rul? Ru18 Ru19 Ru20 Ru21 Ru22
— ije _ TJPFe PR
/N Y | @
Ru(MeCN)4 Ru(MeCN),
Ru(MeCN) < i
4 Ru(MeCN)4 Ru(MeCN) 4

Ru23 Ru24 Ru25 Ru26

Ru27
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Further examples of cationic ruthenium(ll) catalysts for use in the process of the invention
include (but are not limited to):

N:N “PFG /:\ ~|PFs /—\ ~FFs 4 \ ~|PFs /—\ ~FFs /—\ ~|PFs / \ ~FFs
N /N N
u(MeCN), u(MeCN), u(MeCN),
u(MeCN),; e e u(MeCN), u(MeCN), e
u(MeCN),
Ru28 Ru29 Ru30 Ru31 Ru32 Ru33
~IPFs —IPFs —IPFs ~IPFs ~IPFs
=
‘ Q Q mRu<MeCN)4
N N /
—N N=N ju
Ru(MeCN), N Ru(MeCN), | | N
U Ru(MeCN), Ru(MeCN), g
Ru35 Ru36 Ru37 Ru38 Ru39 Ru40
“IPFs ~|PFe “PFs = “IPFs 7N “IPFs
=N
HN  Ru(MeCN),
u(MeCN), RU(MeCN),
5’ \5 i &
Ru41 Ru42 Ru43 Ru45 Ru46

The cyclometalating ligands and ruthenium complexes may be prepared according to standard
procedures known to persons skilled in the art (see, for example, J. Am. Chem. Soc. 2011,
133, 10161; Organometallics, 1999, 18, 2390-2394; Polymer 2014, 55, 1656-1665). For
example a suitable ligand precursor may be reacted with a ruthenium complex such as

[Ru(Cl)2(benzene)], in the presence of acetonitrile and a suitable base.

The ruthenium catalyst as discussed herein is used in the process of the invention in a
catalytically effect amount. As would be appreciated by persons skilled in the art, this amount
may vary depending on the exact nature of the process (for example depending on the nature
of the first and second compounds, the solvent used and the reaction temperature), but
typically the ruthenium catalyst may be used in an amount ranging from 3 mol % to 10 mol %.

The process of the invention may be conducted with a wide range of first and second
compounds so as to prepare a wide range of further compounds. The first compound may
comprise an aryl or heteroaryl group, i.e. in addition to other chemical groups. The second
compound may comprise an aryl or heteroaryl group, i.e. in addition to other chemical groups.
As the skilled person would appreciate, it is the aryl or heteroaryl groups in the first and
second compounds that react and form a new carbon-carbon bond.

The aryl or heteroaryl groups in the first and second compounds may be the same or different.
For example, the first and second compounds may each comprise a phenyl ring, which phenyl

rings may be coupled in the process of the invention.
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The first and second compounds may, for example, be any of a wide range of functional aryl or
heteroaryl containing compounds, including pharmaceuticals, agrochemicals, natural products

and organic electronic compounds.

The process may be one in which the first compound comprises an aryl or heteroaryl group
having a first ring atom which is a carbon atom having a hydrogen bonded thereto and a
second ring atom which is ortho to the first ring atom and which has a nitrogen containing
directing group (or a salt or protected derivative thereof) bonded thereto, and wherein the
second compound comprises an aryl or heteroaryl group having a first ring atom which is a
carbon atom having a leaving group bonded thereto, such that the reaction between the first
compound and the second compound results in the formation of a carbon-carbon bond
between the first ring atom of the first compound and the first ring atom of the second

compound.

The first and/or second compound, may comprise one or more protecting groups, which

protecting groups may be added or removed therefrom by methods well known in the art.

For example, the process may be represented as follows:

oSolcNe

First Second Coupled first and second compounds

compound compound

wherein Lg represents a suitable leaving group and DG represents a nitrogen containing
directing group (or a salt or protected derivative thereof). The nitrogen containing directing
group is bonded to a second ring atom of the first compound, which second ring atom is ortho
to a first ring atom which is a carbon atom having a hydrogen bonded thereto. The directing
group is suitably an ortho directing group. The directing group may be bonded to the second
ring atom of the first compound directly or via an intervening linker group. The leaving group is
bonded to a first ring atom of the second compound. Upon reaction, a carbon-carbon bond is
formed between the first ring atom of the first compound and the first ring atom of the second
compound.

For example, the process may comprise the preparation of a biphenyl compound from a first

phenyl compound and a second phenyl compound as follows:
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DG DG
& D~
First aryl (phenyl) Second aryl (phenyl) Biaryl (biphenyl)
containing containing compound

compound compound

In the above process, the phenyl groups may, of course, be substituted by any suitable
substituents, which substituents may be protected by any suitable protecting groups as

required and/or may be in the form of suitable salts.

The first compound comprises an aryl or heteroaryl group having a first ring atom which is a
carbon atom having a hydrogen bonded thereto and a second ring atom which is ortho to the
first ring atom and which has a nitrogen containing directing group (or a salt or protected

derivative thereof) bonded thereto.

As the skilled person would appreciate, it is possible for more than one carbon-carbon bond to
be formed according to the process of the present invention. For example, two second
compounds (for example phenyl compounds) may couple to single first compound (for

example phenyl compound) forming two C-C bonds as follows:

A - R0 Yo

First Second Coupled compound

compound compound

Alternatively, two first compounds (for example phenyl compounds) may couple to different

locations on a single second compound forming two C-C bonds as follows:

1S ] e

First Second compound Coupled compound

compound

Any suitable nitrogen containing directing group (or a salt or protected derivative thereof) may
be used. Examples of suitable nitrogen containing directing groups include (but are not limited
to0):
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HO
7 OH
~a HOm CHs
| O J \
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N N o
s N
? N
N AN N]f\\)LN(CHQZ
2\ H
\ O\\S,N 2
4 > N—-N
Y (P G
HoN
OCH3 l;S‘x\(N
o \ OCH3

=
| 7N\ H,C N(CH,CHy),

N6

H,C >
N N
F
H,C F
CH,
N7 N8 N9 N10 N11 N12
5
wherein {Bu represents fert-butyl, and Bn represents benzyl.
Examples of suitable first compounds include (but are not limited to) 2-(o-tolyl)pyridine and 2-
phenyl pyridine. In particular, the first compound may be 2-(o-tolyl)pyridine (N10 above).
10

The second compound comprises an aryl or heteroaryl group having a first ring atom having a
leaving group bonded thereto. Examples of suitable leaving groups include (but are not limited
to) chloro, bromo, iodo, trifluoromethanesulfonate (OTf) p-toluenesulfonate (OTs) and
methanesulfonate (OMs) (suitably chloro, bromo, iodo and trifluoromethanesulfonate).

15
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The second compound may be any suitable compound having a leaving group bonded to a

first ring atom in the aryl group. Examples of suitable second compounds include (but are not

limited to):
CUJ )—CHs
Ho™ O 1 o oﬁ
AT ) o
HaC CHg b ! - )\Y/A‘\‘
H I =
SN S
=/
X1 X5
hc, ©
oo AR cﬁ
NS el e
Y SN
HC™ N7 ! OH
H ‘\/f\\ ‘/)<‘//\\l~
"
- i
pa"
X6 X7 X8 X9 X10
P ~ HsC HaCH .
B 2 S R N- N (HaC)HN @
ci o AT N cl L _NH C e — )
o CHs =N N \\ / ) N '*HN"+ +\NH /
Cla~ L __NH +oen A “ ™ ~ I )
NS ¢ | 7=N | PN CRC AR
- J Nl (YT )
e - T D 1
7 : (HaC)2HN " 0 I T Lhg e =
ci R o]
X1 X12 X13 X14 X15 X16
e
j:l (/’\v\{\ 7//\
r \\J oy
i i
_ N, PN
o, Rl L
(HaC)oHN ™ ™~ T )y N~
i i
. A
ST HaeHeo 0
X17 X18 X19 X20 x21 X22
H oTf
Hac\(»N\r,’»\J ‘,/f\f
i | e U
| (o] S A
&l 5SS ey
\( CH3 CHz  CHy o~ #OTF \’ ¢
o N__L_o : CHs H g 0
S HACo O I
W/N 7 \T/N “CHs CHj CHs CH3
Y0 HNo_
7
| it
ES
X23 X24
HiC OH
S § 0, 0. .OTf
A s 1 f W/\\ _SOTf
NN PN RN L
Q0L [ O oom,
THO™ S CHo
X7 X28 X29

HsC.. N ! HoC . B HC s ol HsC -, 0T e R G N,
i ([ i i i ‘ T
~ S N S A P Iy

7 i i i >
HsC CHs CHs CHj CH; HaCO oTf
CHs
X35 X36 X37 X38 X39 X40 Xa1 X42

Examples of suitable processes for forming carbon-carbon bonds according to the present
invention that can be conducted are (but are not limited to) as follows:
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Examples of suitable processes for forming carbon-carbon bonds according to the present
invention that can be conducted are (but are not limited to) as follows:

/CH3_‘PF6

X36-X39 ©?/N “CH,
CH; Ru(MeCN

P P VOINeSJe
Hoy /@\ Ru8 (cat) O and/or O
G Lo KOAc, K,CO,

NMP, 35-50 °C

Cl (X36)

N1-N11 Lg = Br (X37)
1 (X38)
OTf (X39)

B1-B11

B10-bis

wherein {Bu represents fert-butyl, and Bn represents benzyl.

Examples of suitable processes for forming carbon-carbon bonds according to the present
invention that can be conducted are (but are not limited to) as follows:
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n:CHs
CH,
e Lg = Cl, Br, |, OTf [::[;;MeCNu

H Ru9 (cat)

ﬁj * @Lg KOAC, K,CO5

NMP, 35-50 °C

N1, N3, NS, N8

X23, X13, X20, X28

PCT/GB2019/051226

wherein {Bu represents fert-butyl, and Bn represents benzyl.

from 25 to 60°C.

The process may be conducted at any suitable temperature, for example at a temperature

The ruthenium(ll) catalysts are typically prepared and isolated prior to use in the process of the

invention, but may alternatively be prepared in situ.

10

The process may be conducted in any suitable solvent. Examples of suitable solvents include

tetrahydrofuran, toluene, gamma-valerolactone, propylene carbonate, ethylacetate, acetone,

gamma-butyrolactone, dioxane and N-methyl pyrrolidone.

The mechanism of Ru(ll)-catalyzed processes for forming C-C bonds as discussed herein (for

example C-H arylation of DG-containing (hetero)arenes with (hetero)aryl (pseudo)halides) was

previously proposed to operate via a catalytic cycle as shown in Scheme 1 below, involving an

initial C—H activation step to form cycloruthenated species i, which was believed to undergo

oxidative addition with the aryl (pseudo)halide (Ar-Lg) generating the Ru(lV) intermediate ii.

The latter, after the reductive elimination step, was understood to then release the biaryl

product restarting the cycle (see Adv. Organomet. Chem. 2017, 67, 299-399; ACS Catal.

2017, 7, 5721-5745):
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Scheme 1

The present inventors have determined that a second C-H activation event is required to form
5 the bis-cyclometalated Ru(ll) complex iii, prior to the oxidative addition step leading to the
Ru(lV) species iv as shown in Scheme 2 below. Thus, the present inventors have identified

the new key catalytic species iii in the arylation reaction.

O DG\[RU]H
\DG

DG\[R;U] lvl: :I L
ng \DG ©/ g
iv

10 Scheme 2

This understanding of the mechanism enabled the development of cycloruthenated complexes
of formula (l), which are able to catalyse the C—-H arylation process at remarkably low
temperatures, with equimolar amounts of the (hetero)aryl (pseudo)halide.

15
Cyclometalated ruthenium(ll) catalysts are well-known for being oxygen sensitive (see, for
example, Organometallics 1999, 78, 2390-2394) and therefore generally need to be
manipulated and stored under inert atmosphere. To overcome this limitation the neutral or

cationic ruthenium(ll) catalysts discussed herein may be encapsulated in an inert medium
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such as paraffin to obtain an air stable preparation (for example using the method as

discussed in Org. Left. 2016, 718, 3934-3936). By using an encapsulated cyclometalated

ruthenium(ll) catalyst the process can be carried out using standard Schlenk techniques

without the need of specialised equipment such as a glove-box.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA") as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA”) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA’”) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA””) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IA”"”) as defined above.

According to a second aspect of the invention, there is provided a neutral
(preferably cationic) ruthenium(ll) catalyst of formula (IB) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IB’) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IB”) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IB’”) as defined above.

According to a second aspect of the invention, there is provided a neutral

(preferably cationic) ruthenium(ll) catalyst of formula (IB””) as defined above.

or

or

or

or

or

or

or

or

or

or

or

cationic

cationic

cationic

cationic

cationic

cationic

cationic

cationic

cationic

cationic

cationic
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According to a second aspect of the invention, there is provided a neutral or cationic

(preferably cationic) ruthenium(ll) catalyst of formula (IB”"”) as defined above.

According to a second aspect of the invention, there is provided a neutral or cationic

(preferably cationic) ruthenium(ll) catalyst of formula (IC) as defined above.

According to a second aspect of the invention, there is provided a neutral or cationic

(preferably cationic) ruthenium(ll) catalyst of formula (ID) as defined above.

For example, according to the second aspect of the present invention, there may be provided

a cationic ruthenium(ll) catalyst as follows:

CH_\
Ru MeCN),

Ru1

W

: : Ru MeCN),

CH3

Ru2

—PFs
_CH,
“CH,

(MeCN),

CH;

wee;

_‘PFG _\PFG

: Ru MeCN : MeCN

Ru12

o

Ru19

CH3
CH3

F.C Ru MeCN),

Ru7

Ru13 Ru14

_\F’F6 cH: PR, &
(MeCN);
U(MeCN),

Ru20 Ru21

: Ru MeCN),

Hyéf

PFG
MeCN
PR He
U(MeCN), E[

o T

CH3

CH_\P o i

CH3
/

Ru MeCN),
/\/OCH3
“CH;
(MeCN),

—PF

- CHs
“CH;,
U(MeCN),

Ru3 Ru4

—PFs

CH;
CH3

: Ru MeCN),

CH3
“CH,
u(MeCN),

L

Ru11

—PF
(MeCN), \%

Ru18

CFO

u(MeCN),

CH3

Ru10

a%

Ru17

PF.
TPFs PR

(MeCN),
u(MeCN),

Ru16

—PFs

(MeCN),

MeCN)4

jPF6

d (MeCN),

Ru27

CH;

Ru22 Ru25

For example, according to the second aspect of the present invention, there may be provided

a cationic ruthenium(ll) catalyst as follows:
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N:N jPFs /:\ “PFs /—\ ~PFs 4 \ “PFs /—\ ~PFs /—\ “IPFs / \ ~PFs
N /N
W(MECN), u(MeCN), u(MeCN), u(MeCN), u(MeCN), u(MeCN),
u(MeCN),
Ru28 Ru29 Ru30 Ru31 Ru32 Ru33
PR PR PR PR “JPFs PR
=
‘ @ Q mRu(MeCN)A
N N /
N\ =N N=N Ru(MeCN),
Ru(MeCN), N._.Ru(MeCN}, | | NN
U RU(MeCN), RU(MeCN), \Q)
Ru35 Ru36 Ru37 Ru38 Ru39 Ru40
~JPFs ~|PFe “PFs = TIPFs 7N ~|PFe
=N
HN Ru(MeCN)
U(MeCN), RU(MeCN),
é’ \5 e
Ru#1 Ru42 Ru43 Ru45 Ru46

According to a third aspect of the invention, there is provided an encapsulated (such as a
paraffin encapsulated) cyclometalated ruthenium(ll) catalyst of formula (I) (such as of formula
S (IA), (1B), (1A), (IA”), (IA™), (IA™), (IA™), (IBY), (IB”), (IB™), (IB™), (IB™"), (IC) or (ID)).

All of the features disclosed in this specification (including any accompanying claims and
drawings), and/or all of the steps of any method or process so disclosed, may be combined in
any combination, except combinations where at most some of such features and/or steps are
10  mutually exclusive. Each feature disclosed in this specification (including any accompanying
claims, and drawings) may be replaced by alternative features serving the same, equivalent or
similar purpose, unless expressly stated otherwise. Thus, unless expressly stated otherwise,
each feature disclosed is one example only of a generic series of equivalent or similar

features.

15
The invention is not restricted to the details of the foregoing embodiment(s). The invention
extends to any novel one, or any novel combination, of the features disclosed in this
specification (including any accompanying claims and drawings), or to any novel one, or any
novel combination, of the steps of any method or process so disclosed.

20

The optional features set out herein may be used either individually or in combination with
each other where appropriate and particularly in the combinations as set out in the
accompanying claims. The optional features for each exemplary embodiment of the invention,
as set out herein are also applicable to any other aspects or exemplary embodiments of the
25 invention, where appropriate. In other words, the skilled person reading this specification
should consider the optional features for each aspect or embodiment of the invention as

interchangeable and combinable between different aspects of the invention.
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For a better understanding of the invention, and to show how exemplary embodiments of the
same may be carried into effect, reference will be made, by way of example only, to the

accompanying diagrammatic Figures, in which:

Figures 1a and 1b show the reaction scheme and 'H and "°F NMR spectra for the reaction of

cyclometalated complex Ru22 with 2-arylpyridine L22.

Figure 2 shows a comparison of the catalytic activity of the system constituted by
cycloruthenated Ru16 catalyst and KOAc with respect to cym-Ru1 and cym-Ru1 catalysts.

The invention will be further discussed with reference to the following non-limiting Examples.

Examples
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General Procedure A: preparation of cyclometalated ruthenium(ll) catalysts

) NaOH (1.5 equiv)
KPFs (2 equiv)

X MeCN (0.16 M), X
45°C,3h
+ [RuClx(benzene)l, ————————» Ru(L)s
i) MeCN (0.08 M), v
Y—H 100 °C, 18 h

(1 equiv, 1.6 mmol)
like: L1-L14, L24-L27, L38, L44-L46 like: Ru1-Ru14, Ru24-Ru27, Ru38, Ru44-Ru46

E
CH CHs CH CH CH
COE QUCCE” “Cri Q0L o
1
F H O H H G CHs
F H
L5

(0.55 equiv)

L1 L2 L3 L4
CHs
CH CH CH
- OO0 08 OO oy
CH 1
CH3 5C H Bu p Ot p Ot , CHs
L7 L8 L9 L10

OCH3

CCHCCD Qo o @ EFO

L13 L14 L24 L25
<@®> Pox &8
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N o" N
L26 L27 L44 L45 L46
,c:H_| ,c:H_\ ,c:H_\ oo PP
Ru(MeCN)4 Ru(MeCN) Ru(MeCN) Ru(MeCN)s
Ru1 Ru2 Ru3 Ru4
F ~PFs CHs ~PFs
~CHs ,CH3 ,CH3
N2 LCH,
/ “CHs NS CH3
/ Chs Ru(MeCN) Ru(MeCN
F Ru(MeCN), CHg RU(MeCN)s 4 u( eCN)s
Ru5 Ru6 Rug
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_|PF6 oH _|PF6 _l 6
,CH3 3 /\/OCH3
'CH3 Mons
Ru(MeCN)4 Ru(MeCN)s R“(MeCN)4 RU(MeCN)4
Ru(MeCN)4
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PR PF
PFG PP QCHs _|F’Fe T PFe
’Y
Ru(MeCN)s
Ru(MeCN)4 Ru(MeCN)4
Ru(MeCN)4 Ru(MeCN)4
Ru14 Ru24 Ru25 Ru26 Ru27
T IPFe ~IPFe AN “Fre N PR
Oxy O, > I =N
A N HN  Ru(MeCN)
N=T HsC Ru(MeCN)4 F'eu(MeC,\,)4 4
@—Ru(MeCN)4
Ru38 Rud4 Rud5 Ru46



WO 2019/215426 PCT/GB2019/051226

10

15

20

25

30

35

33

Unless otherwise stated, an oven dried 100 mL Ace pressure tube equipped with a stirring bar
was transferred to a glove box, then [RuCly(benzene)], (440.2 mg, 0.88 mmol, 0.55 equiv.),
NaOH (96 mg, 2.4 mmol, 1.5 equiv.), KPFg (5689.0 mg, 3.2 mmol, 2 equiv.), the appropriate
cyclometalating ligand (like L1-L14, L24-L27, L38, L44-L46, 1.6 mmol, 1 equiv.) and MeCN
(10 mL, 0.16 M) were added. The tube was sealed, transferred out of the box and placed in an
oil bath at 45 °C and the reaction was stirred for 3 h. Upon completion, the reaction crude was
loaded in an aluminium oxide (Al.O;, neutral) column conditioned with CH,Cl,, and quickly
eluted with MeCN or CH,Cl, using N, in replacement of compressed air collecting the
yellow/colourless band. The solution was concentrated under reduced pressure and then
quickly precipitated with Et,O affording a yellow solid/orange solid, which was promptly
transferred to a glove box as it decomposes turning green/blue if exposed to air. This solid and
MeCN (20 mL) were added to an oven dried 100 mL Ace pressure tube equipped with a
stirring bar and the reaction was stirred for 24 h at 100 °C. After this time, the reaction mixture
was filtered through a short plug of aluminium oxide, eluted with MeCN, concentrated under
vacuum and precipitated with Et;O or pentane affording the corresponding cyclometalated
ruthenium(ll) catalyst (like Ru1-Ru14, Ru24-Ru27, Ru38, Ru44-Ru46) as off-white or
yellow/orange solids. These complexes must be kept in a glove box as they quickly

decompose turning blue/black if exposed to air.

If not available from commercial source, the cyclometalating ligand was synthesized according
to known literature (for example, see J. Am. Chem. Soc. 2003, 725, 8708-8709). In some
cases, known literature procedures were used for synthetizing suitable cyclometalated n6-
arene-conatining Ru(ll) complexes, and therefore used in replacement of the first step of this
two-step synthetic route (for example, see Angew. Chem., Int. Ed. 2015, 54, 5513-5517).

The General Procedure A was applied with N,N-dimethylbenzylamine L9 T
(216.3 mg, 1.6 mmol, 1 equiv.) affording Ru9 as an off white solid (653.3 mg, é};z;ewh
75%).

'H-NMR (400 MHz, MeCN-d5) 8 2.97 (s, 3 H), 2.23 (s, 6 H), 2.42 (s, 3 H), 2.46
(s,6 H), 364 (s,2H),6.76 (t, J=7.4 Hz, 1 H), 6.88-6.95 (m, 2 H), 7.56 (d, J= 7.6 Hz, 1 H)
ppm; ">C-NMR (100 MHz, MeCN-d;) 6 4.2, 4.4, 53.7,73.6, 121.2, 121.5, 123.1, 123.3, 125.3,
138.6, 149.6, 175.2 ppm; "*F-NMR (376 MHz, MeCN-ds) 8 -72.9 (d, J = 705.4 Hz) ppm; IR
Vmax (neat/cm™): 3048, 2977, 2926, 2897, 2855, 2265, 1575, 1472, 1442, 831, 748; HRMS
calcd for Cq5HzN4Ru™ [M—MeCN-PF,]": 359.0804, found 359.0798.

Ru9

The General Procedure A was applied with 1-benzylpiperidine L14 (280.4 mg, N§PF6
1.6 mmol, 1 equiv.) affording Ru24 as an off white solid (598.5 mg, 64%).

'H NMR (500 MHz, CD;CN) 8 7.55 (dd, J = 7.3, 1.3 Hz, 1H), 6.95 (dd, J = 7.3,
1.3 Hz, 1H), 6.90 (td, J = 7.3, 1.4 Hz, 1H), 6.75 (td, J = 7.3, 1.3 Hz, 1H), 3.90
(s, 2H), 2.98 (ddd, J = 13.2, 11.5, 3.3 Hz, 2H), 2.75 — 2.65 (m, 2H), 2.42 (s, MeCN), 2.22 (s,

Ru(MeCN),

Ru14
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2xMeCN), 1.96 or 2.13 (MeCN), 1.84 —1.73 (m, 2H), 1.71 — 1.63 (m, 1H), 1.54 — 1.36 (m, 3H)
The signals of the coordinated acetonitriles integrate less than expected due to exchange with
CDsCN; "*C NMR (126 MHz, CD;CN) 8 175.4, 149.4, 138.3, 125.2, 123.2, 123.1,121.7, 1211,
50.8, 24.3, 21.9, 4.3, 4.2; "F NMR (471 MHz, CD:CN) d -72.2, -73.7; ESI-MS calcd for
C1gH25NsRu [M -PFg-MeCN]™: 399.1, found 399.1.

The General Procedure A was applied with 8-methylquinoline L24 (229.1 mg, 1.6 PR
mmol, 1 equiv.) affording Ru24 as a red solid (123.9 mg, 14%). However, the N\/
reaction time for the first step was extended from 3 to 48 hours. Ru/(MeCN)4

'H NMR (500 MHz, CDsCN) 8 9.14 (dd, J = 5.0, 1.5 Hz, 1H), 8.14 (dd, J = 8.3, ruzd

1.5 Hz, 1H), 7.74 (dd, J=7.0, 1.4 Hz, 1H), 7.58 (dd, J= 8.0, 1.3 Hz, 1H), 7.47 (dd, /= 8.0, 7.0
Hz, 1H), 7.33 (dd, J = 8.3, 5.0 Hz, 1H), 2.79 (t, J = 1.2 Hz, 2H), 2.41 (s, MeCN), 2.07 (s,
2xMeCN), 1.96 (s, MeCN) The signals of the coordinated acetonitriles integrate less than
expected due to exchange with CD;CN; °C NMR (126 MHz, CDsCN) & 156.2, 155.7, 153.5,
135.9, 132.0, 129.3, 127.9, 124.3, 123.9, 122.2, 121.7, 17.1, 4.3, 4.0 both carbons of one
acetonitrile were not observed. IR vyax (neat/cm'1): 3088, 2845, 2261, 1500, 871; ESI-MS
calcd for Cq7H19N4Ru [M -PFg-MeCN]*: 381.1, found 381.1.

The General Procedure A was applied with 2-benzylpyridine L26 (270.7 mg, ~ T

1.6 mmol, 1 equiv.) affording Ru26 as a yellow solid (219.1 mg, 22%). \h‘.l
R

However, the reaction time for the first step was extended from 3 to 72 hours. H(MeCh)4
Spectroscopic data matched those previously reported (Organometallics 1999, Ru26

18, 2390-2394).

'H NMR (500 MHz, CD;CN) d 8.83 (dd, J = 5.8, 1.6 Hz, 1H), 7.68 (td, J = 7.6, 1.7 Hz, 1H),
7.59 (dd, J=7.4,1.4 Hz, 1H), 7.38 (dt, J = 7.8, 1.0 Hz, 1H), 7.14 (ddd, J = 7.4, 5.8, 1.6 Hz,
1H), 6.99 (dd, J=7.2, 1.4 Hz, 1H), 6.88 (id, J=7 .4, 1.6 Hz, 1H), 6.78 (td, J= 7.3, 1.4 Hz, 1H),
4.23 (s, 2H), 2.45 (s, MeCN), 2.22 (s, 2xMeCN), 2.14 (s, MeCN); °C NMR (126 MHz, CD;CN)
0170.5, 165.6, 156.8, 143.0, 141.5, 137.4, 126.0, 125.2, 125.0, 124.0, 122.8, 121.7, 48.5, 4.3,

4.2;: F NMR (471 MHz, CD;CN) 3 -72.2, -73.7.

The General Procedure A was applied with di(1- I
adamantyl)benzylphosphine L27 (628.1 mg, 1.6 mmol, 1 equiv.) affording @5}
Ru27 as a white solid (365.9 mg, 28%). However, the reaction time for the 4U(M6CN)4

first step was extended from 3 to 24 hours. Ru27

'H NMR (500 MHz, CD;CN) 8 7.54 (dd, J = 7.5, 1.4 Hz, 1H), 7.00 (d, J = 7.2 Hz, 1H), 6.77 (td,
J=73,15Hz, 1H),6.69 (t, J=7.2 Hz, 1H), 3.11 (d, J = 9.4 Hz, 2H), 2.39 (s, MeCN), 2.20 (s,
MeCN), 2.13 (s, 2MeCN), 2.05 - 1.99 (m, 12H), 1.91 — 1.88 (m, 6H), 1.74 — 1.61 (m, 12H). The
signals of the coordinated acetonitriles integrate less than expected due to fast exchange with

CDsCN. C NMR (126 MHz, CD;CN) 8 171.9 (d, J = 6.7 Hz), 151.8 (d, J = 11.7 Hz), 139.3,
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125.0 (2C), 124.1, 123.3 (d, J = 14.4 Hz), 121.8, 42.3 (d, J = 14.2 HZ), 40.2, 37.5,31.8 (d, J =
24.6 Hz), 29.7 (d, J = 7.7 Hz), 4.9, 4.6; "°F NMR (471 MHz, CDsCN) 5 -72.2, -73.7; *'P NMR
(202 MHz, CD;CN) d 89.7; ESI-MS calcd for CssHssNsPRu [M -PFg -MeCNJ": 616.2, found

616.2.
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General Procedure B: preparation of cyclometalated ruthenium(ll) catalysts

X KOAc (2 equiv)
KPFg (2 equiv)
+ [RuCl,(p-cymene)], R L
o ui
- MeCN (0.16 M), 100 °C, 6h / 4
(1 equiv, 1.6 mmol) (0.5 equiv.)
like: L15-L23, L28-L37, L39-L43 like: Ru15-Ru23, Ru28-Ru3?, Ru39-Ru43
o CH, CH,
N N N N N o 3 CHa A CHan A
2N 2N 2N 2N 2N 3 "D |
2N 2N
H  HC H F H F H R H 2N
F. H F. H
CHy H
F F F
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=N N
N H
(NTH N)/"il ! H B H H
\ / H \§) N2
L36 L37 L39 L40 L4 L42 L43
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I \ I _\ I I /N /N I =
2N 2N 2N
\ \ F. Ru(MeCN), F: Ru(MeCN)4 Ru(MeCN)4 \
Ru(MeCN),4 CH, Ru(MeCN), Ru(MeCN),
F F
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Ru15 Ru16 Ru1? Ru18 Ru19 Ru20
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~PFs —PFe —PF —PFe PR
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mRu(MeCN)4 /N
N Ru(MeCN), Ru(MeCN), R“(MeCN)4 Ru(MeCN)4
\§) o

Ru39

Ru40 Ru41

Ru42 Ru43
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Unless otherwise stated, an oven dried 100 mL Ace pressure tube equipped with a stirring bar
was transferred to a glove box, then [RuClx(p-cymene)], (489.9 mg, 0.8 mmol, 0.5 equiv.),
KOAc (235.6 mg, 2.4 mmol, 1.5 equiv.), KPFs (5689.0 mg, 3.2 mmol, 2 equiv.), the appropriate
cyclometalating ligand (like L15-L23, L28-L37, L39-L43, 1.6 mmol, 1 equiv.) and MeCN (10
mL, 0.16 M) were added. The tube was sealed, transferred out of the box, placed in an oil bath
at 100 °C and stirred for 16 h. Upon completion, the reaction crude was loaded in an
aluminium oxide (Al.O;, neutral) column conditioned with CH,Cl,, and quickly eluted with
MeCN/CH,CI, (1:1) using N, in replacement of compressed air collecting the yellow/orange
band. The solution was concentrated under reduced pressure and then quickly precipitated
with Et,O affording the corresponding cyclometalated ruthenium(ll) catalyst (like Ru15-Ru23,
Ru28-Ru37, Ru39-Ru43) as a yellow/orange solid. These complexes must be kept in a glove

box as they quickly decompose turning blue/black if exposed to air.

If not available from commercial source, the cyclometalating ligand was synthesized according
to known literature (for example, Angew. Chem., Int. Ed. 2015, 54, 14103-14107).

The General Procedure B was applied with 2-(o-tolyl)pyridine L16 (270.8 S T
mg, 1.6 mmol, 1 equiv.) affording Ru16 as an orange solid (879.3 mg, y /N\Ru(MeCN)4

95%).

Ru16
'H-NMR (500 MHz, CDCl5)  1.96 (s, 3 H), 2.00 (s, 6 H), 2.50 (s, 3 H), 2.68 (s, 3 H), 6.74 (d, J
=75Hz,1H),6.94 (t, J=7.5Hz, 1 H), 714 (t, J=6.5Hz, 1 H), 7.75 (t, J=7.5Hz, 1 H), 7.88
d, J=75Hz, 1H), 809, J=7.5Hz 1H), 9.05(d, J=5.5Hz 1 H) ppm; °C-NMR (125
MHz, CDCl) & 3.8, 4.4, 24.7, 121.4, 121.7, 122.9, 123.7, 126.4, 127.5, 136.1, 136.6, 136.9,
146.4, 153.8, 169.9, 187.7 ppm (signals for both carbons of one of the MeCN ligands were not
observed); "*F-NMR (470 MHz, MeCN-ds) 8 —=73.0 (d, J = 705.9 Hz) ppm; IR Vmax (Neat/cm™):
3046, 2274, 1605, 1498, 1269, 1169, 830, 768; HRMS calcd for C1sH1eNsRu [M-MeCN—PFq]":
393.0648, found 393.0635.

The General Procedure B was applied with 2-(2,5-difluoro-3,4- Me PR
Me
dimethylphenyl)-4,5-dimethylpyridine L22 (395.7 mg, 1.6 mmol, 1 equiv.) :N\
affording Ru22 as a yellow solid (924.4 mg, 88%). F RUMECTs
'H-NMR (500 MHz, MeCN-d;) 8 1.96 (s, 3 H), 2.05 (s, 6 H), 2.20 (d, J = e Me " Ru22

2.5Hz,3H),222d,J=2.5Hz,3H),2.31(s,3H),2.39 (s,3H),2.43 (s,3H),8.01(d,J=1.5
Hz, 1 H), 8.65 (s, 1 H) ppm (exchange with MeCN-d; shows a lower integration than expected
for the MeCN ligand at 2.43 ppm): ">C-NMR (125 MHz, MeCN-d;) 8 3.9, 4.0, 11.0 (dd, J = 7.3,
2.1 Hz),11.9 (dd, J=4.9, 1.9 Hz), 16.5,19.7, 121.9, 122.5, 123.8, 124.0, 124.1,124.8 (dd, J =
259, 49 Hz), 131.6 (d, J=1.4 Hz), 133.7 (dd, J = 19.4, 6.1 Hz), 148.0, 152.6, 156.0 (dd, J =
247.8,1.4 Hz), 160.4 (dd, J=50.9, 2.3 Hz), 164.4 (d, J= 7.5 Hz), 167.6 (d, J = 223.8 Hz) ppm
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(signals for both carbons of one of the MeCN ligands were not observed); “F.NMR (470 MHz,
MeCN-ds) & -124.4 (d, J = 22.9 Hz), -106.7 (d, J = 22.9 Hz), -72.9 (d, J = 705.8 Hz) ppm; IR
Vmax (neaticm™): 3006, 2927, 2272, 1605, 1484, 1403, 1287, 832; HRMS calcd for
C21H23F2N4Ru” [M—MeCN-PF¢]™: 471.0929, found 471.0925.

The General Procedure B was applied with benzo[h]quinoline L23 (286.7 mg, .
1.6 mmol, 1 equiv.) affording Ru23 as a light orange solid (782.1 mg, 81%). ’qu(MeCN)

Spectroscopic data matched those previously reported (Inorganica Chim. Acta O ‘
2010, 363, 567-573). Ru23

'H NMR (500 MHz, CD;CN) 8 9.18 (dd, J = 5.3, 1.4 Hz, 1H), 8.27 (dd, J = 8.0, 1.3 Hz, 1H),
8.17 (dd, J=6.4, 1.8 Hz, 1H), 7.84 (d, J = 8.8 Hz, 1H), 7.68 (d, J = 8.7 Hz, 1H), 7.57 — 7.44
(m, 3H), 2.58 (s, MeCN), 2.14 (s, MeCN) 1.91 (s, 2xMeCN) The signals of the coordinated
acetonitriles integrate less than expected due to fast exchange with CD;CN; *C NMR (126
MHz, CD;CN) 0 181.9, 158.5, 152.4, 1441, 136.6, 135.7, 134.1, 129.9, 128.5, 126.7, 124 4,
124.0, 1221, 121.6, 119.6, 4.4, 3.8 both carbon of one acetonitrile ligand were not observed;
"“F NMR (471 MHz, CD;sCN) 8 -72.2, -73.7.

General Procedure C: arylation of DG-containing (hetero)arenes with (hetero)aryl

(pseudo)halides using cyclometalated ruthenium(ll) catalysts

DG

X
AN
G <;/Ru(L)4 @ @ and/or
H (cat.)
+
Lo “ronc K,COs

n
NMP, 35°C, 24h pg @ @ DG @
n=1,2 0
@ and/or

Unless otherwise stated, in an Argon filled glove-box a crimp-cap microwave vial equipped

with a magnetic stirring bar was charged with the appropriate cyclometalated Ru(ll)-catalyst
(like Ru1-Ru46, from 3 mol % to 10 mol %), KOAc (5.9 mg, 0.06 mmol, 30 mol %), K.CO; (2.0
— 4.0 equiv.), the appropriate DG-containing arene (like N1-N12, 0.20 mmol, 1.0 equiv.), the
appropriate (hetero)aryl (pseudo)halide (like X1-X42, 0.2 mmol, 1.0 equiv) and N-methyl-2-
pyrrolidone (NMP) (200 pL, 1 M). The vial was capped and stirred at 35 °C for 24 hours. Upon
completion, the crude mixture was loaded on a silica gel column and purified by flash

chromatography.
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General Procedure D: glove-box free arylation of DG-containing (hetero)arenes with

(hetero)aryl (pseudo)halides using cyclometalated ruthenium(ll) catalysts

DG

X
AN
DG <;/Ru(L)4 @ @ and/or
& o
+ (Lg)
" KOAG, K,CO;5

n
solvent, 35°C, 24h DG @ @ DG @
n=12 O
and/or

Non-anhydrous solvents degassed by bubbling with nitrogen for 5-10 minutes were used. All

other reagents were used as received. The paraffin encapsulated cyclometalated Ru(ll)-
catalyst was prepared according to known literature (for example, see Org. Lett. 2016, 18 ,
3934-3936). Unless otherwise stated, a screw-cap schlenk tube equipped with a magnetic
stirring bar was charged under air with the appropriate paraffin-encapsulated cyclometalated
Ru(ll)-catalyst (like Ru1-Ru46, from 3 mol % to 10 mol %), KOAc (5.9 mg, 0.06 mmol, 30 mol
%), Ko:CO3 (2.0 — 4.0 equiv.) and if solid the appropriate (hetero)aryl (pseudo)halide (like X1-
X42, 0.20 mmol, 1.0 equiv.). The tube was evacuated and back-filled with nitrogen three times,
then the appropriate DG-containing arene (like N1-N12, 0.20 mmol, 1.0 equiv.), if liquid the
appropriate (hetero)aryl (pseudo)halide (like X1-X42, 0.20 mmol, 1.0 equiv) and the
appropriate solvent(s) (from 0.2 M to 1 M) were added under a flow of nitrogen. The tube was
sealed and stirred at 35 °C 24 hours. Upon completion, the crude mixture was loaded on a

silica gel column and purified by flash chromatography.

Characterization data for arylated compounds

The General Procedure C was applied with Ru9 (10.9 mg,

0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 HO/J‘X/Ox‘;xW
HiC CH31’3\\4 //( .

mmol, 1 equiv.), Bezafibrate X1 (72.4 mg, 0.20 mmol, 1
equiv.) and K,CO; (82.9 mg, 0.6 mmol, 3 equiv.) for 48 h.
The crude reaction mixture was diluted with H,O (20 mL)
and extracted with Et,O (3%x20 mL). Acetate buffer was added to the aqueous phase (pH = 4.5)

and the mixture was extracted with EtOAc (3x20 mL). The organic phases were reunited, dried

CHs

Al

over Na,SO, and evaporated to dryness. The residue was recrystallized from EtOAc/pentane
at 4 °C to afford A1 as an off-white powder (89.0 mg, 90%).

"H-NMR (500 MHz, CDCl3) 3 1.51 (s, 6 H), 2.13 (s, 3 H), 2.75 (t, J= 7.1 Hz, 2 H), 3.50 (q, J =
6.6 Hz, 2 H), 6.31-6-48 (m, 1 H), 6.75 (d, J = 8.2 Hz, 2 H), 6.90 (d, J = 7.9 Hz, 1 H), 6.95 (d, J
= 8.2 Hz, 2 H), 7.04 (d, J = 8.0 Hz, 2 H), 7.11-7.17 (m, 1 H), 7.19 d, J = 7.6 Hz, 1 H), 7.29 (d,
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J=76Hz, 1H),7.35( J=7.7Hz,1H),7.40 (d, J = 8.1 Hz, 2 H), 7.50 (td, J = 7.7, 1.7 Hz, 1
H), 8.61 (d, J = 5.2 Hz, 1 H), 10.92 (bs, 1 H) ppm; *C-NMR (125 MHz, CDCly) & 20.5, 25.4,
34.7, 41.3, 79.4, 119.8, 122.3, 126.2, 126.5, 127.5, 128.6, 129.5, 129.8, 130.0, 132.4, 132.5,
137.1, 137.2, 138.0, 140.5, 144.7, 148.0, 154.1, 158.4, 167.7, 176.8 ppm; mp > 114 °C
(decomposition); IR vyax (Neat/cm™): 3338, 3060, 2992, 2847, 1726, 1642, 1604, 1513, 1459,
1300, 1231, 1148, 851, 767; HRMS calcd for CaHaeO4N, [M—H]": 493.2133, found 493.2134.

The General Procedure C was applied with Ru9 (10.9 mg, .
0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 w¢ g/ ot TN
mmol, 1 equiv.), Fenofibrate X2 (72.2 mg, 0.20 mmol, 1

equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.). Column Az
chromatography (hexane/Et,O, from 7:3 to 4:6) afforded A2 as an off-white solid (88.8 mg,
90%).

"H-NMR (400 MHz, CDCly) & 1.20 (d, J = 6.4 Hz, 6 H), 1.65 (s, 6 H), 2.20 (s, 3 H), 5.09 (hept, J
=6.4 Hz, 1 H), 6.84 (d, J= 8.8 Hz, 2 H), 6.92 (d, J = 7.6 Hz, 1 H), 7.12 (ddd, J = 7.6, 4.8, 1.2
Hz, 1 H),7.18 (d, J=8.2,2 H), 7.31 (d, J= 7.2 Hz, 1 H), 7.34 (d, J= 7.2 Hz, 1 H), 7.40 (t, J =
7.2 Hz, 1 H), 7.48 (td, J = 7.6, 1.9, 1 H), 7.55 (d, J = 8.2 Hz, 2 H), 7.69 (d, J = 8.8 Hz, 2 H),
8.63 (d, J = 4.8 Hz, 1 H) ppm; *C-NMR (100 MHz, CDCl;) & 20.4, 21.5, 25.3, 69.3, 79.3,
117.0, 121.5, 125.6, 127.4, 128.2, 129.3, 129.4, 130.0, 130.6, 131.9, 135.7, 135.9, 136.9,
139.3, 140.2, 145.7, 148.9, 159.1, 159.4, 173.1, 195.3 ppm; mp 135-137 °C; IR Vmax
(neat/cm™): 3058, 2982, 2938, 1729, 1651, 1597, 1286, 1249, 1176, 1147, 1102; HRMS calcd
for CaoHa204N [M+H]'": 494.2326, found 494.2322.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), 2-(o-tolyh)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.),

Indometacin methyl ester X3 (74.4 mg, 0.20 mmol, 1 equiv.) and

KoCO; (55.3 mg, 0.4 mmol, 2 equiv.). Column chromatography
(hexane/Et,0, 4:6) afforded A3 as a pale yellow solid (92.8 mg, 92%). As

"H-NMR (400 MHz, CDCls) 8 2.22 (s, 3 H), 2.32 (s, 3 H), 3.66 (s, 2 H), 3.70 (s, 3 H), 3.85 (s, 3
H), 6.63 (dd, J = 9.0, 2.6 Hz, 1H), 6.75 (d, J = 9.0 Hz, 1 H), 6.95 (d, J = 2.6 Hz, 1 H), .97 (d, J
=7.6Hz, 1H),7.16 (ddd, J=7.6,4.8, 1.2 Hz, 1 H), 7.20 (d, J = 8.0 Hz, 2 H), 7.30-7.38 (m, 2
H), 7.41 (t, J = 7.6 Hz, 1 H), 7.47-7.57 (m, 3 H), 8.62 (d, J = 4.0 Hz, 1 H) ppm: "*C-NMR (100
MHz, CDCl) & 13.2, 20.4, 30.1, 52.1, 55.6, 100.8, 111.5, 112.0, 114.9, 121.6, 125.6, 127.2,
128.2, 129.1, 129.9, 130.1, 130.4, 130.8, 133.1, 135.8, 136.0, 136.9, 139.2, 140.0, 146.6,
149.0, 155.8, 159.0, 169.2, 171.3 ppm; mp 58-62 °C; IR Viax (neat/cm™"): 2952, 2928, 2834,
1736, 1680, 1477, 1456, 1356, 1313, 1262, 1224; HRMS calcd for Ca,Hxs04N.Na [M+Na]":
527.1941, found 527.1942.
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The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 0
~s=0 oS
10 mol %), 2-(o-tolyh)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), 04L\N/L‘\%\a N
Chlormezanone X4 (54.7 mg, 0.20 mmol, 1 equiv.) and K,CO; (55.3 mg, Gy crts

0.4 mmol, 2 equiv.). Column chromatography (hexane/EtOAc, from 2.8 A

to 1:9) afforded A4 an off-white wax (75.6 mg, 93%).

'"H-NMR (400 MHz, CDCl3) & 2.20 (s, 3 H), 2.89 (s, 3 H), 2.98-3.32 (m, 4 H), 5.18 (d, J = 1.2
Hz, 1 H), 6.90 (d, J = 8.0 Hz, 1 H), 7.08-7.21 (m, 5 H), 7.25-7.31 (m, 1 H), 7.34 (d, J = 6.8 Hz,
1H),7.39 ¢t J=76Hz 1H), 7.46 (td, J= 7.6, 1.6 Hz, 1 H), 8.61 (d, J = 4.4 Hz, 1 H) ppm;
3C-NMR (100 MHz, CDCly) & 20.4, 30.5, 36.1, 43.2, 80.3, 121.5, 125.6, 127.3 (2xC), 127.8,
128.3, 130.1, 130.5, 135.7, 136.9, 139.3, 139.9, 144.1, 149.0, 159.1, 166.1 ppm; IR Viax
(neat/cm™): 3057, 2926, 2855, 1651, 1331, 1322, 1131; HRMS calcd for CpsH.,0sN,NaS
[M+Na]": 429.1243, found 429.1235.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), fO%,NH WL ok
Chlorpropham X5 (42.7 mg, 0.20 mmol, 1 equiv.) and K,CO; (565.3 mg, M :
0.4 mmol, 2 equiv.). Column chromatography (hexane/Et,O, 1:1)

afforded A5 as a white solid (63.7 mg, 92%).

'"H-NMR (400 MHz, CDCl;) 5 1.28 (d, J= 6.2, 6 H), 2.17 (s, 3 H), 4.99 (hept, J= 6.2, 1 H), 6.59
(bs, 1 H), 6.67 (d, J= 7.6 Hz, 1 H), 6.92 (d, J= 7.6 Hz, 1 H), 7.01 (d, J = 8.4 Hz, 1 H), 7.03 (s,
1 H), 7.10 (ddd, J = 7.4, 5.0, 1.2 Hz, 1 H), 7.22-7.36 (m, 4 H), 7.47 (td, J = 7.6, 2.0 Hz, 1 H),
8.63 (d, J = 4.8 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) & 20.4, 22.1, 68.6, 116.4, 119.6,
121.3, 124.7, 125.6, 127.5, 128.0, 128.1, 129.5, 135.8, 136.6, 137.6, 139.1, 140.7, 142.4,
148.7, 153.1, 159.4 ppm; mp 65-68 °C; IR Vimax (neat/cm™): 3311, 3059, 2979, 2934, 1724,
1704, 1590, 1550, 1222, 1112; HRMS calcd for CyHx:O.N, [M+H]": 347.1754, found
347.1762.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10
mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Diazoxide
X6 (46.1 mg, 0.20 mmol, 1 equiv.) and K,CO; (65.3 mg, 0.4 mmol, 2
equiv.) for 48 hours. Column chromatography (acetone/EtOAc, 2:8)
afforded A6 as a white solid (66.1 mg, 91%).

"H-NMR (400 MHz, DMSO-ds) 8 2.07 (s, 3 H), 2.25 (s, 3 H), 7.03-7.11 (m, 2 H), 7.24 (dd, J =
6.8, 5.2 Hz, 1 H), 7.26-7.32 (m, 2 H), 7.32-7.36 (m, 1 H), 7.38 (d, J= 7.4 Hz, 1 H), 7.44 (d, J =
7.4 Hz, 1H),7.66 (td, J=7.6,1.6 Hz, 1 H), 8.57 (d, J = 4.8 Hz, 1 H), 11.96 (s, 1 H) ppm; "*C-
NMR (125 MHz, DMSO-ds) & 20.1, 22.5, 116.7, 120.6, 122.0, 123.5, 125.3, 127.2, 128.3,
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129.7, 133.5, 133.7, 136.4 (2 x C), 138.5, 138.9, 139.3, 149.0, 157.1, 158.0 ppm; mp > 250
°C; IR Vimax (Neat/cm™): 3534, 3270, 3170, 2924, 2853, 1698, 1625, 1583, 1520, 1498, 1461,
1301, 1161; HRMS calcd for CH;7,0,N;NaS [M+Na]*: 386.0920, found 386.0921.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 Hc

mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 i\:i\Nﬁv//\
equiv.), Azelastine « HCI X7 (83.7 mg, 0.20 mmol, 1 equiv.) and NTLJ
K,CO; (82.9 mg, 0.6 mmol, 3 equiv) for 72 hours. Column \‘f\

chromatography (CH,CIl,/MeOH, from 99:1 to 95:5) afforded A7 as a
light brown solid (92.6 mg, 90%).

'H-NMR (400 MHz, CDCls) 5 1.72-1.87 (m, 1 H), 1.93-2.21 (m, 7 H), 2.21-2.34 (m, 1 H), 2.42
(s, 3 H), 2.57-2.70 (m, 2 H), 2.71-2.81 (m, 1 H), 2.82-2.91 (m, 1 H), 4.20 (s, 2 H), 5.30-5.41 (m,
1 H), 6.83 (d, J=7.6 Hz, 1 H), 6.98 (d, J = 8.4 Hz, 2 H), 7.01-7.09 (m, 3 H), 7.22 (d, J = 7.6
Hz, 1 H), 7.26-7.30 (m, 1 H), 7.33 (t, J= 7.6 Hz, 1 H), 7.38 (td, J = 7.6, 1.6 Hz, 1 H), 7.58-7.73
(m, 3 H), 8.44-8.47 (m, 1 H), 8.57-8.62 (m, 1 H) ppm; °C-NMR (100 MHz, CDCl,) 5 20.4, 24.7,
32.2,33.2, 38.8, 47.0, 54.5, 56.1, 58.9, 121.2, 124.8, 125.6, 127.4, 127.4, 127.7, 128.0, 128.2,
128.7, 129.4, 129.9, 130.9, 132.5, 135.6, 135.9, 136.7, 139.3, 140.0, 140.8, 144.9, 148.8,
158.4, 159.5 ppm; mp 60-63 °C; IR Vimax (neat/cm™): 3060, 2926, 2852, 2793, 1650, 1585,
1460, 1322; HRMS calcd for C4H3ON,Na [M+Na]': 537.2625, found 537.2618.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol %), 2-(o-
tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Nefazodone X8 (94.0 mg, 0.20 mmol, 1
equiv.) and K,CO; (65.3 mg, 0.4 mmol, 2 equiv.). Column
chromatography (CH,Cl./MeOH, from 99:1 to 95:5) afforded
A8 as a light brown solid (110.9 mg, 92%).

The General Procedure D was applied was applied with
encapsulated Ru9 (10.9 mg, 0.02 mmol, 10 mol %), 2-(o-
tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), (33.9 mg,
0.20 mmol, 1 equiv.), Nefazodone X8 (94.0 mg, 0.20 mmol, 1 equiv.), K,CO; (65.3 mg, 0.4
mmol, 2 equiv.) in NMP (300 uyL) and toluene (500 pL). Column chromatography
(CH.CI,/MeOH, from 99:1 to 95:5) afforded A8 as a light brown solid (78.4 mg, 65%).

'H-NMR (400 MHz, CDCl3) 5 1.32 (t, J = 7.4 Hz, 3 H), 1.97 (quint, J = 7.2 Hz, 2 H), 2.18 (s, 3
H), 2.48 (t, J = 7.4 Hz, 2 H), 2.49-2.57 (m, 4 H), 2.70 (q, J = 7.4 Hz, 2 H), 2.90-3.02 (m, 4 H),
3.82 (t, J= 7.0 Hz, 2 H), 4.01 (t, J = 5.0 Hz, 2 H), 4.19 (t, J = 5.0 Hz, 2 H), 6.53-6.57 (m, 1 H),
6.63-3.71 (M, 2 H), 6.84 (d, J = 8.4 Hz, 2 H), 6.88 (d, J= 7.6 Hz, 1 H), 6.96 (t, J= 7.4 Hz, 1 H),
7.04-7.13 (M, 2 H), 7.23-7.32 (m, 4 H), 7.35 (t, J = 7.4 Hz, 1 H), 7.45 (td, J = 7.6, 1.6 Hz, 1 H),
8.63 (d, J = 4.4 Hz, 1 H) ppm; *C-NMR (100 MHz, CDCls)  10.1, 19.1, 20.2, 25.9, 41.2, 43.3,
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48.7, 52.9, 554, 65.3, 114.0, 114.2, 118.0, 121.0, 121.2, 121.3, 125.6, 127.4, 128.0, 128.4,
129.3, 129.6, 135.9, 136.7, 139.2, 141.5, 142.3, 147.9, 148.6, 150.2, 153.7, 158.0, 159.8 ppm;
mp 57-60 °C; IR Ve (neat/cm™): 2943, 2879, 2820, 1699, 1599, 1574, 1465, 1455, 1241;
HRMS calcd for Ca7H430,Ng [M+H]™: 603.3442, found 603.3440.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02
mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 /\N/l/\N”’\/\ _
equiv.), Trazodone « HCI X9 (81.7 mg, 0.20 mmol, 1 equiv.) and O\
KoCO; (829 mg, 0.6 mmol, 3 equiv.) at 50 °C. Column ?’/“/,\
chromatography (CH,Clo/MeOH, from 99:1 to 95:5) afforded A9 "o -
as an off-white solid (93.9 mg, 93%).

'"H-NMR (400 MHz, CDCly) & 2.07 (quint, J = 7.2 Hz, 2 H), 2.17 (s, 3 H), 2.42-2.56 (m, 6 H),
2.87-2.99 (M, 4 H), 4.08 (t, J = 7.2 Hz, 2 H), 6.44-6.51 (m, 1 H), 6.54 (s, 1 H), 6.62-6.70 (m, 2
H), 6.87 (d, J = 8.0 Hz, 1 H), 7.02-7.13 (m, 4 H), 7.24-7.31 (m, 2 H), 7.34 (t, J = 7.4 Hz, 1 H),
7.44 (td, J= 7.6, 1.6 Hz, 1 H), 7.75 (d, J = 7.2 Hz, 1 H), 8.62 (d, J = 4.4 Hz, 1 H) ppm; “C-
NMR (100 MHz, CDCly) 5 20.4, 26.0, 44.3, 48.8, 53.0, 55.5, 110.5, 113.9, 115.3, 118.0, 120.8,
1212, 1236, 125.5, 127.4, 127.9, 128.3, 129.2, 129.7, 135.8, 136.6, 139.1, 141.4, 141.5,
1422, 148.5, 148.6, 150.2, 159.8 ppm; mp 60-62 °C; IR Vmax (neat/cm™"): 2947, 2820, 1705,
1639,1593, 1542, 1455, 1225; HRMS calcd for C31H330Ng [M+H]: 505.2710, found 505.2705.

The General Procedure C was applied with Ru9 (10.9 mg,

0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 F—<_ <
mmol, 1 equiv.), Haloperidol X10 (75.2 mg, 0.20 mmol, 1

equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) for 48

hours. Column chromatography (CH,Cl,/MeOH, from 99:1 to 95:5) afforded A10 as a white
solid (93.6 mg, 92%).

'"H-NMR (500 MHz, CDCl) 8 1.69 (d, J = 13.5 Hz, 2 H), 2.04-2.18 (m, 5 H), 2.19-2.37 (m, 2 H),
2.62-2.89 (m, 4 H), 2.90-3.15 (m, 4 H), 6.89 (d, J = 7.5 Hz, 1 H), 7.00 (d, J = 7.5 Hz, 2 H),
7.08-7.17 (m, 3 H), 7.18-7.25 (m, 3 H), 7.28 (d, J= 8.0 Hz, 1 H), 7.35 (t, J = 7.5 Hz, 1 H), 7.46
(t, J = 7.5 Hz, 1 H), 7.94-8.08 (m, 2 H), 8.54 (d, J = 4.0 Hz, 1 H) ppm; "*C-NMR (125 MHz,
CDCly) 8 20.4, 35.9, 36.7, 49.1, 57.2, 65.8, 70.0, 115.7 (d, J = 22.5 Hz), 121.5, 123.8, 125.6,
127.6, 128.1, 129.4, 129.5, 130.6 (d, J = 10.0 Hz), 133.2, 135.9, 136.8, 139.1, 140.4, 140.6,
145.1,148.7,159.3, 165.7 (d, J = 252.5 Hz), 197.6 ppm; "*F-NMR (470 MHz, CDCl;) 5 -105.0
ppm; mp 140-143 °C; IR vVpax (neat/cm™): 3333, 3062, 2943, 2820, 1683, 1596, 1460, 1231;
HRMS calcd for CssHasO2N,F [M+H]': 509.2599, found 509.2598.
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The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, . ¢t

HaC™ "N~

10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), (DI E
N N

Bupropion « HCI X11 (565.2 mg, 0.20 mmol, 1 equiv.) and K,CO; (82.9 °

mg, 0.6 mmol, 3 equiv) at 50 °C. Column chromatography A1 et

(Et.O/acetone, 9:1) afforded A11 as an off-white wax (61.8 mg, 83%).

'H-NMR (400 MHz, CDCly) 8 1.11 (s, 9 H), 1.22-1.34 (m, 3 H), 2.19 (s, 3 H), 4.12-4.26 (m, 1
H), 6.92 (d, J = 7.6 Hz, 1 H), 7.06-7.16 (m, 1 H), 7.28-7.35 (m, 1 H), 7.35-7.45 (m, 3 H), 7.45-
7.55 (m, 2 H), 7.57 (s, 1 H), 7.79 (d, J = 7.6 Hz, 1 H), 8.66 (d, J = 4.4 Hz, 1 H) ppm; *C-NMR
(125 MHz, CDCls) & 20.4, 21.5, 28.7, 52.3, 68.1, 121.7, 125.6, 126.6, 127.6, 128.4, 128.8,
129.7,130.2, 133.4, 134.9, 136.1, 137.1, 139.2, 139.7, 142.4, 149.2, 159.2, 196.5 ppm: IR Vimax
(neat/om™"): 3058, 2962, 2925, 2857, 1683, 1585, 1458, 1231, 1206;: HRMS calcd for
CasH.s0N,Na [M+Na]*: 395.2094, found 395.2084.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, TN TN
10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), \%/’\\r‘g’
Clomipramine « HCI X12 (70.3 mg, 0.20 mmol, 1 equiv.) and K,CO;
829 mg, 06 mmol, 3 equiv). Column chromatography
(CH.CI,/MeOH, from 99:1 to 95:5) afforded A12 as a white solid (86.8 mg, 97%).

J
HaC)N~
0 A12

'"H-NMR (500 MHz, CDCly) 8 1.63-1.82 (m, 2 H), 2.16 (s, 3 H), 2.38 (s, 6 H), 2.55-2.68 (m, 2
H), 2.98-3.13 (m, 4 H), 3.43 (bs, 2 H), 6.69 (s, 1 H), 6.80 (d, J = 8.0 Hz, 1 H), 6.85-6.98 (m,
4H), 7.04-7.15 (m, 2 H), 7.15-7.22 (m, 1 H), 7.22-7.31 (m, 2 H), 7.34 (t, J = 7.5 Hz, 1 H), 7.50
(t, J = 7.5 Hz, 1 H), 8.69 (d, J = 4.5 Hz, 1 H) ppm; "*C-NMR (125 MHz, CDCl;) & 20.4, 23.7,
31.8, 31.9, 43.8, 47.5, 56.7, 119.8, 121.5, 121.6, 123.0, 123.7, 125.5, 126.5, 127.5, 128.1,
129.3, 129.6, 129.6, 131.3, 134.7, 136.1, 136.8, 139.0, 139.8, 140.6, 146.9, 147.5, 148.9,
159.9 ppm; mp 49-51 °C; IR Ve (Neaticm™): 2021, 2855, 2765, 1593, 1584, 1490, 1460,
1404; HRMS calcd for CziHasNs [M+H]': 448.2747, found 448.2753.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 CH,
mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Clozapine <N' /
X13 (65.4 mg, 0.20 mmol, 1 equiv.) and (55.3 mg, 0.4 mmol, 2 equiv.) for \#/ﬁ ‘
48 hours. Column chromatography (CH,Cl/MeOH, from 99:1 to 95:5) ™= "N~
afforded A13 as a yellow solid (88.2 mg, 96%).

A13

'H-NMR (400 MHz, CDCls) & 2.15 (s, 3 H), 2.38 (s, 3 H), 2.56 (bs, 4 H), 3.39-355 (m, 4 H),
4.86 (s, 1 H), 6.33 (d, J= 8.0 Hz, 1 H), 6.36 (dd, J = 8.0, 2.0 Hz, 1 H), 6.75 (d, J = 8.0 Hz, 1 H),
6.90 (d, J= 8.0 Hz, 1 H), 6.98 (td, J= 7.5, 0.8 Hz, 1 H), 7.04 (d, J = 2.0 Hz, 1 H), 7.07 (ddd, J =
7.6,4.8,1.2 Hz, 1 H), 7.20-7.32 (m, 5 H), 7.42 (td, J = 7.6, 2.0 Hz, 1 H), 8.63 (d, J = 5.2 Hz, 1
H) ppm: *C-NMR (100 MHz, CDCl;) & 20.5, 45.9, 47.1, 54.8, 118.3, 119.9, 121.1, 122.6,
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123.3, 125.7, 125.7, 127.6, 127.8, 128.3, 129.0, 130.3, 131.7, 135.8, 136.6, 137.7, 139.1,
139.8, 140.0, 140.6, 148.6, 153.1, 159.8, 162.3 ppm; mp 140-144 °C; IR Vumax (neat/cm™):
3265, 2936, 2847, 2795, 1601, 1566, 1456, 1377, 1287, 1232; HRMS calcd for CagHsoNs
[M+H]": 460.2496, found 460.2490.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), \

~—N
Prochlorperazine « 2HCI X14 (89.4 mg, 0.20 mmol, 1 equiv.) and K,CO; f _
(110.6 mg, 0.8 mmol, 4 equiv.)) at 50 °C for 48 hours. Column //r"\e\FN}f Wl crg

chromatography (CH,Cl/MeOH, from 99:1 to 95:5) afforded A14 as a light s { )
brown solid (86.1 mg, 85%).

'"H-NMR (400 MHz, CDCl:) & 1.77 (quint, J = 6.8 Hz, 2 H), 2.17 (s, 3 H), 2.26-2.88 (m, 13 H),
3.57-3.72 (M, 2 H), 6.56 (s, 1 H), 6.71 (dd, J= 7.6, 1.6 Hz, 1 H), 6.79 (d, J = 8.0 Hz, 1 H), 6.85-
6.97 (m, 3 H), 7.05-7.18 (m, 3 H), 7.24 (d, J=7.6 Hz, 1 H), 7.30 (d, J= 7.6 Hz, 1 H), 7.36 (t, J
= 7.6 Hz, 1 H), 7.50 (td, J = 7.4, 2.0 Hz, 1 H), 8.66 (d, J = 4.8 Hz, 1 H) ppm; "*C-NMR (100
MHz, CDCl;) & 20.5, 24.1, 45.0, 45.5, 52.6, 54.6, 55.4, 115.5, 117.3, 121.4, 122.3, 123.0,
123.7, 124.9, 125.5, 126.7, 127.1, 127.3, 127.4, 128.1, 129.5, 136.1, 136.9, 139.0, 140.7,
140.9, 144.5, 144.8, 148.8, 159.6 ppm; mp 75-78 °C; IR Vmax (neat/om™"): 3056, 2932, 2795,
1584, 1456; HRMS calcd for Cs,HssN,S [M+H]*: 507.2577, found 507.2588.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

HON,
/

mol %), 2-(o-tolylpyridine N10 (33.9 mg, 020 mmol, 1 equiv), N /) \\/
Chlorprothixene « HCI X15 (70.5 mg, 0.20 mmol, 1 equiv.) and K,CO; ‘\:\(”"”\&\N CHs
(82.9 mg, 0.6 mmol, 3 equiv.) for 48 hours. Column chromatography S%{F—J\
(CH,Cl,/MeOH, from 99:1 to 95:5) afforded A15 as an off-white solid (80.8 A1S

mg, 90%). After purification, A15 must be stored under inert atmosphere at low temperature to

prevent olefin isomerization.

'"H-NMR (500 MHz, CDCly) 8 2.17 (s, 3 H), 2.29 (s, 6 H), 2.46-2.58 (m, 4 H), 5.86 (t, J = 6.8
Hz, 1 H), 6.88 (dd, J = 8.0, 1.6 Hz, 1 H), 6.93 (d, J = 7.5 Hz, 1 H), 7.09 (ddd, J = 7.5, 5.0, 1.0
Hz, 1 H), 7.16-7.21 (m, 2 H), 7.21-7.27 (m, 3 H), 7.28-7.33 (m, 2 H), 7.36 (t, J = 7.5 Hz, 1 H),
7.43-7.48 (m, 2 H), 8.62 (d, J = 5.0 Hz, 1 H) ppm; "*C-NMR (125 MHz, CDCly) & 20.5, 27.3,
44.9,59.0,121.5,125.6, 125.7, 125.8, 126.0, 126.8, 126.9, 127.7, 128.2, 128.6, 129.1, 129.5,
129.7,131.6, 131.7, 133.1, 136.1, 136.6, 136.9, 138.3, 139.2, 139.6, 140.3, 149.0, 159.4 ppm;
mp 77-80 °C; IR Vyax (neaticm™): 3058, 2969, 2940, 2856, 2815, 2768, 1584, 1563, 1456,
1439; HRMS calcd for CzoH2sN,NaS [M+Na]": 471.1865, found 471.1855.
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The General Procedure C was applied with Ru9 (10.9 mg, ©
0.02 mmol, 10 mol %), 2-(o-tolyD)pyridine N10 (33.9 mg, 0.20

mmol, 1 equiv.), Meclizine « 2HCI X16 (92.8 mg, 0.20 mmol, 1 )
equiv.) and K,CO; (110.6 mg, 0.8 mmol, 4 equiv.) at 50 °C. 3 A16
Column chromatography (hexane/Et,O, 1:1) afforded A16 as a white solid (94.3 mg, 90%).

P

~
| | |
)\\:;«L\ N

'H-NMR (400 MHz, CDCl3) & 2.16 (s, 3 H), 2.22-2.55 (m, 11 H), 3.42 (d, J = 13.4 Hz, 1 H),
3.46 (d, J = 13.4 Hz, 1 H), 4.13 (s, 1 H), 6.75 (d, J = 8.0 Hz, 1 H), 6.91 (d, J = 8.4 Hz, 2 H),
6.96-7.16 (m, 8 H), 7.17, 7.26 (m, 5 H), 7.26-7.31 (m, 3 H), 8.55 (d, J = 4.8 Hz, 1 H) ppm; *C-
NMR (100 MHz, CDCly) & 20.4, 21.3, 51.6, 53.3, 63.0, 75.5, 121.1, 125.7, 126.3, 126.7, 127.2,
127.3, 127.7, 127.9, 128.0, 128.0, 128.2, 129.3, 129.6, 129.9, 135.3, 136.5, 137.7, 137.9,
139.3, 140.2, 140.4, 141.1, 142.5, 148.6, 159.5 ppm; mp 167-169 °C; IR Vpmax (neat/cm™):
2956, 2806, 1585, 1453, 1136, 1007; HRMS calcd for CsHssON; [M+H]": 524.3052, found
524.3051.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

mol %), 2-(o-tolylpyridine N10 (67.7 mg, 0.40 mmol, 2 equiv.), (
Chlorpheniramine + 2HCI X17 (69.5 mg, 0.20 mmol, 1 equiv.) and K,COs [ 1| [ |
(110.6 mg, 0.8 mmol, 4 equiv.) at 50 °C for 72 hours. Column A7
chromatography (CH,Cl./MeOH, from 95:5 to 85:15) afforded A17 as a light brown wax (66.0
mg, 81%).

N(CHa)2

S N R

'H-NMR (400 MHz, CDCly) 8 2.17 (s, 3 H), 2.18-2.28 (m, 1 H), 2.29-2.40 (m, 8 H), 2.42-2.54
(m, 1 H),4.04 (t, J=7.6 Hz, 1 H), 6.84 (d, J = 8.0 Hz, 1 H), 6.98 (d, J = 7.6 Hz, 2 H), 7.04-7.11
(m, 5 H), 7.23 (dd, J= 7.6, 0.8 Hz, 1 H), 7.25-7.29 (m, 1 H), 7.33 (t, J= 7.6 Hz, 1 H), 7.41 (td, J
=7.6,1.8Hz, 1 H), 7.54 (td, J = 7.6, 1.8 Hz, 1 H), 8.53 (ddd, J = 4.8, 2.0, 0.8 Hz, 1 H), 8.60
(ddd, J = 4.8, 1.6, 0.8 Hz, 1 H) ppm; *C-NMR (100 MHz, CDCls) & 20.4, 31.4, 44.5, 50.5, 57.3,
121.2, 121.4, 123.0, 125.6, 127.1, 127.4, 127.9, 129.3, 129.8, 135.6, 136.4, 136.6, 139.3,
139.9, 140.8, 140.9, 148.7, 149.1, 159.5, 162.8 ppm; IR vys (Neat/cm™"): 3419, 3058, 2927,
2855, 2768, 1587, 1461, 1432; HRMS calcd for CosHagON; [M+H]': 408.2434, found 408.2423.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02
mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (101.5 mg, 0.60 mmol,
3 equiv.) Loratadine X18 (76.6 mg, 0.20 mmol, 1 equiv.) and
KoCO; (55.3 mg, 0.4 mmol, 2 equiv.) at 50 °C for 72 hours.
Column chromatography (hexane/EtOAc, 4.6) afforded A18 as a
white solid (57.8 mg, 56%).

'H-NMR (400 MHz, CDCl3) 8 1.26 (t, J = 7.2 Hz, 3 H), 2.19 (s, 3 H), 2.21-2.36 (m, 3 H), 2.39-
2.50 (M, 1 H), 2.54-2.75 (m, 2 H), 3.05-3.18 (m, 2 H), 3.19-3.31 (m, 2 H), 3.69-3.86 (M, 2 H),
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4.14 (q, J = 7.2 Hz, 2 H), 6.82-6.90 (m, 3 H), 6.94 (d, J = 7.6 Hz, 1 H), 7.05-7.12 (m, 2 H),
7.24-7.31 (m, 2 H), 7.25 (t, J = 7.4 Hz, 1 H), 7.37-7.44 (m, 2 H), 8.39 (d, J = 4.4 Hz, 1 H), 8.61
(d, J = 4.4 Hz, 1 H) ppm; *C-NMR (100 MHz, CDCl;) & 14.7, 20.5, 30.5, 30.7, 31.7, 31.8, 44.8,
61.3, 121.2, 122.0, 125.7, 1271, 127.3, 128.0, 128.6, 129.4, 130.4, 133.8, 135.0, 135.6,
136.7, 136.8, 136.9, 136.9, 137.3, 139.3, 140.6, 140.8, 146.4, 148.7, 155.5, 157.5, 159.6 ppm;
mp 93-95 °C: IR Vynax (Neat/cm™): 3057, 2978, 2922, 2856, 1694, 1436, 1228; HRMS calcd for
CasHssON; [M+H]": 516.2646, found 516.2638.

The General Procedure C was applied with Ru9 (10.9 mg,

H H Je) = | CHs
0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, O’"NEN&S\(\ ? N
0.20 mmol, 1 equiv.), Glyburide X19 (98.8 mg, 0.20 mmol, 1 MA@

HscO™

equiv.), KOBz (9.6 mg, 0.06 mmol, 0.3 equiv) in A19

replacement of KOAc, K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) and NMP (0.4 mL, 0.5 M) at 50 °C
for 72 hours. Column chromatography (CH,Cl,/MeOH, from 99:1 to 97:3) afforded A19 as a
light brown solid (97.8 mg, 78%).

'"H-NMR (400 MHz, CDCl3) & 0.96-1.29 (m, 5 H), 1.41-1.61 (m, 3 H), 1.65-1.78 (m, 2 H), 2.06
(s, 3H),2.91 (t, J = 7.0 Hz, 2 H), 3.40-3.53 (m, 1 H), 3.55-3.68 (m, 5 H), 6.34 (d, J = 7.6 Hz, 1
H), 6.54 (d, J = 8.5 Hz, 1 H), 6.84 (d, J= 8.0 Hz, 1 H), 6.91 (dd, J = 8.5, 2.1 Hz, 1 H), 7.03 (dd,
J=7.2,52Hz, 1H),7.13-7.21 (m, 3 H), 7.24 (d, J = 7.6 Hz, 1 H), 7.30 (d, J = 8.4 Hz, 2 H),
7.41 (t, J=7.4 Hz, 1 H), 7.70-7.80 (m, 3 H), 7.97 (d, J = 2.1 Hz, 1 H), 8.54 (d, J = 4.8 Hz, 1 H)
ppm; *C-NMR (125 MHz, CDCly) b 20.4, 24.5, 25.3, 32.9, 35.6, 40.5, 49.1, 55.8, 110.6, 120.4,
121.4, 1258, 127.3, 127.7, 128.2, 129.5, 129.7, 132.8, 134.3, 134.8, 136.1, 136.7, 137.9,
139.1, 139.7, 145.9, 148.8, 150.5, 156.0, 159.4, 165.4 ppm; mp 140-144 °C; IR Vpax
(neat/cm™): 3367, 3061, 2929, 2854, 1709, 1631, 1537, 1459, 1161; HRMS calcd for
CasHs70sN,S [M—H]: 625.2490, found 625.2493.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10
mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Br-
Strychnine X20 (82.7 mg, 0.20 mmol, 1 equiv.) and K,CO; (565.3 mg, 0.4
mmol, 2 equiv.) for 48 hours. Column chromatography (CH.Cl,/MeOH,
from 97:3 to 92:8) afforded A20 as a light brown solid (91.3 mg, 91%).

'H-NMR (400 MHz, CDCls) & 1.10-1.34 (m, 3 H), 1.47-1.69 (m, 1 H), 1.71-1.84 (m, 1 H), 2.13
(s, 3H),2.29 (d, J = 13.6 Hz, 1 H), 2.61 (dd, J = 17.6, 2.4 Hz, 1 H), 2.79-2.99 (m, 1 H), 3.09
(dd, J=17.6,8.3 Hz, 1 H), 3.15 (bs, 1 H), 3.26-3.51 (m, 1 H), 3.61-3.91 (m, 3 H), 4.02 (dd, J =
13.8,5.8 Hz, 1 H), 4.14 (dd, J= 13.8, 7.0 Hz, 1 H), 4.24 (dt, J = 8.3, 3.5 Hz, 1 H), 5.95-610 (m,
1 H), 6.70 (s, 1 H), 6.85-8.97 (m, 1 H), 7.03-7.13 (m, 1 H), 7.17 (dd, J = 8.5, 1.5 Hz, 1 H), 7.20-
7.29 (m, 2 H), 7.32 (t, J= 7.8 Hz, 1 H), 7.50 (t, J = 7.5 Hz, 1 H), 7.93 (d, J = 8.5 Hz, 1 H), 8.59-
8.70 (m, 1 H) ppm; *C-NMR (100 MHz, CDCls) & 20.4, 26.1, 41.7, 42.2, 47.6, 50.2, 51.5, 52.3,
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508, 60.2, 64.3, 77.2, 77.3, 115.6, 121.1, 123.8, 125.6, 127.3, 128.1, 129.3, 130.2, 130.2,
130.3, 135.8, 136.7, 137.8, 139.2, 140.1, 140.3, 149.1, 159.6, 168.9 ppm; mp > 250 °C; IR Vyax
(neat/cm™): 3426, 2926, 2862, 1670, 1492, 1462, 1383; HRMS calcd for CisHsO;NsNa
[M+Na]*: 524.2308, found 524.2302.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

mol %), 2-(o-tolylpyridine N10 (67.7 mg, 0.40 mmol, 2 equiv.),
Bromhexine « HCI X21 (82.5 mg, 0.20 mmol, 1 equiv.) and K,CO; (110.6

mg, 0.8 mmol, 4 equiv.) at 50 °C for 72 hours. Column chromatography Hc
(EtOAC) afforded A21 as a light brown solid (76.3 mg, 69%).

A21

"H-NMR (400 MHz, CDCl;) 3 1.01-1.20 (m, 4 H), 1.52-1.83 (m, 9 H), 2.09-
2.23 (m, 7 H), 2.99 (d, J = 12.4 Hz, 1 H), 3.42-3.56 (m, 1 H), 4.53 (m, 2 H), 6.32 (d, J= 1.4 Hz,
1H), 6.77 (d, J=1.4 Hz, 1 H), 6.87 (d, J = 7.6 Hz, 1 H), 7.04-7.15 (m, 4 H), 7.18 (d, J = 7.6
Hz, 1 H), 7.22-7.31 (m, 3 H), 7.34 (t, J= 7.6 Hz, 1 H), 7.36-7.46 (m, 2 H), 8.55 (d, J = 4.4 Hz, 1
H), 8.64 (d, J = 4.8 Hz, 1 H), ppm; *C-NMR (100 MHz, CDCl,) 5 20.4, 20.5, 25.8, 25.9, 26.3,
28.0, 28.4, 36.0, 57.5, 61.9, 120.9, 121.1, 122.5, 125.2, 125.8, 126.7, 127.5, 127.8, 128.2,
128.3, 128.4, 129.6, 129.6, 130.5, 131.0, 135.0, 135.3, 136.5, 136.8, 138.2, 138.8, 140.1,
141.2, 143.1, 148.5, 148.6, 159.2, 160.4 ppm; mp 93-96 °C; IR Vymax (neat/cm™"): 3435, 3267,
3061, 2927, 2853, 2791, 1615, 1585, 1453; HRMS calcd for CagHaNs [M+H]': 553.3326, found
553.3313.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), 2-(o-tolyl)pyridine N10 (27.6 mg, 0.163 mmol, 1 equiv.), a
grinded pill of Ladastan containing 50 mg of Bromantane (0.163 mmol,
1 equiv.), KOAc (4.8 mg, 0.049 mmol, 0.3 equiv.) and K,CO; (45.1 mg,

0.326 mmol, 2 equiv.). The excipients contained in a pill of Ladasten are potato starch,

magnesium stearate and microcrystalline cellulose in  unknown amounts. Column
chromatography (hexane/Et,O, 7:3) afforded A22 as a pale yellow solid (60.5 mg, 94%).

'H-NMR (400 MHz, CDCls) & 1.54-1.62 (m, 2 H), 1.72-1.93 (m, 10 H), 1.97 (bs, 2 H), 2.16 (s, 3
H), 3.47 (bs, 1 H), 3.90 (bs, 1 H), 6.38 (d, J = 8.2 Hz, 2 H), 6.86 (d, J = 8.2 Hz, 2 H), 6.92 (d, J
= 7.6 Hz, 1 H), 7.09-7.15 (m, 1 H), 7.20-7.29 (m, 2 H), 7.33 (t, J= 7.6 Hz, 1 H), 7.49 t, J= 7.8
Hz, 1 H), 7.67 (d, J = 4.8 Hz, 1 H) ppm: *C-NMR (100 MHz, CDCl,) 5 20.8, 27.3, 27.4, 31.6,
316, 37.4, 37.7, 56.7, 112.3, 121.1, 125.8, 127.6, 128.0, 128.5, 130.0, 130.6, 135.9, 136.6,
139.0, 141.3, 145.8, 148.7, 160.1 ppm; mp 220-224 °C; IR Vs (neat/cm™): 2905, 2851, 1610,
1521; HRMS calcd for CagHaiN, [M+H]": 395.2482, found 395.2481.
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The purity of Trametinib purchased from Generon was assessed
to be 70% by quantitative 'H-NMR with an internal standard. The
impurity was not NMR-active. Trametinib was further purified by
centrifuging the solid in HO and by removing the white particles

which were not depositing at the bottom of the vial (x10 times).

The purity was then assessed to be 84% by quantitative 'H-NMR
with an internal standard.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol %), 2-(o-
tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Trametinib X23 (142.8 mg, 0.20 mmol, 1
equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.). Column chromatography (EtOAc) afforded
A23 as a white solid (110.3 mg, 84%).

'H-NMR (400 MHz, CDCls) 8 0.73-0.83 (m, 2 H), 1.05-1.16 (m, 2 H), 1.39 (s, 3 H), 2.13 (s, 3
H), 2.19 (s, 3 H), 2.67-2.79 (m, 1 H), 3.04 (s, 3H), 6.75 (t, J= 8.2 Hz, 1 H), 6.81 (d, J = 8.2 Hz,
1 H), 6.87-7.02 (m, 3 H), 7.14-7.22 (m, 1 H), 7.22-7.31 (m, 3 H), 7.34 (d, J = 7.6 Hz, 1 H), 7.39
t, J=76Hz, 1H), 756 ¢ J=76Hz, 1 H), 7.62-7.75 (m, 2 H), 8.64 (d, J = 4.8 Hz, 1 H),
11.31 (s, 1 H) ppm; "*C-NMR (125 MHz, CDCl;) d 8.4, 13.3, 20.4, 24.5, 25.2, 34.4, 89.3,
102.9, 117.5 (d, J = 19.9 Hz), 118.9, 120.3, 121.8, 123.6, 124.2, 125.5, 125.8 (d, J = 11.8 Hz),
126.0 (d, J = 3.3 Hz), 127.2, 128.3, 129.1, 130.1, 136.0, 137.0, 138.8, 139.0, 139.2, 140.3,
1411 (d, J = 7.3 Hz), 144.9, 149.1, 151.8, 152.6, 154.9 (d, J = 247.0 Hz), 159.0, 163.0, 164.8,
168.4 ppm; "*F-NMR (376 MHz, CDCl;) 8 —124.8 ppm; mp 236-240 °C; IR Vmax (neat/cm™):
3311, 2924, 2855, 1630, 1605, 1551, 1422; HRMS calcd for CsgH34O04NF [M+H]": 657.2620,
found 657.2607.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol %), 2-(o-
tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), d-Tocopherol-OTf X24 (106.9 mg, 0.20
mmol, 1 equiv.) and K,CO; (65.3 mg, 0.4 mmol, 2 equiv.). Column chromatography
(Et.O/hexane, 1:9) afforded A24 as a colourless oil

HiC

(99.7 mg, 90%). TN B L

H,C HiC

The General Procedure D was applied was applied

A24

with encapsulated Ru9 (10.9 mg, 0.02 mmol, 10 mol

%), 2-(o-tolyh)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), 6-Tocopherol-OTf X24 (106.9 mg,
0.20 mmol, 1 equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) in NMP (300 pL) and toluene
(500 pL). Column chromatography (Et,O/hexane, 1:9) afforded A24 as a colourless oil (68.7
mg, 62%).

'H-NMR (400 MHz, CDCls) & 0.80-0.91 (m, 12 H), 0.96-1.59 (m, 24 H), 1.60-1.76 (m, 2 H),
2.00 (s, 3 H), 2.17 (s, 3 H), 2.45-2.58 (m, 2 H), 6.55 (d, J = 1.4 Hz, 1 H), 6.67 (d, J = 1.4 Hz, 1
H), 6.89 (d, J = 8.0 Hz, 1 H), 7.08 (ddd, J = 7.6, 5.2, 0.8 Hz, 1 H), 7.22 (d, J = 7.4 Hz, 1 H),
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7.26 (d, J=7.4 Hz, 1 H), 7.31 (t, J= 7.4 Hz, 1 H), 7.45 (td, J = 7.6, 2.0 Hz, 1 H), 8.63 (d, J =
4.8 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) 5 15.8, 19.6, 19.7, 20.5, 20.9, 22.1, 22.6, 22.7,
24.1,24.4,24.8,28.0, 31.2,32.7, 32.8, 37.3, 37.4 (x3), 39.3, 40.1, 75.9, 119.5, 121.0, 125.2,
125.7, 127.5, 127.9, 128.2, 128.6, 129.7, 132.0, 135.6, 136.5, 139.2, 141.3, 148.5, 150.6,
160.2 ppm; IR Vmax (Neaticm™"): 2024, 2866, 1584, 1486, 1459, 1377, 1225, 1201, 1149, 1112;
HRMS calcd for CzHssONNa [M+Na]': 576.4176, found 576.4176.

The General Procedure C was applied with Ru9 (10.9 mg, e
0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 HsC‘\«V;\ N
mmol, 1 equiv.), Capsaicin-OTf X25 (87.5 mg, 0.20 mmol, 1 %sziﬁ:,@/
equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) for 72 hours. 25

Column chromatography (Et,O) afforded A25 as a pale yellow wax (64.8 mg, 71%).

NMR analysis shows the product as a mixture of two amide isomers: 'H-NMR (400 MHz,
CDCl;) 6 0.81-1.00 (m, 6 H), 1.09-1.55 (m, 5 H), 1.59-1.72 (m, 2 H), 1.95-2.05 (m, 1 H), 2.14-
2.27 (m, 5 H), 3.52 (bs, 3H), 4.35(d, J=5.2 Hz, 2 H), 5.25-5.43 (m, 1 H), 5.66-5.78 (m, 1 H),
6.59 (s,1H),6.67 (d, J=7.6 Hz, 1 H),6.91-7.01 (m, 2 H), 7.04 (ddd, J=7.6,4.7, 1.1 Hz, 1 H),
718 (d, J=72Hz,1H),728 (d,J=72Hz, 1H), 733 ( J=7.2Hz, 1H),7.44 (d, J= 7.6,
1.1 Hz, 1 H), 8.52 (d, J = 4.7 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) d 20.6, 22.6, 22.7,
253, 25.8, 27.2, 28.0, 29.3, 29.4, 29.6, 31.0, 32.2, 36.7, 36.9, 39.0, 43.5, 55.1, 109.7, 1191,
121.2, 125.0, 126.5, 127.7, 128.2, 129.6, 129.7, 131.9, 135.3, 136.3, 137.5, 138.1, 138.7,
139.9, 148.4, 156.4, 159.4, 172.9, 173.0 ppm; IR Vma (neat/cm™): 3081, 3064, 2954, 2924,
2954, 1647, 1461; HRMS calcd for CaoHa60.NoNa [M+Na]™: 479.2669, found 479.2663.

The General Procedure C was applied with Ru9 CHs
(10.9 mg, 0.02 mmol, 10 mol %), 2-(o-tolyl)pyridine H3C/j
N10 (33.9 mg, 0.20 mmol, 1 equiv.), y-Oryzanol-OTf y C\\I\E‘gﬂé\
X26 (147.0 mg, 0.20 mmol, 1 equiv.), KOBz (9.6 mg, ‘QAL{I f“\ (i =

HC L\/k\( kel \\& e N
0.06 mmol, 0.3 equiv.) in replacement of KOAC, file CHs ) CHs
K>CO; (55.3 mg, 0.4 mmol, 2 equiv.) and NMP (0.4 A26 ECHs

mL, 0.5 M) at 50 °C for 72 hours. Column chromatography (Et.O/hexane, 4:6) afforded A26 as
a white solid (126.7 mg, 84%).

The product A26 was obtained as a mixture of isomers (1H-NMR ratio 79:21) matching the
isomer ratio of X26. 'H-NMR (400 MHz, CDCl;) 8 0.37 (d, J = 4.2 Hz, 1 H), 0.61 (d, J = 4.2 Hz,
1 H), 0.74-2.41 (m, 48 H), 3.58 (s, 3 H), 4.65-4.77 (m, 2 H), 6.31-6.42 (m, 1 H), 6.79-6.85 (m, 1
H), 6.92-7.00 (m, 2 H), 7.01-7.08 (m, 2 H), 7.21 (d, J= 7.2 Hz, 1 H), 7.31 (d, J = 6.8 Hz, 1 H),
7.35(, J=7.4Hz, 1H),7.42 (d, J=7.6,1.6 Hz, 1 H), 7.57 (d, J=16.0 Hz, 1 H), 8.56 (d, J =
4.8 Hz, 1 H) ppm; *C-NMR chemical shifts of the major isomer: >C-NMR (100 MHz, CDCl;) 8
15.3, 18.0, 18.3, 19.3, 20.1, 20.5, 20.9, 21.9, 22.0, 25.5, 25.8, 26.0, 26.5, 26.9, 28.1, 31.3,
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316, 32.8, 33.8, 35.0, 35.5, 36.1, 39.7, 45.3, 47.2, 47.8, 48.8, 52.2, 55.1, 80.7, 105.9, 109.1,
118.5, 120.4, 121.1, 124.8, 127.7, 127.9, 129.8, 132.1, 132.9, 134.6, 135.1, 136.3, 137.2,
139.9, 144.1, 148.5, 156.4, 156.8, 159.2, 166.7 ppm; mp 88-92 °C; IR Vumax (Neat/cm™"): 2936,
2867, 1708, 1636, 1461, 1271, 1243, 1173; HRMS calcd for Cs,Hs;O:NNa [M+Na]*: 776.5013,
found 776.5509.

~H

L

/
/ H
HOP™ X g
H3C>3 D -

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,

10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), NP P
Estradiol-OTf X27 (80.9 mg, 0.20 mmol, 1 equiv.) and K,CO; (55.3 ; LQ
mg, 0.4 mmol, 2 equiv.). Column chromatography (Et,O/hexane, 7:3) Az
afforded A27 as a white solid (82.2 mg, 97%).

CHs

'H-NMR (500 MHz, CDCl3) 8 0.76 (s, 3 H), 1.06-1.76 (m, 9 H), 1.78-1.86 (m, 1 H), 1.89-1.96
(m, 1 H), 2.03-2.21 (m, 5 H), 2.21-2.29 (m, 1 H), 2.60-2.77 (m, 2 H), 3.71 (t, J= 8.5 Hz, 1 H),
6.78-6.85 (m, 2 H), 6.92 (d, J = 8.0 Hz, 1 H), 7.03 (d, J = 8.0 Hz, 1 H), 7.09-7.14 (m, 1 H),
7.24-730(m,2H),7.34 (, J=75Hz,1H),749 (¢ J=7.5Hz,1H),865(, J=4.5Hz, 1H)
ppm; *C-NMR (125 MHz, CDCl;) 8 11.0, 20.5, 23.1, 25.9, 27.2, 29.3, 30.6, 36.7, 38.5, 43.2,
442, 50.2, 81.8, 121.2, 124.5, 125.6, 126.8, 127.6, 128.0, 129.1, 130.3, 135.8, 135.8, 136.7,
138.2, 138.7, 139.2, 141.0, 148.7, 159.8 ppm; mp decomposes above 200 °C; IR Vpax
(neat/cm™): 3327, 2927, 2868, 1594, 1462, 1424, 1055, 909; HRMS calcd for CsoHasONNa
[M+Na]™: 446.2454, found 446.2450.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 o
mol %), 2-(o-tolylpyridine N10 (33.9 mg, 0.20 mmol, 1 equiv), )
Hymechromone-OTf X28 (61.7 mg, 0.20 mmol, 1 equiv.), KOBz (9.6 mg,
0.06 mmol, 0.3 equiv.) in replacement of KOAc, and K.CO; (55.3 mg, 0.4 A28

mmol, 2 equiv.) at 50 °C for 48 hours. Column chromatography (Et,O/hexane, 1:1) afforded
A28 as an off-white solid (60.2 mg, 92%).

CHs

'"H-NMR (400 MHz, CDCl3) & 2.19 (s, 3 H), 2.37 (s, 3 H), 6.22 (s, 1 H), 6.97 (d, J = 8.0 Hz, 1
H), 7.01 (dd, J = 7.6, 1.6 Hz, 1 H), 7.09 (d, J = 1.6 Hz, 1 H), 7.12-7.17 (m, 1 H), 7.24-7.31 (m, 1
H), 7.32-7.44 (m, 3 H), 7.52 (td, J = 7.6, 1.6 Hz, 1 H), 8.63 (d, J = 4.4 Hz, 1 H) ppm; °*C-NMR
(100 MHz, CDCly) 5 18.5, 20.4, 114.6, 117.8, 118.1, 121.7, 123.6, 125.5, 125.9, 127.5, 128.3,
130.3, 136.1, 137.1, 139.2, 139.3, 145.8, 149.1, 152.2, 153.0, 158.8, 161.0 ppm; mp 70-72 °C;
IR Vmax (neat/cm™): 3061, 2922, 1716, 1614, 1387, 1162; HRMS calcd for CzH;50,N [M+H]*:
328.1332, found 328.1328.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol
%), 2-(o-tolyl)pyridine N10 (101.5 mg, 0.60 mmol, 3 equiv.), Vanillin-OTf X29 AZ9
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(56.8 mg, 0.20 mmol, 1 equiv.), KOBz (9.6 mg, 0.06 mmol, 0.3 equiv.) in replacement of KOAC,
and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) at 50 °C for 72 hours. Column chromatography
(Et.O/hexane, 1:1) afforded A29 as an off-white wax (37.6 mg, 62%).

'"H-NMR (400 MHz, CDCly) 8 2.23 (s, 3 H), 3.62 (s, 3 H), 6.97 (d, J = 8.0 Hz, 1 H), 7.04 (ddd, J
=7.6,4.8,1.2Hz, 1 H), 7.18-7.25 m, 3 H), 7.30 (d, J = 7.6 Hz, 1 H), 7.32-7.35 (m, 1 H), 7.37 (,
J=7.6Hz, 1H),7.43(d, J=17.6,1.6 Hz, 1 H), 8.53 (d, J = 4.4 Hz, 1 H), 9.89 (s, 1 H) ppm; *C-
NMR (100 MHz, CDCly)  20.5, 55.3, 108.4, 121.3, 123.8, 124.8, 127.6, 127.8, 130.2, 132.3,
135.2, 136.4, 136.5, 136.8, 137.7, 139.8, 148.6, 156.9, 159.0, 191.9 ppm; IR Vyax (neat/cm™):
3060, 3002, 2928, 2850, 2732, 1689, 1548, 1460, 1412, 1387, 1266, 1154, 1034; HRMS calcd
for CaoH150.N [M+H]": 304.1332, found 304.1321.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.),
Naltrexone-OTf X30 (94.7 mg, 0.20 mmol, 1 equiv.) and (565.3 mg, 0.4
mmol, 2 equiv.) for 48 hours. Column chromatography (CH,Cl.,/MeOH,
from 99:1 to 95:5) afforded A30 as a pale yellow wax (70.0 mg, 71%).

'"H-NMR (500 MHz, CDCl;) 8 0.17 (bs, 2 H), 0.58 (d, J = 7.5 Hz, 2 H), 0.79-0.99 (m, 2 H), 1.27-
1.43 (m, 2 H), 1.50-1.65 (m, 1 H), 1.82-1.97 (m, 1 H), 1.98-2.10 (m, 1 H), 2.17 (s, 3 H), 2.29
(dt, J = 14.5, 3.0 Hz, 1 H), 2.35-2.51 (m, 2 H), 2.52-2.64 (m, 1 H), 2.64-2.80 (m, 1 H), 2.93-
3.049 (m, 2 H), 3.12-3.35 (m, 1 H), 4.62 (s, 1 H), 6.38 (d, J = 7.8 Hz, 1 H), 6.59 (d, J = 7.8 Hz,
1 H), 6.99-7.07 (m, 2 H), 7.27 (d, J = 7.0 Hz, 1 H), 7.32-7.48 (m, 3 H), 8.56 (d, J = 4.0 Hz, 1 H)
ppm; *C-NMR (125 MHz, CDCl3) § 3.8, 4.1, 9.2, 20.4, 23.2, 30.6, 31.6, 36.1, 43.6, 50.3, 59.1,
61.8, 70.2, 89.7, 118.1, 121.1, 1226, 125.7, 127.3, 127.8, 128.0, 129.7, 131.5, 135.4, 135.5,
136.5, 139.7, 148.4, 154.6, 159.6, 208.3 ppm; IR Vma (neat/cm™): 3390, 3060, 3001, 2925,
2850, 1726, 1585, 1461, 1426, 1407; HRMS calcd for CaHsOsN,Na [M+Na]™: 515.2305,
found 515.2294. «

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

(Hsc)z'\f

mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Bufotenin-

OTf X31 (67.3 mg, 0.20 mmol, 1 equiv., for its preparation see: J. Med. HN-\/
Chem. 1996, 39, 4717-4726), and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.) A3t
for 72 hours. Column chromatography (CH,CIl,/MeOH, from 9:1 to 8:2) afforded A31 as a white
solid (55.5 mg, 78%).

'"H-NMR (400 MHz, CDCly) 8 2.20 (s, 3 H), 2.35 (s, 6 H), 2.50-2.59 (m, 2 H), 2.76-2.85 (m, 2
H), 6.82-6.92 (m, 2 H), 6.94 (dd, J = 8.4 Hz, 1 H), 7.04 (ddd, J = 7.4, 5.0, 1.2 Hz, 1 H), 7.09 (d,
J =8.4 Hz, 1 H), 7.24-7.32 (m, 2 H), 7.33-7.41 (m, 3 H), 8.33 (bs, 1 H), 8.65 (d, J = 4.0 Hz, 1
H) ppm; "*C-NMR (100 MHz, CDCl;) & 20.6, 23.2, 45.2, 59.8, 110.3, 113.9, 120.0, 121.1,
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121.9, 1241, 125.7, 126.9, 127.9, 128.2, 128.7, 132.6, 134.9, 135.8, 136.6, 139.4, 1422,
148.6, 160.2 ppm; mp 128-131 °C; IR vy (neat/cm™): 3142, 3043, 2924, 2855, 2820, 2777,
1592, 1456; HRMS calcd for Cy4H2sNsNa [M+Na]*: 378.1941, found 378.1932.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.),
Harmol-OTf X32 (66.1 mg, 0.20 mmol, 1 equiv.) and K,CO; (65.3 mg,
0.4 mmol, 2 equiv.) at 50 °C for 48 hours. Column chromatography
(EtOAC) afforded A32 as a pale yellow solid (48.9 mg, 70%).

"H-NMR (400 MHz, CDCl3) 8 2.19 (s, 3 H), 2.73 (s, 3 H), 6.92 (d, J= 8.0 Hz, 1 H), 7.01 (d, J =
8.0 Hz, 1 H), 7.05-7.11 (m, 1 H), 7.21 (s, 1 H), 7.30-7.35 (m, 2 H), 7.36-7.44 (m, 2 H), 7.73 (d,
J=52Hz, 1H),7.84(d, J=8.0Hz 1H),828(d,J=52Hz, 1H), 859 (d,J=4.4Hz 1H),
9.34 (bs, 1 H) ppm; *C-NMR (125 MHz, CDCl;) & 20.0, 20.5, 112.7, 112.8, 120.1, 120.8,
121.4, 1224, 125.7, 127.9, 128.1, 128.2, 129.6, 134.9, 135.9, 136.7, 137.7, 139.3, 140.2,
141.4, 1415, 142.2, 148.8, 159.5 ppm; mp 90-93 °C; IR Vmax (neat/om™"): 3147, 3062, 2956,
2924, 2854, 1629, 1593, 1567, 1446, 1421, 1325, 1260; HRMS calcd for C,4H1N;Na [M+NaJ':
372.1471, found 372.1466.

I
The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, \H\ o
10 mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), . } -
Ezetimibe-OTf X33 (108.3 mg, 0.20 mmol, 1 equiv.) and K,CO; (55.3 QZE//\\/\@ N
mg, 0.4 mmol, 2 equiv.). Column chromatography (Et,O/hexane, 8:2) \\/j S cre
afforded A33 as a white solid (102.0 mg, 91%). £ A

'"H-NMR (400 MHz, CDCls) & 1.76-2.05 (m, 4 H), 2.17 (s, 3 H), 2.87-3.07 (m, 2 H), 4.51 (d, J =
2.0 Hz, 1 H), 4.59-4.67 (m, 1 H), 6.86 (d, J = 8.0 Hz, 1 H), 6.91 (d, J = 8.6 Hz, 2 H), 6.99 (d, J
= 8.6 Hz, 2 H), 7.02-7.10 (m, 5 H), 7.11-7.17 (m, 2 H), 7.21-7.32 (m, 4 H), 7.33-7.43 (m, 2 H),
8.55 (d, J = 4.8 Hz, 1 H) ppm; "*C-NMR (125 MHz, CDCls) & 20.4, 25.1, 36.6, 60.1, 61.1, 72.8,
115.2 (d, J = 21.3 Hz), 115.6 (d, J = 22.5 Hz), 118.3 (d, J = 7.8 Hz), 121.4, 125.2, 125.6,
127.3, 127.3 (d, J = 7.9 Hz), 128.1, 129.7, 130.4, 133.8 (d, J = 2.6 Hz), 135.3, 135.7, 136.8,
139.1, 140.3 (d, J = 3.0 Hz), 140.4, 142.0, 148.7, 158.9 (d, J = 241.8 Hz), 159.2, 162.1 (d, J =
243.9 Hz), 167.4 ppm; *F-NMR (470 MHz, CDCl;) & -118.1, —115.0 ppm; mp 80-84 °C; IR
Vmax (N€aticm™): 3353, 3059, 2924, 2856, 1741, 1508, 1385, 1219; HRMS calcd for
CasHs002N,F;Na [M+Na]': 583.2186, found 583.2157.

OH OH

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10
mol %), 2-(o-tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), Arbutin-OTf
X34 (80.9 mg, 0.20 mmol, 1 equiv.)) and K,CO; (65.3 mg, 0.4 mmol, 2

CHs
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equiv.) for 48 hours. Column chromatography (CH,Cl./MeOH, from 97:3 to 92:8) afforded A34
as an off-white solid (74.5 mg, 88%).

'"H-NMR (400 MHz, acetone-ds) 8 2.10 (s, 3 H), 3.36-3.53 (m, 4 H), 3.57-3.74 (m, 2 H), 3.80-
3.90 (M, 1 H), 4.24 (d, J = 3.2 Hz, 1 H), 4.28-4.33 (m, 1 H), 4.53 (d, J = 3.6 Hz, 1 H), 4.89 (d, J
=7.6 Hz, 1 H), 6.84 (d, J = 8.8 Hz, 2 H), 6.93 (d, J = 8.0 Hz, 1 H), 6.98 (d, J = 8.8 Hz, 2 H),
7.19 (ddd, J=7.6,4.8, 1.2 Hz, 1 H), 7.23 (d, J= 7.6 Hz, 1 H), 7.28 (d, J = 7.6 Hz, 1 H), 7.35 (t,
J=76Hz 1H),7.58 (d, J= 7.6, 1.6 Hz, 1 H), 8.61 (d, J = 4.8 Hz, 1 H), ppm; *C-NMR (100
MHz, acetone-ds) 8 20.6, 62.6, 71.3, 74.7, 77.7, 78.0, 101.7, 116.4, 122.3, 126.3, 128.3, 128.7,
129.7,131.3, 136.4, 136.6, 137.5, 140.7, 141.5, 149.7, 157.4, 160.7 ppm; mp 85-88 °C; IR Vpax
(neat/cm™): 3358, 2923, 2854, 1511, 1460, 1231, 1072, 1045; HRMS calcd for CosH,s0sNNa
[M+Na]": 446.1574, found 446.1568.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 N o
mol %), 2-(o-tolyh)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), 5-iodo-m- o o O
xylene X38 (29.0 pL, 0.2 mmol, 1 equiv.), and K,CO; (565.3 mg, 0.4 mmol, 2 O crs
equiv.). Column chromatography (hexane/Et,O, 9:1) afforded A36 as a A3
white solid (53.0 mg, 97%).

'H-NMR (400 MHz, CDCl5) 8 2.17 (s, 6 H), 2.21 (s, 3 H), 6.73 (s, 2 H), 6, 78 (s, 1 H), 6.92 (d, J
=78Hz 1H),710 (@dd, J=7.5 51Hz, 1H), 725732 (m, 2H),7.36 (, J=7.4Hz, 1 H),
7.47 (t, J= 7.6 Hz, 1 H), 8.66 (d, J = 4.4 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) & 20.4,
211, 1211, 1255, 127.4, 127.5, 127.7, 127.9, 1291, 135.6, 136.5, 136.8, 139.2, 141.3,
141.3, 148.6, 159.7 ppm; mp 58-80 °C; IR vy (neat/cm™): 3013, 2912, 2868, 1600, 1460,

1024, 792, 748, 704; HRMS calcd for CyHxoN [M+H]": 274.1596, found 274.1583.

The purity of the Atazanavir purchased from Molekula was
assessed to be 92% by quantitative 'H-NMR with an internal
standard. The impurity was not NMR-active.

The General Procedure C was applied with Ru9 (10.9 mg,
0.02 mmol, 10 mol %), Atazanavir N1 (152.3 mg, 0.20 mmol,
1 equiv.), 5-bromo-m-xylene X37 (54.5 uL, 0.4 mmol, 2
equiv.), Ko.CO3 (82.9 mg, 0.6 mmol, 3 equiv.) and NMP (0.4 mL, 0.5 M) for 72 hours. Column
chromatography (EtOAc/hexane, 6:4) afforded B1 as an off-white solid (146.1 mg, 80%).

'H-NMR (400 MHz, CDCls) 5 0.80 (s, 9 H), 0.86 (s, 9 H), 2.14 (s, 12 H), 2.63 (dd, J = 12.0, 2.4
Hz, 1 H), 2.90-3.01 (m, 3 H), 3.56-3.71 (m, 8 H), 3.80 (d, J = 8.0 Hz, 1 H), 3.96 (d, J = 14.0 Hz,
1H),4.09 (q, J= 8.4 Hz, 1 H), 417 (d, J= 14.0 Hz, 1 H), 4.94 (bs, 1 H), 5.25 (d, J = 8.4 Hz, 1
H), 5.42 (d, J = 8.8 Hz, 1 H), 6.44-6.59 (m, 1 H), 6.67 (s, 4 H), 6.76 (s, 2 H), 6.79 (d, J = 7.6
Hz, 1 H), 6.88-6.97 (m, 2 H), 7.08-7.17 (m, 1 H), 7.18-7.25 (m, 4 H), 7.32 (td, J = 7.6, 1.2 Hz, 1
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H), 7.41 (bs, 2 H), 8.34 (d, J = 4.4 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl) 8 21.1, 26.2,
26.5, 33.8, 34.3, 38.7, 52.0, 52.3, 52.4, 61.4, 61.4, 62.5, 63.6, 67.3, 120.7, 126.2, 126.6,
127.5, 127.9, 128.2, 129.3, 129.5, 134.7, 135.7, 136.9, 138.0, 140.9, 142.2, 148.1, 156.8,
156.9, 159.0 170.6, 170.9 ppm, 1 x C not observed; mp 135-138 °C; IR Vax (neat/cm'1): 3449,
3365, 3240, 2955, 2913, 1715, 1669, 1651, 1510, 1249; HRMS calcd for Cs4HesO/NgNa
[M+Na]": 935.5042, found 935.5026.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,

/A
10 mol %), Zolimidine N2 (54.5 mg, 0.20 mmol, 1 equiv., for its CHy Q CH,
>~ N
preparation see: Chin. Chem. Lett. 2015, 26, 881-884), 5-bromo-m- O O
HaC CH,
xylene X37 (54.5 yL, 0.4 mmol, 2 equiv.)) and K,CO; (82.9 mg, 0.6 O
mmol, 3 equiv.) for 72 hours. Column chromatography (Et,O/hexane, O:fw;f .

8:2) afforded B2 as a pale yellow solid (78.8 mg, 82%).

"H-NMR (400 MHz, CDCl3) 8 2.15 (s, 12 H), 3.13 (s, 3 H), 6.60-6.69 (m, 1 H), 6.80 (s, 2 H),
6.89 (s, 4 H), 6.98 (s, 1 H), 7.02-7.10 (m, 1 H), 7.46 (d, J = 8.0 Hz, 1 H), 7.83 (d, J = 6.8 Hz, 1
H), 7.96 (s, 2 H) ppm; °C-NMR (100 MHz, CDCl) & 21.1, 44.6, 112.0, 112.3, 117.3, 124.0,
125.4, 127.2, 127.2, 128.7, 137.1, 137.4, 139.8, 139.9, 142.4, 143.9, 145.1 ppm; mp 245-248
°C: IR Vmax (Neat/cm™"): 3021, 2920, 2857, 1602, 1499, 1358, 1312, 1143; HRMS calcd for
CaoH260:N,S [M+H]": 481.1917, found 481.1929.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 e
mmol, 10 mol %), Zolpidem N3 (61.5 mg, 0.20 mmol, 1 equiv.), 5- Z//j
bromo-m-xylene X37 (54.5 uL, 0.4 mmol, 2 equiv.) and K,COs (82.9 ﬁféch 1w s

mg, 0.6 mmol, 3 equiv.) for 72 hours. Column chromatography O O CHs
(EtOAc/hexane, 4:6) afforded the title product as a light brown solid ™ O

(88.7 mg, 86%). o

'"H-NMR (400 MHz, CDCly) 8 2.11 (s, 12 H), 2.24 (s, 3 H), 2.47 (s, 3 H), 2.57 (s, 3 H), 2.79 (s,
3 H), 3.14 (s, 2 H), 6.73 (s, 2 H), 6.85 (s, 4 H), 6.90 (d, J = 9.2 Hz, 1 H), 7.26 (s, 2 H), 7.37 (d,
J=9.2Hz, 1H), 7.83 (s, 1 H) ppm; "*C-NMR (100 MHz, CDCls) 5 18.4, 21.1, 21.3, 29.1, 35.4,
37.3, 115.9, 116.2, 120.7, 122.2, 126.4, 127.3, 128.0, 128.4, 129.8, 136.7, 138.0, 141.5,
142.0,143.1, 143.7, 168.5 ppm; mp 211-213 °C; IR Vi (neat/om™"): 3023, 2919, 2861, 1647,
1599, 1395, 1377; HRMS calcd for CasHs;ONsNa [M+Na]*: 538.2829,

found 538.2818.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol,
10 mol %), Diazepam N4 (56.9 mg, 0.20 mmol, 1 equiv.), 5-iodo-m-
xylene X38 (58.0 uL, 0.4 mmol, 2 equiv.) and K,CO; (82.9 mg, 0.6
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mmol, 3 equiv.) for 72 hours. Column chromatography (Et.O/hexane, 6:4) afforded the title
product as a white solid (93.7 mg, 95%).

'"H-NMR (400 MHz, CDCly) & 2.15 (s, 6 H), 2.30 (s, 6 H), 2.90 (s, 3 H), 3.32 (d, J = 10.8 Hz, 1
H), 4.52 (d, J = 10.8 Hz, 1 H), 6.57 (bs, 2 H), 6.76 (bs, 1 H), 6.81 (d, J = 8.8 Hz, 1 H), 6.93 (bs,
1 H), 7.01-7.09 (m, 3 H), 7.15-7.21 (m, 1 H), 7.24 (dd, J = 8.8, 6.8 Hz, 1 H), 7.44-7.52 (m, 2 H)
ppm; "*C-NMR (100 MHz, CDCl) & 21.1, 21.3, 34.4, 56.0, 121.3, 127.2, 127.5, 128.0, 128.5,
128.6, 128.7, 129.0, 129.5, 130.4, 131.8, 136.7, 136.9, 137.1, 140.6, 140.9, 1412, 142.2,
142.5, 168.2, 169.1 ppm; mp 173-175 °C; IR Vay (neat/om™): 2916, 2856, 1677, 1602, 1482,
1399, 1342; HRMS calcd for Cz,H60ON,CINa [M+Na]*: 515.1861, found 515.1856.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02
mmol, 10 mol %), Diazepam N4 (56.9 mg, 0.20 mmol, 1 equiv.), 5-
iodo-m-xylene X38 (58.0 uL, 0.4 mmol, 2 equiv.), K,CO; (110.6 mg,
0.8 mmol, 4 equiv.) and NMP (0.4 mL, 0.5 M) for 72 hours. After this
time, 2-(o-tolyl)pyridine N10 (50.8 mg, 0.3 mmol, 1.5 equiv.) was

added and the reaction was stirred for additional 72 hours. Column
chromatography (EtOAc/hexane, 6:4) afforded A35 as a white solid (118.9 mg, 95%).

'"H-NMR (400 MHz, CDCly) & 2.06-2.22 (m, 9 H), 2.30 (s, 6 H), 2.78 (s, 3 H), 3.30 (d, J = 10.4
Hz, 1 H), 4.54 (d, J = 10.4 Hz, 1 H), 6.51 (bs, 2 H), 6.58 (d, J = 8.4 Hz, 1 H), 6.76 (bs, 1 H),
6.79-6.86 (M, 2 H), 6.88-6.99 (m, 2 H), 7.02 (d, J = 2.0 Hz, 1 H), 7.06-7.20 (m, 4 H), 7.30 (d, J
=7.4Hz, 1H),7.35(d, J= 7.4 Hz, 1 H), 7.40-7.50 (m, 3 H), 8.58 (bs, 1 H) ppm; '*C-NMR (100
MHz, CDCly) 5 20.4, 21.3, 34.4, 55.9, 119.1, 121.6, 125.2, 127.4, 127.6, 128.2, 128.2, 128.4,
128.4, 128.9, 129.3, 129.8, 129.8, 130.2, 132.0, 135.8, 136.7, 136.8, 136.9, 137.1, 137.3,
139.1, 139.4, 140.6, 141.0, 141.6, 141.9, 149.2, 159.2, 168.5, 170.2 ppm; mp 115-118 °C; IR
Vmax (N€at/cm™"): 2916, 2857, 1677, 1602, 1459, 1327; HRMS calcd for C44HsON;Na [M+Na]*:
648.2985, found 648.2978.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

N(CH,CH3),

mol %), Flurazepam N5 (77.6 mg, 0.20 mmol, 1 equiv.), 5-iodo-m-xylene
X38 (29.0 pL, 0.2 mmol, 1 equiv.) and K,CO; (55.3 mg, 0.4 mmol, 2 equiv.)
at 50 °C for 48 hours. Column chromatography (CH.Cl,/MeOH, from 99:1
to 95:5) afforded B5 as a pale yellow wax (90.5 mg, 92%).

NMR analysis at 25 °C shows the product as a mixture of conformers (73:27 ratio) as
determined from ""F-NMR (see, Tetrahedron 2013, 69, 10783-10795). Spectra were also
recorded at 120 °C to observe the product as a single species. 'H-NMR (500 MHz, DMSO-ds,
120 °C) § 0.69-1.10 (m, 8 H), 1.23 (3, 2 H), 2.18 (s, 6 H), 2.52-2.64 (m, 4 H), 3.18-4.40 (m, 2
H), 6.65 (bs, 2 H), 6.88 (s, 1 H), 6.92 (s, 1 H), 7.10-7.19 (m, 1 H), 7.31 (¢, J = 9.0 Hz, 1 H),
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7.47-7.61 (m, 3 H) ppm; "*C-NMR (125 MHz, CDCl,, 25 °C) & 11.9, 21.2, 29.7, 47.7, 51.0,
57.2, 114.6 (d, J = 22.0 Hz), 123.2, 125.9, 126.2 (d, J = 1.9 Hz), 126.9 (2 x C), 128.6 (d, J =
39.6 Hz), 129.0, 130.4, 130.7 (d, J = 65.1 Hz), 130.7, 137.2, 139.1, 141.2, 144.2, 157.7 (d, J =
244.8 Hz), 165.6, 166.5 ppm; "*F-NMR (470 MHz, DMSO-ds, 25 °C) & -136.6 (bs, 1F), 117.4
ppm (bs, 1F); ®F-NMR (470 MHz, DMSO-ds, 120 °C) & -116.3 (bs, 1F) ppm; IR Vimax
(neat/cm™): 2968, 2931, 1678, 1482, 1458, 1406; HRMS calcd for CxH3,ON;CIF [M+H]':
492.2212, found 492.2200.

The General Procedure C was applied with Ru9
(10.9 mg, 0.02 mmol, 10 mol %), 6-phenylpurine
riboside N6 (65.7 mg, 0.20 mmol, 1 equiv., for its
preparation see: Eur. J. Med. Chem. 2014, 85, 418—
437), 5-iodo-m-xylene X38 (58.0 uL, 0.4 mmol, 2.0
equiv) and K,CO; (82.9 mg, 0.6 mmol, 3 equiv.) at

50 °C for 48 hours. Column chromatography
(CH.CI,/MeOH, 95:5) afforded the B6 (12.1 mg, 14%) and B6-bis (64.4 mg, 60%) as pale

yellow solids.

"H-NMR (400 MHz, CDCl3) 5 2.13 (s, 6 H), 2.19 (s, 1 H), 2.64 (s, 1 H), "o
3.70-3.84 (m, 1 H), 3.96 (d, J = 12.0 Hz, 1 H), 4.34 (s, 1 H), 4.43 (d, J Ho_<;f0H
=52Hz, 1H),4.73 (dd, J=6.8 52 Hz, 1H), 551 (d, J=10.4 Hz, 1

H), 5.78 (d, J = 7.2 Hz, 1 H), 6.73 (s, 2 H), 6.76 (s, 1 H), 7.48-7.66 (m,
4 H), 7.89 (s, 1 H), 8.81 (s, 1 H) ppm; *C-NMR (125 MHz, CDCl) 3
21.2, 63.1, 72.4, 73.5, 87.8, 91.6, 127.1, 127.3, 128.4, 130.2, 130.9, 130.9, 133.4, 133.5,
137.3, 140.6, 142.1, 144.1, 149.8, 151.4, 160.4 ppm; mp 90-93 °C; IR Vumax (neat/om™"): 3331,
2922, 2855, 1599, 1586, 1502, 1456, 1391, 1332, 1212; HRMS calcd for CagH2:04Ns [M—=H]
431.1725, found 431.1721.

'"H-NMR (400 MHz, CDCl;) & 2.04 (s, 6 H), 2.07 (s, 6 H), 3.46 (bs, 1
H), 3.65 (t, J = 11.6 Hz, 1 H), 3.75-3.96 (m, 2 H), 4.22 (s, 1 H), 4.32 (d,
J=4.0Hz, 1H), 4.67-4.80 (m, 1 H), 5.46 (d, J = 10.4 Hz, 1 H), 5.68 (d,
J=6.8 Hz, 1 H), 6.61-6.80 (m, 6 H), 7.37-7.46 (m, 2 H), 7.53 (t, J= 7.6
Hz, 1 H), 7.81 (s, 1 H), 8.66 (s, 1 H) ppm; "*C-NMR (100 MHz, CDCl,)
5 21.0, 20.1, 62.8, 71.9, 73.8, 87.5, 91.2, 127.0, 127.0, 128.3, 128.4,
129.0 2 x C), 129.2, 132.5, 135.6, 136.9, 137.0, 140.5, 140.6, 142.1, 142.1, 144.1, 149.3,
150.6, 161.0 ppm; mp 130-133 °C; IR vmax (neat/cm™"): 3281, 2919, 2861, 1595, 1332, 1209,
1109, 1083, 1052; HRMS calcd for Cz,H3,0,N;Na [M+Na]*: 559.2316, found 559.2312.
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The General Procedure C was applied with Ru9
(10.9 mg, 0.02 mmol, 10 mol %), Oxaprozin
methyl ester N7 (61.5 mg, 0.20 mmol, 1 equiv.), 5-
bromo-m-xylene X37 (28.5 uL, 0.2 mmol, 1 equiv.)
and K,COj3 (565.3 mg, 0.4 mmol, 2 equiv.) at 50 °C

for 72 hours. Column  chromatography

B7 B7-bis

(Et.O/hexane, 3:7) afforded B7 as a white wax (51.9 mg, 63%) and B7-bis as a white solid
(4.1 mg, 4%).

"H-NMR (400 MHz, CDCly) 5 2.12 (s, 6 H), 2.84 (t, J = 7.6 Hz, 2 H), 3.14

@)

(t, J=7.6 Hz, 2 H), 3.72 (s, 3 H), 6.65 (s, 2 H), 6.72 (s, 1 H), 7.09-7.21 (m, ﬁome
5 H), 7.35-7.49 (m, 3 H), 7.53 (d, J = 7.2 Hz, 1 H) ppm; "*C-NMR (100 P H
MHz, CDCly) & 21.1, 23.4, 31.0, 51.9, 125.3, 126.9, 127.4, 127.5, 128.0, . Y Chis
128.1, 128.3, 128.7, 130.2, 130.7, 131.1, 134.8, 136.8, 140.6, 142.4, 87

146.0, 161.0, 172.4 ppm; IR Vs (Neat/cm™'): 2051, 2923, 2854, 1741, 1437, 1223, 1201,
1167; HRMS calcd for Cp7H250;NNa [M+Na]*: 434.1727, found 434.1725.

"H-NMR (400 MHz, CDCl3) 8 2.14 (s, 12 H), 2.76 (t, J= 7.6 Hz, 2 H),
2.99 (t, J= 7.6 Hz, 2 H), 3.68 (s, 3 H), 6.63-6.86 (m, 6 H), 6.98-7.10 o
(m, 2 H), 7.11-7.23 (m, 3 H), 7.38 (d, J= 7.2 Hz, 2 H), 7.50 (t, J= 7.6
Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl) & 21.1, 23.3, 31.3, 51.8,
124.8, 1271, 127.3, 128.0, 128.1, 128.4, 128.7, 129.1, 129.6, 133.6,
136.7, 141.1, 143.8, 146.8, 160.1, 172.3 ppm; mp 116-118 °C; IR Vpax BT-bis
(neat/cm™): 2950, 2920, 2853, 1742, 1602, 1571, 1437, 1224, 1167; HRMS calcd for
CasHasO:NNa [M+Na]*: 538.2353, found 538.2351.

The purity of the Sulfaphenazole purchased from Fluorochem was

o o o Ny
assessed to be 86% by quantitative 'H-NMR with an internal standard. S NN cH,
The impurity was not NMR-active. HZNC O O

B8 CHs

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10

mol %), Sulfaphenazole N8 (71.7 mg, 0.20 mmol, 1 equiv.), 5-bromo-m-xylene X37 (28.5 L,
0.2 mmol, 1 equiv.) and K,CO; (65.3 mg, 0.4 mmol, 2 equiv.) at 50 °C for 72 h. Column
chromatography (CH.CI,/Et,O, 9:1) afforded the title product as a pale yellow solid (72.0 mg,
86%).

'"H-NMR (400 MHz, CDCl) 8 2.23 (s, 6 H), 4.12 (bs, 2 H), 5.52 (bs, 1 H), 6.12 (d, J = 1.6 Hz, 1
H), 6.44 (d, J = 8.2 Hz, 2 H), 6.65 (s, 2 H), 6.91-6.99 (m, 2 H), 7.16 (d, J = 8.2 Hz, 2 H), 7.27-
7.34 (m, 1 H), 7.42-7.50 (m, 2 H), 7.56 (d, J = 2.0 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) &
21.3, 102.3, 113.7, 125.7, 126.4, 128.2, 128.3, 129.1, 129.4, 129.9, 130.1, 134.8, 135.1,
137.1, 137.9, 138.8, 139.9, 150.9 ppm; mp 133-135 °C; IR Vumax (neat/cm™"): 3475, 3381, 2921,
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1628, 1595, 1503, 1373, 1318, 1154; HRMS calcd for Cy3H»,0,N,NaS [M+Na]": 441.1356,
found 441.1349.

The General Procedure C was
applied with Ru9 (10.9 mg, 0.02
mmol, 10 mol %), TAZ N9 (85.9
mg, 0.20 mmol, 1 equiv.), 5-
iodo-m-xylene X38 (58.0 L, 0.4
mmol, 2 equiv.)) and K,CO;

(82.9 mg, 0.6 mmol, 3 equiv.) at

50 °C for 72 hours. Column chromatography (acetone/Et,O/hexane, 2:2:6) afforded a 88:12
mixture of B9-a:B9-b as a white solid (35.2 mg, 33%) and B9-bis as a pale yellow solid (53.6
mg, 42%).

NMR data for the major isomers: "H-NMR (400 MHz, o

CDCl;) 5 1.18 (s, 9 H), 2.07 (s,6 H), 616 (d, J=7.6 Q
Hz, 2 H), 6.35 (s, 2 H), 6.71 (s, 1 H), 6.85-6.94 (m, 2

H), 7.08 (t, J=7.4 Hz, 1 H), 712-7.18 (m, 4 H), 7.28 e vy C
(t,J=7.4Hz, 1H), 7.34-7.41 (m, 3 H), 7.53-7.58 (m, 2 5o Bob

H), 7.62 (dd, J = 8.0, 2.2 Hz, 1 H), 7.82 (d, J = 8.0 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) &
211,311, 34.7,124.1, 124.9, 125.2, 125.8, 126.5, 126.5, 127.1, 127.6, 127.8, 128.2, 128.3,
128.5,128.7, 128.8, 132.6, 133.9, 137.7, 139.6, 140.0, 142.1, 143.0, 152.6, 153.7, 155.2 ppm;
mp decomposes above 200 °C; IR Vpax (neat/cm'1): 2962, 2922, 2868, 1599, 1499, 1477,
1451, 1424; HRMS calcd for CagHagN; [M+H]™: 534.2904, found 534.2890.

3

Chs CH,

"H-NMR (400 MHz, CDCl3) 8 1.32 (s, 9 H), 2.09 (s, 12 H), 5.35 (s, 1
H), 5.37 (s, 1 H), 6.15 (s, 2 H), 6.21 (s, 2 H), 6.53 (t, J = 8.0 Hz, 2 H),
6.68-6.74 (M, 2 H), 6.86 (t, J= 7.6 Hz, 1 H), 7.12 (d, J= 2.0 Hz, 1 H),
7.34-7.40 (m, 2 H), 7.41-7.51 (m, 3 H), 7.59-7.65 (m, 2 H), 7.67-7.73
(m, 2 H), 7.84 (d, J = 8.0 Hz, 1 H) ppm; *C-NMR (100 MHz, CDCl)
5211, 31.2, 34.8, 123.2, 124.5, 124.7, 125.2, 125.6, 126.0, 126.1, mops  Chs
126.1, 126.6, 127.1, 127.4, 127.8 , 128.2, 128.5, 128.9, 131.2, 132.1, 132.8, 137.4, 137.5,
139.5, 140.1, 140.1, 141.1, 141.9, 142.9, 153.5, 154.3, 154.7 ppm; mp 240-245 °C: IR Vpax
(neat/cm™"): 3030, 2962, 2916, 2866, 1600, 1499, 1450, 1418;: HRMS calcd for CusHaeN;
[M+H]": 638.3530, found 638.3513.
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The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol %), 2-
phenylpyridine N11 (28.6 uL, 0.20 mmol, 1 equiv.), 5-iodo-m-xylene X38 (58.0 uL, 0.4 mmol, 2
equiv.) and K,CO; (82.9 mg, 0.6 mmol, 3 equiv.). Column chromatography (hexane/Et,O, 9:1)
afforded B10-bis as a white solid (69.8 mg, 96%).

The General Procedure D was applied with encapsulated Ru9 (10.9 ¢

mg, 0.02 mmol, 10 mol %), 2-phenylpyridine N11 (28.6 uL, 0.20 mmol, B10-bis

1 equiv.), 5-bromo-m-xylene X37 (565.0 uL, 0.4 mmol, 2 equiv.) and K,CO; (82.9 mg, 0.6 mmol,
3 equiv.) in EtOAc (400 uL) at 45 °C. Column chromatography (hexane/Et,O, 9:1) afforded
B10-bis as a white solid (68.3 mg, 94%).

Spectroscopic data for B10-bis matched those previously reported (J. Am. Chem. Soc. 2016
138, 3596-3606).

'"H-NMR (400 MHz, CDCly) & 2.16 (s, 12 H), 6.73 (s, 4 H), 6.78 (s, 2 H), 6.88-6.95 (m, 2 H),
7.33 (td, J = 7.6, 2.0 Hz, 1 H), 7.40-7.45 (m, 2 H), 7.49 (dd, J = 8.8, 6.4 Hz, 1 H), 8.35 (ddd, J =
4.8, 1.6, 0.8 Hz, 1 H) ppm; *C-NMR (125 MHz, CDCly) & 21.1, 120.6, 126.7, 127.6, 127.8,
127.9,129.1, 134.7, 136.9, 138.4, 141.4, 141.8, 148.1, 159.3 ppm.

The General Procedure C was applied with Ru9 (10.9 ~, ¢,
mg, 0.02 mmol, 10 mol %), 2-phenylpyridine N11 (28.6 o O
uL, 0.20 mmol, 1 equiv.), 5-chloro-m-xylene X36 (28.1 O s
mg, 0.2 mmol, 1 equiv) and K,CO; (65.3 mg, 0.4 B10 B10-bis
mmol, 2 equiv.). Column chromatography (hexane/Et,O, 9:1) afforded B10 as a clear oil (28.5
mg, 55%) and B10-bis as white solid (14.5 mg, 20%).

Spectroscopic data for B10 matched those previously reported (J. Am. Chem. Soc. 2016 138,
3596-3606).

"H-NMR (500 MHz, CDCl;) & 2.21 (s, 6 H), 6.78 (bs, 2 H), 6.87 (bs, 1 H), 6.92 -~ cx,
(dt, J=8.0,1.0 Hz, 1 H), 7.11 (ddd, J = 7.6, 4.8, 1.2 Hz, 1 H), 7.37-7.48 (m, 4 " )
H), 7.66-7.75 (m, 1 H), 8.65 (ddd, J = 4.8, 1.8, 1.0 Hz, 1 H) ppm; C-NMR (100 [ s
MHz, CDCly) & 21.2, 121.2, 125.3, 127.4, 127.5, 128.2, 128.4, 130.3, 130.4, B10
135.0, 137.4, 139.4, 140.8, 141.1, 149.2, 159.4 ppm.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 CH,
mol %), 2-arylpyridine N12 (49.5 mg, 0.20 mmol, 1 equiv.), 5-iodo-m-xylene
X38 (29.0 uL, 0.2 mmol, 1 equiv.) and K,CO3 (565.3 mg, 0.4 mmol, 2 equiv.). F
Column chromatography (hexane/Et,O, 9:1) afforded B11 as a white solid ¢
(66.1 mg, 94%).
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'"H-NMR (500 MHz, CDCly) 8 2.12 (s, 3 H), 2.14-2.23 (m, 9 H), 2.24-2.33 (m, 6 H), 6.74 (s, 2
H), 6.80 (s, 2 H), 8.36 (s, 1 H) ppm; "*C-NMR (125 MHz, CDCls) 6 11.3 (dd, J = 5.4, 2.1 Hz),
11.4 (dd, J = 5.5, 2.3 Hz), 16.1, 19.0, 21.1, 124.2 (dd, J = 19.1, 4.5 Hz), 125.0 (dd, J = 19.6,
4.8 Hz), 126.1 (dd, J = 18.9, 3.3 Hz), 126.7, 126.9 (dd, J = 19.8, 3.4 Hz), 128.3 (d, J = 1.1 Hz),
128.6, 130.3, 133.5 (d, J = 2.0 Hz), 136.8, 145.0, 149.2, 151.3 (d, J = 2.4 Hz), 153.8 (dd, J =
236.8, 1.9 Hz), 154.4 (dd, J = 237.9, 2.1 Hz) ppm; "*F-NMR (470 MHz, CDCls) 5 -124.2 (d, J =
17.9 Hz), -123.6 (d, J = 18.3 Hz) ppm; mp 109-110 °C; IR Vumax (neat/cm™): 3008, 2946, 2920,
2863, 1604, 1593, 1444, 1410, 1377, 1342, 1228, 1086; HRMS calcd for Co3HzNF, [M+H]':
352.1871, found 352.1877.

The purity of the Atazanavir purchased from Molekula
was assessed to be 92% by quantitative 'H-NMR with
an internal standard. The impurity was not NMR-active.

The purity of Trametinib purchased from Generon was
assessed to be 70% by quantitative 'H-NMR with an
internal standard. The impurity was not NMR-active.

Trametinib was further purified by centrifuging the solid

in H,O and by removing the white particles which were
not depositing at the bottom of the vial (x10 times). The purity was then assessed to be 84%

by quantitative 'H-NMR with an internal standard.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 mol %), Atazanavir
N1 (152.3 mg, 0.20 mmol, 1 equiv.), Trametinib X23 (285.4 mg, 0.4 mmol, 2 equiv.), K.CO3;
(82.9 mg, 0.6 mmol, 3 equiv.) and NMP (0.4 mL, 0.5 M) for 72 hours. Column chromatography
(acetone/hexane 6:4) afforded D1 as a pale yellow solid (218.4 mg, 65%).

'"H-NMR (400 MHz, CDCls) & 0.70-0.75 (m, 13 H), 0.83-0.95 (m, 9 H), 0.95-1.03 (m, 4 H), 1.34
(s, 7 H), 2.10 (s, 6 H), 2.62-2.70 (m, 2 H), 2.74-2.82 (m, 1 H), 2.90-2.95 (m, 2 H), 2.99-3.08 (m,
7 H), 3.57 (s, 3 H), 3.59 (s, 3 H), 3.73-3.83 (m, 2 H), 3.94 (d, J = 8.4 Hz, 1 H), 4.13-4.24 (m, 2
H), 4.29 (d, J = 14.0 Hz, 1 H), 5.03 (bs, 1 H), 6.04-6.18 (m, 2 H), 6.91-7.01 (m, 4 H), 7.02-7.10
(m, 5 H), 7.10-7.18 (m, 2 H), 7.18-7.27 (m, 4 H), 7.34 (t, J = 8.0 Hz, 2 H), 7.52 (td, J = 8.0, 1.6
Hz, 1 H), 7.64-7.69 (m, 4 H), 7.73-7.78 (m, 2 H), 8.42 (d, J = 4.8 Hz, 1 H), 8.52 (bs, 1 H), 9.39
(s, 2 H), 11.43 (s, 2 H) ppm; "*C-NMR (125 MHz, CDCly) & 8.9, 13.6, 24.3, 25.7, 26.8, 27.2,
34.3,34.4,34.8, 39.4, 52.2, 52.3, 52.7, 55.5, 62.3, 62.4, 64.7, 68.8, 90.6, 102.9, 118.2 (d, J =
20.0 Hz), 119.1, 121.2, 122.5, 124.3, 125.0, 126.8, 127.3 (d, J = 2.6 Hz), 127.5 (d, J = 11.8
Hz), 127.6, 129.0, 129.4, 130.2, 130.9, 136.3, 139.0, 139.1, 139.9, 140.7, 140.9, 141.1 (d, J =
7.3 Hz), 141.8, 146.1, 149.5, 152.1, 153.3, 155.5 (d, J = 244.1 Hz), 157.5, 157,6, 159.2, 164.0,
165.0, 169.2, 171.3, 172.3 ppm; "*F-NMR (376 MHz, CDCl;) & —127.8 ppm; mp >250 °C; IR
Vmax (N€@ticm™"): 3435, 2958, 2924, 2854, 1704, 1628, 1548, 1423, 1234; HRMS calcd for
CooHesO15N16F,Na [M+Na]*: 1701.7101, found 1701.7101.
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The General Procedure C was applied with Ru9 (10.9 mg, 0.02
mmol, 10 mol %), Zolpidem N3 (61.5 mg, 0.20 mmol, 1 equiv.),
Clozapine X13 (65.4 mg, 0.20 mmol, 1 equiv.) and K,CO; (65.3 mg,
0.40 mmol, 2 equiv.) for 144 hours. Column chromatography
(CH.CI,/MeOH, from 9:1 to 8:2) afforded D2 as a pale yellow solid
(90.9 mg, 76%).

CHs D2

'H-NMR (400 MHz, CDCl3) 8 2.29 (s, 3 H), 2.40 (s, 6 H), 2.49-2.62 (m, 4 H), 2.66 (s, 3 H), 2.75
(s,3H),3.30(s,2H),3.37-3.59 (m, 4 H), 4.86 (s,1 H),6.35(d, J=8.0Hz,1H),6.44 d, J=
8.0Hz, 1H),6.74 (d, J=8.0 Hz, 1 H), 6.94-7.04 (m, 2 H), 7.14-7.22 (m, 2 H), 7.22-7.30 (m, 3
H), 7.48-7.57 (m, 2 H), 7.85 (s, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) 8 18.5, 21.2, 29.5, 35.6,
37.2, 46.0, 47.2, 54.9, 114.5, 116.3, 119.1, 120.0, 121.1, 122.7, 122.8, 123.4, 125.5, 126.9,
127.0, 127.9, 129.9, 130.2, 130.6, 131.7, 132.2, 137.1, 137.9, 140.2, 140.2, 140.3, 143.2,
144 .3, 153 .1, 162.3, 167.6 ppm; mp decomposes at 168-171 °C; IR vyax (neat/cm'1): 3294,
2926, 2845, 2361, 2191, 1641, 1601, 1462, 1153, 907, 762; HRMS calcd for Cs7H33ON;Na
[M+Na]*: 620.3108, found 620.3108.

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 mmol, 10 N(CH,CH3)»
mol %), Flurazepam N5 (776 mg, 0.20 mmol, 1.0 equiv),
Hymechromone-OTf X28 (61.7 mg, 0.20 mmol, 1 equiv.), KOBz (9.6 mg,
0.06 mmol, 0.3 equiv.) in replacement of KOAc, and K,CO; (565.3 mg, 0.4
mmol, 2 equiv.) at 50 °C for 48 hours. Column chromatography
(CH.CI,/MeOH, from 99:1 to 97:3) afforded the title product as a white wax (98.3 mg, 90%).

NMR analysis at 25 °C shows the product as a mixture of conformers (72:28 ratio) as
determined from "*F-NMR (see, Tetrahedron 2013, 69, 10783-10795). Spectra were also
recorded at 120 °C to acquire spectra with sharper signals. 'H-NMR (500 MHz, DMSO-dg, 120
°C)950.93 (t, J=7.3Hz, 6 H), 1.38 (s, 3 H), 2.39-2.58 (m, 8 H), 3.71+4.55 (2 x bs, 2 H), 6.33-
6.43 (m, 1 H), 6.82-7.21 (m, 3 H), 7.23-7.34 (m, 1 H), 7.37-7.60 (m, 3 H), 7.61-7.73 (m, 2 H)
ppm; "*C-NMR (125 MHz, DMSO-ds, 70 °C) 8 11.8, 17.5, 30.2, 46.8, 50.2, 56.7, 114.4, 115.4
(d, J=22.0Hz), 116.1,118.4,123.7,124.5,124.7, 1256 (d, J= 15.1 Hz), 125.8, 126.9, 131.1
d, J= 9.1 Hz), 131.3, 138.7, 140.7, 141.2, 142.3, 151.1, 1521, 152.2, 159.0, 159.3 d, J =
246.4 Hz), 163.6, 165.9 ppm; "*F-NMR (470 MHz, DMSO-ds, 25 °C) 5 —-113.5 (bs, 1F), -116.6
(bs, 1F) ppm '"*F-NMR (470 MHz, DMSO-ds, 120 °C) & -116.2 (bs, 2F) ppm; IR Vpmax
(neat/cm™): 2969, 2801, 1723, 1674, 1614, 1405, 1162, 893, 798; HRMS calcd for
C31H3oCIFN;O3 [M+H]": 546.1960, found 546.1936.
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The purity of the Sulfaphenazole purchased from Fluorochem was
assessed to be 86% by quantitative 'H-NMR with an intemal o, N\/ﬁ N
standard. The impurity was not NMR-active. Q \

The General Procedure C was applied with Ru9 (10.9 mg, 0.02 D4

mmol, 10 mol %), Sulfaphenazole N8 (71.7 mg, 0.20 mmol, 1 equiv.), Br-Strychnine X20 (82.7
mg, 0.20 mmol, 1 equiv.) and K,CO; (65.3 mg, 0.4 mmol, 2 equiv.) at 50 °C for 48 hours.
Column chromatography (CH,CIl,/MeOH, from 9:1 to 8:2) afforded the title product as a white
solid (86.7 mg, 67%).

'H-NMR was recorded both on CDCl; and DMSO-ds. 'H-NMR (400 MHz, CDCl;) & 1.18-1.24
(m, 3 H), 1.64-1.88 (m, 2 H), 2.22-2.36 (m, 1 H), 2.59-2.72 (m, 1 H), 2.75-2.97 (m, 2 H), 3.07-
3.22 (m, 2 H), 3.24-3.48 (m, 1 H), 3.77 (d, J=13.6 Hz, 1 H), 3.84 (d, J=10.0 Hz, 1 H), 4.06
(dd, J=13.4, 58 Hz, 1 H), 4.13-4.4 (m, 2 H), 4.27-4.35 (m, 1 H), 5.31 (s, 3 H), 5.96-6.06 (m, 2
H), 6.50 (d, J= 8.0 Hz, 2 H), 6.61 (bs, 1 H), 7.12-7.26 (m, 3 H), 7.33-7.41 (m, 1 H), 7.44-7.57
(m, 3 H), 8.07 (d, J = 7.2 Hz, 1 H) ppm; 'H-NMR (400 MHz, DMSO-dg) 8 1.11-1.23 (m, 3 H),
1.46-1.63 (m, 1 H), 1.78-1.91 (m, 1 H), 2.15-2.26 (m, 1 H), 2.60 (dd, J = 13.2, 3.2 Hz, 1 H),
2.75-2.88 (m, 1 H), 2.90-3.04 (m, 2 H), 3.16 (bs, 1 H), 3.21-3.28 (m, 1 H), 3.66-3.80 (m, 2 H),
3.84 (d, J=10.8 Hz, 1 H), 4.01-4.13 (m, 2 H), 4.28-4.39 (m, 1 H), 5.50 (d, J = 0.8 Hz, 1 H),
5.68-6.36 (m, 3 H), 6.45-6.66 (m, 3 H), 7.23 (d, J=8.4 Hz, 1 H), 7.26-7.39 (m, 4 H), 7.43-7.50
(m, 1 H), 7.53-7.61 (m, 2 H), 7.87 (d, J = 8.0 Hz, 1 H) ppm; "*C-NMR (100 MHz, DMSO-d¢) d
252, 304, 411, 41.6, 46.9, 50.1, 50.9, 51.7, 59.6, 60.0, 63.4, 76.3, 112.5, 114.9, 121.9,
125.2, 127 .4, 128.7, 128.9, 129.1, 129.2, 130.1, 131.6, 133.9, 135.9, 1384, 138.8 (2 x C),
141.0, 152.7, 169.0 ppm, 1 C was not observed; mp > 210 °C; IR Vpax (neat/cm'1): 3399, 2917,
2851, 1660, 1594, 1481, 1382, 1136, 1107, 766, 682; HRMS calcd for CsgH3s04NgS [M]':
646.2362, found 646.2335.

10 g scale arylation reaction of 2-(o-tolyl)pyridine (N10) with Clomipramine * HCI (X12)

Ru9 (3 mol %)

PF
N/CHs_\ ®
e
Ru(MeCN),
X
| KOAG (30 mol%)
=N N KoCO3 (3 equiv.)
Cl
.
HaC H f NMP (1 M), 35 °C, 48 h
“H

N10, 1.03 equiv. X12, 1 equiv. A12 95%

In a glove box, an oven-dried 250 mL round-bottom flask equipped with a magnetic stirring bar
was charged with Ru9 (496.1 mg, 0.911 mmol, 3 mol%,), Clomipramine « HCI X12 (10.671 g,
30.374 mmol, 1.0 equiv), 2-(o-tolyl)pyridine N10 (5.294 g, 31.285 mmol, 1.03 equiv.), KOAc
(894.4 mg, 9.112 mmol, 0.3 equiv.), K;CO; (12.594 g, 91.122 mmol, 3 equiv.) and NMP (30.4
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mL, 1 M). The flask was sealed with a septa and the reaction was stirred at 35 °C for 48 hours.
Upon completion, the flask was transferred out of the glove box, the crude mixture was diluted
with Et;O (400 mL) and filtered with a short plug of Celite®. The resulting organic mixture was
washed with H,O (200 mL, %3 times) and the combined aqueous phases were extracted with
Et,O (200 mL, x2 times). The combined organic phases were acidified with HCI (1M, 200 mL)
and the aqueous layer was washed with EtOAc (150 mL, x2 times), CH.CIl, (150 mL, x4
times), and Et;O (150 mL, %2 times). Then, the aqueous phase was basified with NaOH
solution (1M, 300 mL), extracted with Et;O (200 mL, x4 times), washed with brine, dried over
MgSO,, and evaporated to dryness to afford A12 as an off-white solid (12.916 g, 95%).

"H-NMR (500 MHz, CDCls) 5 1.63-1.82 (m, 2 H), 2.16 (s, 3 H), 2.38 (s, .

CY
6 H), 2.55-2.68 (M, 2 H), 2.98-3.13 (, 4 H), 3.43 (bs, 2 H), 669 (5, 1~ ' _| "~
H), 6.80 (d, J = 8.0 Hz, 1 H), 6.85-6.98 (m, 4H), 7.04-7.15 (m, 2 H), 7 ors
715722 (m, 1 H), 7.22-7.31 (m. 2 H), 7.34 (4, J= 7.5 Hz, 1 H), 7.50 0 au
(t. J= 7.5 Hz, 1 H), 8.60 (d, J = 4.5 Hz, 1 H) ppm; “C-NMR (125 MHz, CDCls) 5 20.4, 23.7,
31.8, 31.0, 43.8, 47.5, 56.7, 119.8, 121.5, 121.6, 123.0, 123.7, 125.5, 126.5, 127.5, 128.1,
1293, 129.6, 129.6, 1313, 134.7, 136.1, 136.8, 139.0, 139.8, 140.6, 146.9, 147.5, 148.9,
159.9 ppm: mp 49-51 °C: IR Ve (neaticm™): 2021, 2855, 2765, 1593, 1584, 1490, 1460,
1404: HRMS calcd for Cs;HseNs [M+H]": 448.2747, found 448.2749.

Solvent screening for the arylation reaction of 2-(o-tolyl)pyridine (N10) with 5-bromo-m-
xylene (X37)
Ru9 (5 mol %)

PF
N,CH3_\ °
O
| N Ru(MeCN), | N cH,
N KOAc (30 mol %) N
4 Br CHy K,CO3 (2 equiv) 4
H3C + H3C
solvent (1 M), 35°C, 24 h ‘ CHs
CH,
N10 (1 equiv) X37 (1 equiv) A36

The General Procedure C was applied with Ru9 (6.5 mg, 0.01 mmol, 5 mol %), 2-(o-
tolyl)pyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), 5-bromo-m-xylene X37 (29.0 uL, 0.2 mmol,
1 equiv.), K;CO; (65.3 mg, 0.4 mmol, 2 equiv.), and the appropriate solvent (if needed, see
Table 1 below, 200 uL, 1 M) Column chromatography (hexane/Et,O, 9:1) afforded A36 as a
white solid (yield, see Table 1 below)

'H-NMR (400 MHz, CDCl3) 8 2.17 (s, 6 H), 2.21 (s, 3 H), 6.73 (s, 2 H), 6.78
(s,1H),6.92(d,J=7.8Hz,1H),7.10(dd, J=7.5,5.1 Hz, 1 H), 7.25-7.32 | :N 4
(m 2H),736( J=74Hz, 1H), 747 (, J=76Hz, 1H), 866 (, J=44 ™° O O CHy
Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) 3 20.4, 21.1, 121.1, 125.5, 127 .4, A36
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127.5, 127.7, 127.9, 129.1, 135.6, 136.5, 136.8, 139.2, 141.3, 141.3, 148.6, 159.7 ppm; mp
58-60 °C; IR Vmax (neat/cm™): 3013, 2912, 2868, 1600, 1460, 1024, 792, 748, 704; HRMS
calcd for CagHzoN [M+H]": 274.1596, found 274.1583.

entry Solvent A36 (%)
1 THF 89
2 Toluene 92
3  Gamma-valerolactone 87
4 Propylene carbonate 88
5 EtOAc 95
6 Acetone 87
7 GBL 89
8 Dioxane 87
9 No solvent 12
10 NMP 97
Table 1

The results from Table 1 indicate that cycloruthenated catalysts of formula (1) retain their
exceptional catalytic activity in a wide range of organic solvents.

Cyclometalated ruthenium(ll) catalysts screening for the arylation reaction of 2-(o-
tolyl)pyridine (N10) with 4-chloroanisole (X40)

X
| Cl [Ru] (5 mol %) | ~
ZN . =N OCHj,
KoCO3 (2 equiv)
HSC + H30
NMP (1 M), 35°C, 24 h
OCH3

N10 (1 equiv) X40 (1 equiv) A37

The General Procedure C was applied with the appropriate cyclometalated ruthenium(ll)
catalyst (0.01 mmol, 5 mol %; see Table 2 below, denoted as [Ru]: Ru1, 5.7 mg; Ru2, 6.5 mg;
Ru3, 5.7 mg; Ru4, 6.1 mg; Ru5, 5.9 mg; Ru6, 5.9 mg; Ru7, 6.3 mg; Ru8, 6.2 mg; Ru9, 5.6
mg; Ru10, 5.7 mg; Ru11, 6.0 mg; Ru12, 5.6 mg; Ru13, 5.7 mg; Ru14, 5.8 mg; Ru15, 5.6 mg;
Ru16, 5.8 mg; Ru17, 6.4 mg; Ru18, 6.2 mg; Ru19, 6.0 mg; Ru20, 6.2 mg; Ru21, 6.5 mg;
Ru22, 6.6 mg; Ru23, 6.0 mg; Ru24, 5.5 mg; Ru25, 6.0 mg; Ru26, 5.8 mg; or Ru27, 8.2 mg),
2-(o-tolyhpyridine N10 (33.9 mg, 0.20 mmol, 1 equiv.), 4-chloroanisole X40 (24.5 pL, 0.2
mmol, 1 equiv.),and K,CO; (65.3 mg, 0.4 mmol, 2 equiv.) without KOAc. Column
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chromatography (hexane/Et,O, 9:1) afforded A37 as a light yellow oil (yield, see Table 2
below).
'H-NMR (400 MHz, CDCl3) 8 2.17 (s, 3 H), 3.72 (s, 3 H), 6.68 (d, J= 8.4 Hz, 2 H), 6.89 (d, J =
7.8Hz, 1H),6.99 (d, J=84Hz, 2H),7.08-7.11 (m,1H),7.27 (d, J=5.7

5 Hz,2H), 734, J=7.5Hz, 1H),7.45-7.48 (m, 1 H), 8.64 (d, J=4.8 Hz, 1 I /\N OCH;
H) ppm; “C-NMR (75 MHz, CDCl;) & 20.5, 55.0, 113.0, 121.2, 125.5, "C O
127.5,128.0, 129.0, 130.6, 134.0, 135.8, 136.6, 139.2, 140.7, 148.8, 158.0,
159.7 ppm; IR Vmax (nNeat/cm™): 3000, 2846, 2898, 1598, 1460, 1026, 715; HRMS calcd for
C1oH1sNO [M+H]": 276.1388, found 276.1382.

A37

[Ru]
CH,PFe CHs"Te cH, CH, FFe oH, Pre | o]
J@C 3 QL J@C S v oo@ @p,
Ru(MeCN)4 Ru(MeCN)4 Ru(MeCN)4 Ru(MeCN)4 Ru( MeCsN
Ru3
CHs “PF& CH P jPFe CHs “PF&
CH s CH3 NG CH
n:CHs N-CH, NcH, NcH N 3
/ CHs RU(MeCN)s RU(MeCN), Ru( MeCsN O
CHs RU(MeCN), Ru(MeCN)
Rué Ru10
PFs PF, g “IPFs “IPFs '
N/\,ocm3 jF’Fe jPFe § 1L :
CO coe. o o |
Ru(MeCN)4 Ru MeCN)q Ru MeCN)q Ru MeCN)q U(MeCN)4CHs U(MeCN)4 :
Ru11 Ru12 Ru13 Ru14 Ru1s Ru16 ;
CHs CHs :
—PFs —PFs _\PFe CH3 P TPFe o, —PFs
3 N !
LN :
U(MeCN)4 U(MeCN)4 U(MeCN)4 \R MeCN . \Ru(MeCN) '
U(MeCN)4 u(MeCN)4 4
CH3 F :
CHs ;
Ru17 Ru18 Ru19 Ru20 Ru21 Ru22

“PFG \_\PFe OCH3 _‘PFe Z | _\PFe _\PFe
P \ N §\< @
U(MeCN)4 ;\‘ P

e |
N Ru(MeCN), ;4
Ru(MeCN), RU(MECN)s U(MeCN)4

10 LB R ] R ] R e R e
. entry [Ru] A37 (%) entry [Ru] A37 (%)
1 Ru1 63 15 Ru15 63

2 Ru2 62 16 Ru16 65
3 Ru3 65 17 Ru17 56
4 Ru4 68 18 Ru18 55
5 Rub 64 19 Ru19 59
6 Ru6 62 20 Ru20 64
7 Ru7 64 21 Ru21 56
8 Ru8 63 22 Ru22 59
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9 Ru9 64 23 Ru23 60
10 Ru10 60 24 Ru24 62
11 Ru11 55 25 Ru25 69
12 Ru12 58 26 Ru26 66
13 Ru13 61 27 Ru27 32
14 Ru14 62
Table 2

The results in Table 2 show that the ruthenium(ll) catalysts of formula (I) all display a unique
5 efficacy towards the C-H arylation of DG-containing (hetero)arenes with (hetero)aryl
(pseudo)halides.

General Procedure E: preparation of triflate-containing drug derivatives

OH oTf OTf
. ‘ K,CO; (2 equiv.)
7 DMF (0.29 M), t, 4 h W,
NO,
(1 equiv.) (1.1 equiv.)

TfO

10 A 25 mL round bottom flask equipped with a magnetic stirring bar was charged with the
appropriate phenol derivative (2.0 mmol, 1 equiv.), K,CO; (652.8 mg, 4.0 mmol, 2 equiv.) and
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DMF (7 mL, 0.29 M). The reaction mixture was stirred at room temperature for 5 min, then 4-
nitrophenyltriflate (596.6 mg, 2.2 mmol, 1.1 equiv.) was added in one portion and the reaction
was stirred for additional 4 h. Upon completion, the reaction mixture was diluted with HO (60
mL) and extracted with Et;O (3x60 mL). The intense yellow organic phases were combined
and repeatedly washed with saturated K,COj; solution and H,O until a colourless aqueous
phase was obtained. The organic phase was further washed with brine, dried over MgSO, and
evaporated to dryness. The residue was purified by column chromatography or by trituration

with a suitable solvent.

The General Procedure E was applied with &-Tocopherol

(805.3 mg, 2.0 mmol, 1 equiv.). Column chromatography
hexane/CH,Cl, (95:5) afforded &-Tocopherol-OTf X24 as
a colourless oil (802.1 mg, 75%).

'H-NMR (400 MHz, CDCl3) d 0.84-0.94 (m, 12 H), 1.01-1.68 (m, 24 H), 1.72-1.91 (m, 2 H),
2.19 (s, 3 H), 2.71-2.84 (m, 2 H), 6.83 (d, J = 2.8 Hz, 1 H), 6.88 (d, J = 2.8 Hz, 1 H) ppm; *C-
NMR (100 MHz, CDCl3) 5 16.2, 19.6, 19.7, 20.9, 22.4, 22.6, 22.7, 24.1, 24.5, 24.8, 28.0, 30.7,
327, 32.8, 37.3, 37.4, 37.4, 37.5, 39.4, 40.1, 76.8, 118.8 (q, J = 320.0 Hz), 119.1, 120.7,
121.7, 128.4, 141.5, 151.7 ppm; "*F-NMR (376 MHz, CDCl3) 8 =73.1 ppm; IR Vpax (neat/cm™):
2026, 2868, 1472, 1421, 1206, 1142; HRMS calcd for CsHsO4F5S [M+H]*: 535.3063, found
535.3063

The General Procedure E was applied with Estradiol (544.8 mg, 2.0 mmol, CHa,OH
1 equiv.). Column chromatography (hexane/CH,Cl,, 95:5) afforded t
Estradiol-OTf (X27) as a white solid (792.7 mg, 98%). T X;
'H-NMR (400 MHz, CDCls) 8 0.80 (s, 3 H), 1.14-1.62 (m, 8 H), 1.66-1.79 (m, 1 H), 1.86-2.04
(m, 2 H), 2.07-2.39 (m, 3 H), 2.84-2.97 (m, 2 H), 3.70-3.81 (m, 1 H), 6.98 (d, J = 2.4 Hz, 1 H),
7.03 (dd, J = 8.4, 2.4 Hz, 1 H), 7.35 (d, J = 8.4 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl,) 5
11.0,23.1, 26.1, 26.7, 29.5, 30.5, 36.6, 38.2,43.1, 441, 50.5, 81.7, 118.1, 118.8 (g, J = 320.0
Hz), 121.1,127.1, 139.5, 140.9, 147.4 ppm; "°F-NMR (376 MHz, CDCl3) 8 -73.0 ppm; mp 115-

118 °C; IR vpmax (neat/cm™): 3376, 2930, 2870, 1418, 1207, 1139, 919; HRMS calcd for
C19H2204CIF;S [M+CI]: 439.0963, found 439.0956.

The General Procedure E was applied with Hymechromone (352.4 mg, 2.0 o 0w 0
mmol, 1 equiv.). Column chromatography (hexane/Et,O, 9:1) afforded w
Hymechromone-OTf X28 as a white solid (548.7 mg, 89%). xze

'H-NMR (500 MHz, CDCl;) 8 2.47 (d, J = 1.3 Hz, 3 H), 6.37 (q, J = 1.4 Hz, 1 H), 7.25 (dd, J =
9.0,2.5Hz, 1 H), 7.29 (d, J = 2.5 Hz, 1 H), 7.71 (d, J = 9.0 Hz, 1 H) ppm; *C-NMR (125 MHz,
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CDCl;) 8 18.7, 110.5, 116.0, 117.4, 118.6 (q, J = 319.0 Hz), 120.0, 126.3, 150.7, 151.2, 154.1,
159.4 ppm; "*F-NMR (470 MHz, CDCls) 8 =72.6 ppm; mp 92-94 °C; IR Vmax (neat/cm™): 3053,
1747, 1608, 1429, 1419, 1241, 1207, 1138, 1112, 977; HRMS calcd for C;1HsOsF3S [M+H]":
309.0039, found 309.0036.

The General Procedure E was applied with Harmol (396.5 mg, 2.0 mmol, 1 H  Me
equiv.). Column chromatography (EtOAC/CH.Cl,, 7:3) afforded Harmol-OTf '™ [ )
X32 as a light brown solid (363.3 mg, 55%).

X32
'"H-NMR (400 MHz, CDCl3) & 2.85 (s, 3 H), 7.20 (dd, J = 8.8, 2.0 Hz, 1 H), 7.45 (d, J = 2.0 Hz,
1H),7.84 (d, J=5.2Hz, 1 H), 8.15 (d, J = 8.8 Hz, 1 H), 8.44 (d, J = 5.2 Hz, 1 H), 9.34 (bs, 1
H) ppm; *C-NMR (100 MHz, CDCls) & 20.3, 104.9, 113.0, 113.4, 118.8 (q, J = 318.7 Hz),
121.9, 123.3, 127.4, 135.5, 139.3, 140.0, 142.3, 149.1 ppm; "°F-NMR (376 MHz, CDCl;) & —
72.7 ppm; mp 184-187 °C; IR Ve (neat/cm™): 3065, 2924, 2854, 1632, 1421, 1220, 1140,
1100; HRMS calcd for C13HsO3N,F3S [M—H]: 329.0213, found 329.0209.

The General Procedure E was applied with Ezetimibe (818.9 mg, 2.0
mmol, 1 equiv.). Column chromatography (hexane/Et,O, 7:3) afforded O\j /Y©

Ezetimibe-OTf X33 as a white solid (953.0 mg, 88%). Q

'H-NMR (500 MHz, CDCly) 5 1.85-2.12 (m, 4 H), 2.27 (bs, 1 H), 3.09 ¢ o

(td, J=7.5,2.0 Hz, 1 H), 4.68 (d, J= 2.0 Hz, 1 H), 4.73 (t, J = 5.5 Hz, 1 H), 6.97 (t, J = 8.8 Hz,
2 H),7.03 (t, J = 8.8 Hz, 2 H), 7.17-7.24 (m, 2 H), 7.28-7.34 (m, 4 H), 7.42 (d, J = 8.8 Hz, 2 H)
ppm; "°C-NMR (125 MHz, CDCl5) & 25.1, 36.5, 60.3, 60.5, 73.1, 115.4 (d, J = 21.3 Hz), 116.0
d, J = 22.5 Hz), 18.3 (d, J = 7.5 Hz), 118.6 (g, J = 318.8 Hz), 122.4, 127.3 (d, J = 8.8 Hz),
127.7,133.4 (d, J = 3.8 Hz), 138.2, 139.9 (d, J = 3.8 Hz), 149.3, 159.1 (d, J = 242.5 Hz), 162.2
(d, J = 245.0 Hz), 166.8 ppm; *F-NMR (470 MHz, CDCls) 5 —117.4, —114.7, =72.8 ppm: mp
48-51 °C: IR Vmax (Neat/iom™"): 3433, 2922, 1745, 1509, 1421, 1216, 1139; HRMS calcd for
CasH200sNFsNaS [M+Na]': 564.0875, found 564.0874.

The General Procedure E was applied with Arbutin (544.5 mg, 2.0 mmol,
1 equiv.). After removing the volatile under reduced pressure, the residue O b\/
was triturated in CHCI;. The insoluble material was filtered and washed
with CHCI3 to afford Arbutin-OTf X34 as a white solid (477.1 mg, 59%).

X34

"H-NMR (400 MHz, acetone-ds) & 3.42-3.61 (m, 4 H), 3.71 (dd, J = 9.4, 4.4 Hz, 1 H), 3.89 (dd,
J=9.4,2.0Hz, 1H),4.29 (bs, 4 H), 502 (d, J=6.0 Hz, 1 H), 7.23 (d, J = 7.2 Hz, 2 H), 7.37 (d,
J = 7.2 Hz, 2 H) ppm; *C-NMR (100 MHz, acetone-ds) 8 62.5, 71.2, 74.6, 77.8, 77.9, 102.0,
118.8, 119.6 (q, J = 254.0 Hz), 123.3, 144.9, 158.5 ppm; "*F-NMR (376 MHz, CDCl,) & -74.1
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ppm; mp 129-132 °C; IR vpnax (Neat/cm™): 3352, 2889, 1499, 1418, 1210, 1138, 1071; HRMS
caled for Cy3H504CIF;S [M+CI] = 439.0083, found 439.0085.

General Procedure F: preparation of triflate-containing drug derivatives
oTf

O O, i
Oy /" 0O DIPEA (2.5 equiv.) , \
+ /S\O/S\ }
FiC CF; CH4Cl, (0.08 M), N/

-78°C,1h

OH HO
(et ]@\/H I Ho-Qﬂ
= N
= H,CO Y\/\/\)\CHs
w ! HaCd

f

OT; TfO.
f \ _ H,CO WCH3
\ = o H,CO

5  An oven-dried 25 mL Schlenk vial equipped with a magnetic stirring bar was charged with the

appropriate phenol derivative (1.0 mmol, 1 equiv.), sealed with a septum, and evacuated and
back-filled with N, three times. The vial was cooled to -78 °C, then anhydrous CH,Cl, (12.5 mL,
0.08 M) and anhydrous DIPEA (435 uL, 2.5 mmol, 2.5 equiv.) were added. Triflic anhydride

(202 L, 1.2 mmol, 1.2 equiv.) was added dropwise over 5 min and the reaction was stirred at -

10 78 °C for 1 h. After this time, the mixture was allowed to warm up to room temperature, then it

15

20

was carefully poured in mixture of saturated NH,CI solution (50 mL) and Et,O (50 mL). The
organic phase was separated, and the aqueous phase was further extracted with Et,O (50
mL). The combined organic phases were dried over MgSO,, evaporated to dryness and the

residue was purified by column chromatography.

The General Procedure F was applied with Capsaicin (305.4 4

H CHg
mg, 1.0 mmol, 1 equiv.)). Column chromatography H3COj©\/NM)\CH3
(CH.CIL/Et,O, 95:5) afforded Capsaicin-OTf X25 as a white ©
solid (223.1 mg, 51%).

X25

NMR analysis shows the product as a mixture of two amide isomers: 'H-NMR (400 MHz,
CDCI;) 6 0.79-1.03 (m, 6 H), 1.07-1.57 (m, 5 H), 1.59-1.76 (m, 2 H), 1.89-2.12 (m, 1 H), 2.14-
2.30 (m, 2 H), 3.90 (s, 3 H), 4.43 (d, J=6.0 Hz, 2 H), 5.20-5.46 (m, 1 H), 5.74-5.98 (m, 1 H),
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6.86 (d, J = 8.0 Hz, 1 H), 6.97 (s, 1 H), 7.16 (d, J = 8.0 Hz, 1 H) ppm; *C-NMR (100 MHz,
CDCly) 8 22.6, 25.2, 25.7, 27.2, 27.9, 29.3, 29.3, 29.6, 30.9, 32.2, 36.6, 36.7, 38.9, 43.0, 56.2,
112.6, 118.7 (g, J = 320.0 Hz), 119.8, 122.4, 126.3, 137.9, 138.1, 140.3, 151.5, 173.0, 173.1
ppm; *F-NMR (376 MHz, CDCly) 8 —=73.9 ppm; mp 56-58 °C; IR Vynax (neat/cm™"): 3292, 2957,
2929, 2866, 1647, 1505, 1422, 1209, 1142, 1109; HRMS calcd for CqoHz;OsNF5S [M+H]':
438.1557, found 438.1543.

The General Procedure F was applied with y-Oryzanol o CH,
6029 mg, 1.0 mmol, 1 equiv). Column T°© 7 %\ Tk,
chromatography (hexane/Et,O, 9:1) afforded y- ™ MGk U CHy

CH;
Oryzanol-OTf X26 as a white solid (676.2 mg, 92%). X26

The product X26 was obtained as a mixture of isomers (1H-NMR ratio 79:21) matching the
isomer ratio of y-Oryzanol (purchased from TCI). 'H-NMR (500 MHz, CDCl;) 6 0.38 (d, J=4.0
Hz, 1 H), 0.62 (d, J = 4.0 Hz, 1 H), 0.74-2.45 (m, 45 H), 3.94-3.99 (m, 3 H), 4.65-4.77 (m, 2 H),
6.39-6.47 (m, 1 H), 7.11-7.19 (m, 2 H), 7.24 (d, J = 8.5 Hz, 1 H), 7.62 (d, J = 16.0 Hz, 1 H)
ppm; "*C-NMR chemical shifts of the major isomer; >C-NMR (125 MHz, CDCl,) d 15.3, 18.0,
18.3, 19.3, 20.2, 20.9, 21.9, 22.0, 25.5, 25.8, 25.9, 26.5, 26.9, 28.1, 29.8, 31.3, 31.6, 32.8,
33.8, 35.0, 35.5, 36.1, 39.7, 47.2, 47.8, 48.8, 52.2, 56.3, 81.1, 105.9, 1119, 118.7 (q, J =
318.8 Hz), 120.9, 120.9, 122.8, 135.8, 139.6, 142.4, 151.6, 156.9, 166.2 ppm; '*F-NMR (470
MHz, CDCls) 8 —73.8 ppm; mp 150-153 °C; IR vinax (N€at/cm™): 2940, 2869, 1709, 1424, 1208,
1175, 1141, 1109; HRMS calcd for C41HssO7NsF3S [M+H]": 735.3901, found 735.3875.

Preparation of triflate-containing drug derivative Naltrexone-OTf (X30)

TfO
DMAP (5 mol%)
DIPEA (3 equiv.) g
R N G NI
on,
O
(1 equiv., 1.0 mmol) (1.1 equiv.) X30, 71%

An oven-dried 25 mL Schlenk vial equipped with a magnetic stirring bar was charged with
Naltrexone « HCI (377.9 mg, 1.0 mmol, 1 equiv.) and DMAP (6.1 mg, 0.05 mmol, 5 mol%). The
vial was sealed with a septum, evacuated and back-filled with N, three times, cooled to 0 °C,
and anhydrous CH,Cl, (12.5 ml, 0.08 M) and anhydrous DIPEA (523 pL, 3.0 mmol, 3 equiv.)
were added via syringe. Under a positive flow of N,, phenylbis(trifluoromethanesulfonimide)
(393.0 mg, 1.1 mmol, 1.1 equiv.) was added. The mixture was stirred at 0 °C for 2 h and then
at room temperature for additional 16 h. After this time, the reaction was diluted with 50 mL of
Et,O and washed with 7% NH,OH solution (2x20 mL). The combined organic phases were

further washed with K,CO; (2 M) until disappearance of phenylbis(trifluoromethanesulfonimide)
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(10%x20 mL). The organic phase was dried over MgSO, and evaporated to dryness to afford
Naltrexone-OTf X30 as a colourless film (336.2 mg, 71%).

'H-NMR (500 MHz, CDCls) 5 0.11-0.21 (m, 2 H), 0.53-0.63 (m, 2 H), 0.82-0.93 (m, 1 H), 1.54
(dd, J=13.0, 3.0 Hz, 1 H), 1.60 (td, J = 14.0, 3.5 Hz, 1 H), 1.93 (ddd, J = 13.5, 5.3, 3.0 Hz, 1
H), 2.09 (td, J = 12.5, 4.0 Hz, 1 H), 2.34 (dt, J = 14.5, 3.3 Hz, 1 H), 2.42 (d, J = 6.5 Hz, 2 H),
2.47 (td, J = 12.5, 5.5 Hz, 1 H), 2.63 (dd, J = 19.0, 6.0 Hz, 1 H), 2.74 (dd, J = 12.0, 5.0 Hz, 1
H), 3.04 (td, J = 14.5, 5.0 Hz, 1 H), 3.12 (d, J = 19.0 Hz, 1 H), 3.23 (d, J = 6.0 Hz, 1 H), 4.80
(s, 1H), 517 (bs, 1 H), 6.73 (d, J = 8.3 Hz, 1 H), 7.01 (d, J = 8.3 Hz, 1 H) ppm; "*C-NMR (125
MHz, CDCl;) 3 3.8, 4.0, 9.3, 23.0, 30.8, 31.3, 36.0, 43.2, 50.9, 59.2, 61.7, 69.8, 91.4, 118.6 (q,
J = 318.9 Hz), 119.8, 122.7, 131.2, 131.6, 133.3, 147.7, 206.3 ppm; '°F-NMR (470 MHz,
CDCly) 8 -73.1 ppm; IR Vmax (Neat/cm™"): 30068, 2928, 2829, 1730, 1450, 1423, 1221, 1140:
HRMS calcd for CpiHasOgNF5S [M+H]': 474.1193, found 474.1180.

Preparation of the natural product derivative Br-Strychnine (X20)

Br, (1.1 equiv.)
AcOH (0.1 M),
10 °C to rt, 30 min

(1 equiv., 4 mmol) X20, 73%
In a 100 mL round-bottom flask equipped with a magnetic stirring bar, Strychnine (1.338 g, 4.0
mmol, 1 equiv.) was stirred in AcOH (40 mL, 0.1 M) until complete dissolution. Then the
mixture was cooled to 10 °C and bromine (226 L, 4.4 mmol, 1.1 equiv.) was added dropwise
over 5 min. Terminated the addition, the cooling bath was removed and the stirring was
continued for additional 20 min. After this time, the reaction crude was carefully poured in a
vigorously stirred mixture composed by saturated K,CO; solution (200 mL), saturated Na,S,0;
solution (200 mL), ice (200 g) and EtOAc (200 mL). The mixture was stirred for 10 minutes, the
organic layer separated, and the aqueous phase further extracted with 100 mL of EtOAc. The
combined organic phases were dried over MgSO,, evaporated to dryness, and the residue
was purified by column chromatography (CH,Cl,/MeOH, from 99:1 to 94:6) affording the title
compound as a white solid. Br-Strychnine was further purified by slow recrystallization from
MeOH (1.21 g, 73%). After purification, Br-Strychnine X20 must be stored under inert

atmosphere as an impurity that makes it unsuitable for the arylation process quickly develops.

'"H-NMR (400 MHz, CDCly) & 1.25 (dt, J = 10.4, 3.2 Hz, 1 H), 1.45 (d, J = 14.4 Hz, 1 H), 1.81-
1.94 (m, 2 H), 2.36 (dt, J= 14.4, 4.4 Hz, 1 H), 2.64 (dd, J = 17.6, 3.2 Hz, 1 H), 2.72 (d, J = 14.8
Hz, 1 H), 2.79-2.92 (m, 1 H), 3.06-3.17 (m, 2 H), 3.18-3.26 (m, 1 H), 3.69 (d, J = 14.8 Hz, 1 H),
3.83-3.93 (M, 2 H), 4.04 (dd, J=13.8,6.0 Hz, 1 H), 4.14 (dd, J = 13.8, 6.8 Hz, 1 H), 4.28 (dt, J
=8.4,3.2Hz, 1H),5.91(t J=5.8Hz 1H),7.24 (d, J= 2.0 Hz, 1 H), 7.34 (dd, J = 8.4, 2.0 Hz,
1H), 7.96 (d, J = 8.4 Hz, 1 H) ppm; "*C-NMR (100 MHz, CDCl;) 5 26.8, 31.4, 42.3, 42.7, 48.0,
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50.2, 51.8, 52.5,60.2,60.3,64.5,77.4,116.5,117.6, 125.5, 127.6, 131.4, 135.0, 139.9, 141.3,
169.3 ppm; mp decomposes above 200 °C; IR vyax (neat/cm'1): 2948, 2902, 2860, 1668, 1470,
1379, 1103; HRMS calcd for C,1Hx0,N,Br [M+H]™: 413.0859, found 413.0866.

General Procedure G: preparation of methyl ester derivatives

O K,COj3 (2 equiv.) O
<:}_4gH +  CH4l DMF (0.5 M), <:}_4g0H
40°C,16h 3
(1 equiv.) (1.2 equiv.)

O CH,
OCH54 0
o)
oy (S O
o) o \_N
OCH,4 N7 © Qil’
5 O Chy

In a 25 mL round-bottom flask equipped with a magnetic stirring bar, the appropriate carboxylic
acid derivative (2.0 mmol, 1 equiv.), K.CO; (5652.8 mg, 4.0 mmol, 2 equiv.) and DMF (4 mL, 0.5
M) were added. Then, methyl iodide (149 uL, 2.4 mmol, 1.2 equiv.)) was added and the
reaction mixture was heated at 40 °C for 16 h. Upon completion, the reaction crude was
10  diluted with H,O (30 mL) and Et,O (30 mL). The organic phase was washed with H,O (3x20
mL), saturated K,CO; (3%x20 mL), brine (30 mL), dried over MgSO,, and evaporated to dryness

to afford the desired methyl ester derivative.

The General Procedure G was applied with Indometacin (715.6 mg, 2.0 OCH3

mmol, 1 equiv.). Indometacin methyl ester X3 was obtained as a pale “ g
15  vyellow solid (699.0 mg, 94%). Qr“ & ©
'H-NMR (400 MHz, CDCl3) 8 2.40 (s, 3 H), 3.68 (s, 2 H), 3.72 (s, 3 H),
3.85(s,3H),6.68 (dd, J=9.2,24Hz,1H),6.87 (d, J=9.2 Hz, 1H), 6.97
(d, J=24Hz, 1 H), 7.48 (d, J = 8.4 Hz, 2 H), 7.67 (d, J = 8.4 Hz, 2 H) ppm; "*C-NMR (100
MHz, CDCl,) 6 13.3, 30.1, 52.1, 55.7, 101.3, 111.6, 112.5, 114.9, 129.1, 130.6, 130.7, 131.1,
20 133.8, 135.9, 139.2, 156.0, 168.2, 171.3 ppm; mp 86-87 °C; IR Vyax (Neat/cm™): 3124, 2961,
2830, 1731, 11667, 1363, 1167, 913, 751; HRMS calcd for C,oHs0O4NCI [M+H]*: 372.0996,

found 372.0997.

O Ch,

X3
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The General Procedure G was applied with Oxaprozin (586.6 mg, 2.0 0
0]
mmol, 1 equiv.). Oxaprozin methyl ester N7 was obtained as a pale Q \WOC%
yellow solid (596.3 mg, 97%). O
N7

'"H-NMR (400 MHz, CDCly) 8 2.93 (t, J = 7.6 Hz, 2 H), 3.21 (t, J = 7.6 Hz,

5 2H),3.75 (s, 3 H), 7.29-7.42 (m, 6 H), 7.59 (d, J = 6.4 Hz, 2 H), 7.65 (t, J = 6.8 Hz, 2 H) ppm;
BC-NMR (100 MHz, CDCly) & 23.6, 30.9, 51.9, 126.5, 127.9, 128.1, 128.5, 128.6, 128.6,
129.0, 132.5, 135.2, 145.4, 161.7, 172.5 ppm; mp 58-60 °C; IR Vyax (Neat/cm™"): 3059, 2951,
1738, 1437, 1169; HRMS calcd for C1gH;505N [M+H]": 308.1281, found 308.1277.

10 Identification of the key bis-cyclometalated Ru(ll) intermediate iii described in Scheme 2

Me —IPFG Me —IPFG Me
Me | N Me | N Me | x
AN GCeDg / NMP 2N 2N %fs ((3300 eﬁ‘fj/v)) \% .
C mol % e )
E Ru(MeCN)g4 — s E Ru(L)4 + F .
25 G CgDg / NMP, 80 °C e N
With time (0-180 min) i
Me F Me' F Me F l
Me Me Me Me
Ru22 (1.0 equiv) Ru22-a (1.0 equiv) L22 (1.05 equiv) Ru22-bis
L = MeCN or NMP
Me,
(] ©
Me _\ Me _l |
Me N Me e
2 N\ P N\ Me
E Ru(L)sl F Ru(L)4 X38 (2.5 equiv)
+ + -
CgDg/ NMP, 25 °C
Me F Me F With time (3-600 min)
Me Me
Ru22-b Ru22-a B
L = MeCN or NMP L = MeCN or NMP (100 % conversion)

An oven dried NMR tube equipped with J. Young valve was transferred to a glove box, then

15 Ru22 (16.4 mg, 0.025 mmol, 1 equiv.), 2-arylpyridine L22 (6.5 mg, 1.05 equiv.), K,CO; (10.4
mg, 3 equiv.), KOAc (0.7 mg, 0.3 equiv.), benzene-ds (400 puL) and NMP (100 pL) were added.
The tube was transferred out of the glove and analysed by NMR (time= 0 min). Then, it was
placed in oil bath at 80 °C where it was periodically shaken. At 20, 40, 80, and 180 min the
tube was removed from the oil bath just for the time needed for acquiring the NMR data. A

20  change in colour from yellow/orange to deep red is associated with the formation of Ru22-bis.
After this time, the tube was brought inside a glove and 5-iodo-m-xylene X38 (9 uL, 2.5 equiv.)
was added. Finally, the tube was transferred out of the glove box and the reaction was
monitored at 3, 20, 60, 100, 260 and 600 min by NMR at 25 °C.

25  The reaction of cyclometalated complex Ru22 with 2-arylpyridine L22 was followed by 'H and "°F
NMRs (see Figure 1b). A rapid ligand exchange took place at room temperature between the
acetonitrile ligands of Ru22 and NMP to produce Ru22-a (Figure 1b, spectra a-c). After 180 min
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at 80 °C, Ru22/Ru22-a had quantitatively reacted with L22 forming the bis-cyclometalated Ru(ll)
species Ru22-bis. Then, 5-iodo-m-xylene X38 was added and the reaction was monitored at 25
°C. Over 600 min, Ru22-bis quantitatively reacted with X38 forming arylated product B11, along
with the cyclometalated complexes Ru22-a and Ru22-b deriving from reductive elimination. This

experiment provides evidence that the catalytic cycle reported in Scheme 2 is, indeed, operating.

Figure 1b shows 'H NMR and "*F NMR expansions of the diagnostic area of the NMR spectra of:
(a) Ru22 in acetonitrile-ds; (b) A freshly prepared sample of Ru22 in 400 uL benzene-ds + 100 uL
NMP showing the formation of Ru22-a likely due to ligand exchange of MeCN ligand(s) with NMP
solvent; (¢) Ru22 after 12 hours at 25 °C in 400 uL benzene-ds + 100 yL NMP showing a different
ratio between Ru22 and Ru22-a with respect that present in (b); (d) L22 in 400 uL benzene-ds +
100 uL NMP; (Time 0-180 min) Reaction between Ru22/Ru22-a and L22 showing the formation
of Ru22-bis. The relative intensity of the NMR peaks of Ru22/Ru22-a and L22are due to partial
solubility of Ru22/Ru22-a in the solvent system; (Time 3-600 min) Reaction between Ru22-bis
and X38 showing the formation of B11, Ru22-a and Ru22-b; (e) B11 in 400 pL benzene-ds +
100 L NMP; (H A freshly prepared sample of Ru22 + Kl (excess) in 400 uL benzene-dg + 100 uL
NMP. Ru22-b was instantaneously formed after the addition of KI. The NMR samples (a)-(f) were
prepared in a glove box using NMR tubes equipped with J. Young valves and their spectra are

displayed in Figure 1b for clarity.

Preparation of the bis-cycloruthenated intermediate Ru22-bis described in Figure 1a

Me
Me PFg Me
M _| M Me F
e x e _ Me
| /N\ | _N §6(203 (()35equi\{.) Me F F | :
- RUMeCN);  + - ¢ (0.5 equiv.) . Me = """}'"R“'\‘\\;j\l Me
= —
benzene/NMP (19:1) (0.05M) =N I \\Me
80°C,18h Me™ “Me N
Me F Me' F |||
Me Me Me
Ru22 (1.0 equiv) L22 (1.1 equiv.) Ru22-bis, 72%

An oven dried crimp-cap microwave vial equipped with a stirring bar was transferred to a glove
box, then Ru22 (65.7 mg, 0.1 mmol, 1 equiv.), 2-arylpyridine L22 (27.2 mg, 0.11 mmol, 1.1
equiv.), K.CO; (41.5 mg, 0.3 mmol, 3 equiv.), KOAc (4.9 mg, 0.05 mmol, 0.5 equiv.), benzene
(1.9 mL) and NMP (0.1 mL) were added. The vial was placed in a heating block at 80 °C and
stirred for 18 h. Upon completion, the reaction crude was diluted with benzene and filtered
through a short plug of Celite®. The solution was concentrated under reduced pressure and the
resulting residue was redissolved in a minimum amount of benzene. Ru22-bis was
precipitated after the addition pentane as a deep red solid (48.7 mg, 72%). Ru22-bis must be

kept in a glove box as it quickly decomposes if exposed to air.
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'H-NMR (500 MHz, CgDg) 8 0.59 (s, 6 H), 1.84 (s, 6 H), 2.01 (s, 6H), 2.06 (s, 6 H), 2.10 (s, 6
H), 8.56 (s, 2 H), 9.30 (s, 2 H) ppm; ">C-NMR (125 MHz, C¢Ds) 8 10.9 (dd, J = 7.1 Hz), 11.8-
11.9 (m), 16.7, 19.4, 114.1 (dd, J = 20.4, 3.4 Hz), 122.4 (dd, J = 26.6, 4.8 Hz), 123.4 (d, J =
22.3 Hz), 127.4,133.3 (dd, J = 21.6, 4.9 Hz), 142.0,149.5 (d, J = 41.3 Hz), 151.2,156.6 (d, J
= 246.1 Hz), 165.1 (d, J = 7.6 Hz), 167.6 (d, J = 222.8 Hz), 170.3 (d, J = 54.4 Hz) ppm (Me
group of the MeCN ligand is missing due to an upfield shift); “F.NMR (376 MHz, CgDg) 0
-124.2 (d, J=23.3 Hz), -123.6 (d, J = 23.3 Hz) ppm.

Preparation of 2-arylpyridine L22

F Me
Me o AlCl; (2.4 equiv) M€ o
+
M Me)j\CI neat, M
e 60 °C to 95 °C e
F
(28 mmol, 1 equiv.) (1.5 equiv.) 80%

A 50 mL Schlenk flask equipped with a magnetic stirring bar was charged with 1,4-difluoro-2,3-
dimethylbenzene (3.98 g, 28 mmol, 1 equiv.) and AICl; (8.96 g, 67.2 mmol, 2.4 equiv.). The
reaction was heated at 60 °C under vigorous stirring and acetyl chloride (3.0 mL, 42 mmol, 1.5
equiv.) was slowly added via syringe over 5 min. Then, the mixture was heated at 95 °C and
the progression of the reaction was monitored by GC-MS. At complete conversion (about 2 h)
the mixture was slowly poured onto a mixture of ice (200 g) and H,O (200 mL). The aqueous
phase was extracted with Et,O, dried over MgSO, and evaporated to dryness. The residue
was purified by column chromatography (hexane/Et;O, 9:1) affording the desired

acetophenone derivative as a pale yellow oil (4.13 g, 80%).

"H-NMR (500 MHz, CDCly) & 2.21-2.26 (m, 6 H), 2.59-2.64 (m, 3 H), 7.35 (dd, J

= 9.5, 6.0 Hz, 1 H) ppm; "*C-NMR (125 MHz, CDCly) & 11.2 (dd, J = 6.5, 2.0 Hz), Me o
11.7 (dd, J = 4.5, 2.0 Hz), 31.3 (d, J = 8.3 Hz), 112.7 (dd, J = 26.9, 3.6 Hz), Meﬁ
123.6 (dd, J = 17.0, 6.9 Hz), 126.7 (dd, J = 20.3, 4.1 Hz), 131.4 (dd, J = 18.5,

5.3 Hz), 156.4 (dd, J = 246.8, 2.0 Hz), 156.8 (dd, J = 239.6, 2.0 Hz), 195.0 (dd, J = 3.5, 1.1 Hz)
ppm; "*F-NMR (470 MHz, CDCl;) & —~121.0 (d, J = 18.8 Hz), ~117.6 (d, J = 18.8 Hz) ppm; IR
Vmax (neat/cm™): 3006, 2932, 1684, 1625, 1473, 1416, 1361, 1322, 1286, 1237, 1192, 1088;
HRMS calcd for C1oH14OF, [M+H]'*: 185.0772, found 185.0772.



WO 2019/215426 PCT/GB2019/051226

10

15

20

25

30

77
Me
Me WO Me

F Me F oo, (\j (2 equiv.) E N Me

Me o 1,(1.025 equiv.)y Me N NH,OAc (4 equiv.) Ve -
pyridine, : formamide, N

Me 80°C, 16 h Me 80°C,16 h

£ £ Me

(1 equiv.) F L22, 58%

A 50 mL round-bottom flask equipped with a magnetic stirring bar was charged with 1-(2,5-
difluoro-34-dimethylphenyl)ethan-1-one (2.58 g, 14 mmol, 1 equiv.) and dry pyridine (3.5 mL, 4
M). A solution of lodine (3.64 g, 14.35 mmol, 1.025 equiv.) in dry pyridine (5.6 mL, 2.56 M) was
added and the mixture was stirred at 80 °C for 16 h. Upon completion, the reaction was cooled
to room temperature. The precipitate was filtered, washed once with pyridine, diethyl ether,
dried under vacuum and recrystallized from boiling ethanol. The corresponding pyridinium
derivative was obtained as light brown powder, dried under vacuum and directly employed in
the next step. A 100 mL round-bottom flask equipped with a magnetic stirring bar was loaded
with the pyridinium salt (4.8 g, 12.38 mmol, 1 equiv.), ammonium acetate (3.82 g, 49.52 mmol,
4 equiv.), tiglic aldehyde (2.48 mL, 24.76 mmol, 2 equiv.), formamide (31 mL, 0.4 M) and
heated at 80 °C for 16 h. After this time, the mixture was cooled to room temperature and
extracted with Et,O (3150 mL). The ethereal phases were united, evaporated to dryness, and
the residue was purified by column chromatography (hexane/Et,O, 85:15) affording L22 as a
colourless solid (2.01 g, 58% over 2 steps).

"H-NMR (500 MHz, CDCl3) 8 2.24 (d, J = 2.0 Hz, 3 H), 2.26 (d, J = 2.5 Hz, 3 H), Me
2.29 (s, 3H), 2.33 (s, 3 H), 7.46 (dd, J=10.5,6.5 Hz, 1 H), 7.55 (d, J=2.0 Hz, 1 "* S
=N

H), 8.42 (s, 1 H) ppm; *C-NMR (125 MHz, CDCl;) & 11.3 (dd, J = 4.6, 2.0 Hz),
11.4 (dd, J = 6.5, 2.3 Hz), 16.2, 19.4, 113.3 (dd, J = 26.9, 4.0 Hz), 125.1 (d, J =
9.3 Hz), 125.3-125.9 (m, 3 C), 131.2, 145.9, 149.9, 150.7, 154.4 (dd, J = 240.9,
2.1 Hz), 157.1 (dd, J = 237.5, 2.1 Hz) ppm; "*F-NMR (470 MHz, CDCl;) 5 —125.8 L22
(d, J = 18.3 Hz), ~122.3 (d, J = 19.3 Hz) ppm; mp 105-109 °C; IR Vyax (neat/cm™"): 2994, 2921,
2854, 1594, 1557, 1489, 1467, 1442, 1417, 1236, 1193, 1083; HRMS calcd for CysHisNF,
[M+H]": 248.1245, found 248.1240.

Comparison of the catalytic activity of cyclometalated ruthenium(ll) catalysts and
ruthenium-catalysts cym-Ru1 and cym-Ru2

The rate of the reaction catalysed by Ru16 and KOAc¢ was compared to that of cym-Ru1 and
cym-Ru2, which are the most widely employed state-of-the-art ruthenium-catalysts (for
examples see: Adv. Organomet. Chem. 2017, 67, 299-399; ACS Catal. 2017, 7, 5721-5745).
Particularly, the C-H arylation of 2-phenylpyridine N11 with 5-iodo-m-xylene X38 was
monitored over time at 35 °C (see Table 3 below and Figure 2). Remarkably, while the
cyclometalated Ru16 catalyst afforded a combined yield of 89% of mono (B10) and diarylated

(B10-bis) adducts in 420 min, cym-Ru1 and cym-Ru1 were essentially inactive. These results
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demonstrate that cycloruthenated catalysts of formula (I) possess a far superior catalytic
activity than the commonly employed Ru(ll) species like cym-Ru1 or cym-Ru2, enabling

reactivity to occur at unprecedentedly low temperatures.

.......................................................................................

E Me P!
: o Me = o
1 N 7/ iPr H
! Me { JRu_ ! 2N :
. o O Me N ) Ru(MeCN), !
[Ru] E Me Me{( :Ru\ iPr Me !
; o 0" “ocoMe :

Me' M

_______________________________________________________________________________________

Me, [Ru] 10 mol % |
ZN KOAc (20 mol %, only with Ru16) =N O O =N O
+ | > +
KoCO; (3 equiv), NMP (1M), 35 °C Me Me Me
Me With time (0-420 min)

N11 X38 B10 B10-bis
(1 equiv) (2 equiv)

[Ru] cym-Ru1 cym-Ru1 Ru16

KOAc - - 20 mol %

time | N11 | B10 | B10-bis [ N11 | B10 | B10-bis | N11 | B10 | B10-bis
(min) [ (%) | (%) (%) (%) | (%) (%) (%) | (%) (%)
1 99.5 | 0.0 0.0 98.7 | 0.0 0.0 99.8 | 0.0 0.0
5 99.2 | 0.0 0.0 98.7 | 0.0 0.0 96.7 | 0.3 0.6
10 [ 99.0 | 0.0 0.0 98.5 | 0.0 0.0 91.5 | 1.0 25
30 1993 00 0.0 98.9 | 0.0 0.1 722 | 3.7 15.6
45 1 99.0| 0.0 0.0 99.2 | 0.0 0.0 58.8 | 4.9 25.0
60 | 99.0| 0.0 0.0 98.4 | 0.0 0.1 489 | 5.8 33.4
75 1 98.7 | 0.0 0.0 98.7 | 0.0 0.0 412 | 6.2 39.6
90 | 98.8 | 0.0 0.0 98.2 | 0.0 0.1 35.7 | 6.6 448
120 | 98.2 | 0.0 0.0 97.3 | 0.0 0.1 26.7 | 6.8 53.6
150 | 98.1 | 0.0 0.1 97.3 | 0.0 0.1 19.7 | 6.5 60.7
180 | 98.3 | 0.0 0.1 976 | 0.0 0.2 145 | 6.3 67.0
210 | 985 | 0.0 0.0 97.9 | 0.0 0.2 93 | 53 72.4
240 | 985 | 0.0 0.0 97.2 | 0.1 03 5.1 4.5 76.7
270 | 984 | 0.0 0.1 98.2 | 0.1 03 33 | 37 80.2
300 | 985 | 0.0 0.1 97.8 | 0.1 03 1.8 | 3.2 83.1
360 | 98.3 | 0.0 0.2 98.7 | 0.1 0.4 07 | 23 86.6
420 | 98.3 | 0.0 0.2 98.6 | 0.1 0.4 07 | 23 86.6

Table 3. An oven dried crimp-cap microwave vial equipped with a stirring bar was transferred
to a glove box, then the appropriate Ru-catalyst denoted as [Ru] (10 mol %, 0.08 mmol: cym-
Ru1, 45.1 mg; cym-Ru2, 28.3 mg; Ru16, 46.3 mg), K,CO; (331.7 mg, 2.4 mmol, 3 equiv.),
KOACc (if needed: 15.7 mg, 0.16 mmol, 0.2 equiv.), 2-phenylpyridine N11 (124.2 mg, 0.8 mmol,
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1 equiv.), 5-iodo-m-xylene X38 (230.9 uL, 1.6 mmol, 2 equiv.) and hexadecane (internal
standard:15 L, 0.064 equiv.) were loaded. NMP (800 uL, 1 M) that had been preheated to 35
°C was added and the vial instantly placed in a heating block set at 35 °C. Aliquots (=50-100
pL) were taken at the given time periods via syringe (1 mL disposable). Then, the syringes
were transferred out of the glove box, flushed and eluted in a short silica plug with
Et,O/pyridine (99:1) directly inside a GC vial. The yields were determined by quantitative GC-
FID analysis

Figure 2 shows a comparison of the catalytic activity of the system constituted by
cycloruthenated Ru16 catalyst and KOAc (filled squares) with respect to cym-Ru1 (hollowed

circles) and cym-Ru1 (crosses) catalysts. For further information see Table 3.

Comparison of the activity of cyclometalated ruthenium(ll) catalyst Ru9 with that of

catalysts cym-Ru1 and cym-Ru2

To further illustrate the disparity in reactivity between cycloruthenated catalysts of formula (1)
and commonly employed Ru(ll) catalysts in C-H arylation, cym-Ru1, cym-Ru2 and Ru9
catalysts were used for the coupling of two heavily-functionalised substrates. While Ru9
provided superb yield of the targeted arylated compounds D1-D4, catalysts cym-Ru1 and
cym-Ru2 were essentially inactive (see Table 5 below).

: o \@ Me :
H / PF.
: Me@—{ RU. T Q N/CHs_\ o
= O 0O Me N @?/ “CH :
Rul : Me Me—( R, Pr Ru(Melel)‘; :
: o O OCOMe '

r e r

[Ru] D1 (%) D2 (%) D3 (%) D4 (%)
cym-Ru1 <1 <1 <1 <1
cym-Ru2 <1 <1 2 <1

Ru9 65 76 90 67
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Table 5. Reaction conditions were identical to those described in the characterization data for
arylated compounds section when the General Procedure C was successfully applied with

Ru9 to yield D1-D4 (see above for details), but cym-Ru1 and cym-Ru2 were used instead of
Ru9 without KOAc or KOBz.
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Claims

1. A process for forming a carbon-carbon bond to couple an aryl or heteroaryl group of a
first compound with an aryl or heteroaryl group of a second compound, the process comprising
reacting the first compound with the second compound in the presence of a catalytically

effective amount of a neutral or cationic ruthenium(ll) catalyst of formula (I):

X
AN
[ R

formula (1)
wherein:
each L is independently selected from neutral and anionic ligands in any combination
that balances the bonding and charge requirements of the ruthenium, and wherein any two
ligands L can be linked so as to form a bidentate ligand; and
X and Y together form a bidentate cyclometalated ligand for the ruthenium,
wherein the bidentate cyclometalated ligand comprises an organic group represented by X
which is bonded to the ruthenium by a heteroatom selected from N, P or O (preferably N or P)
and an organic group represented by Y which is bonded to the ruthenium via an sp2 or an sp3

carbon.

2. A process according to claim 1, wherein the organic group represented by Y comprises

an aryl or heteroaryl group bonded to the ruthenium via an sp2 or an sp3 carbon atom.

3. A process according to a claim 1 or 2, wherein the bidentate cyclometalated ligand
forms a 5- or 6-membered ruthenacycle with the ruthenium.

4, A process according to any preceding claim, wherein the organic group represented by

Y comprises a group of formula (II) bonded to the ruthenium via an sp2 or an sp3 carbon atom:
(CR{R)y—™

formula (Il)
wherein
A represents an optionally substituted aryl or heteroaryl group;
nisOor1;and

R; and R, are each independently selected from H or (1-4C)alkyl.

5. A process according to any preceding claim, wherein the neutral or cationic
ruthenium(ll) catalyst is represented by the formula (1A):
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/Y\ X'

@ RILI(L)4

formula (I1A)

wherein

L is as defined in claim 1;

A represents an optionally substituted aryl or heteroaryl group;

X' represents NRgR; and Y’ represents NR;;, CR2R3 or C(O), or X’ represents PRgRg
and Y’ represents CR;:R3, or X’ represents O and Y’ represents CR;R5 or C(O); wherein R
Rz Rs, Rs, Ri1, Rz and Ry; are each independently selected from H, (1-10C)alkyl, (1-
10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, or Rs and R; or Rg and Rg
together with the N or P to which they are attached form a 4 to 8 membered heterocyclyl group
and/or R;> and R,; together with the C to which they are attached form a (4-10C)cycloalkyl
group, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-
10C)cycloalkyl groups is optionally substituted;

or any of the groups Rs R; Rs or Ry, and any of the groups R4, Rq2 or Ry; together with
the N, C or P to which they are attached may form a cycloalkyl, heterocyclyl, heteroaryl or aryl
ring, wherein the cycloalkyl, heterocyclyl, heteroaryl or aryl ring so formed is optionally

substituted.

6. A process according to any of claims 1 to 4, wherein the neutral or cationic ruthenium(ll)

catalyst is represented by the formula (IB):

Y'
(zl)p/ Xy

\R WL
u(L)4
@\(RZR@)(

formula (IB)
wherein

L is as defined in claim 1;

nisOor1;

R; and R, are each independently selected from H or (1-4C)alkyl;

A represents an optionally substituted aryl or heteroaryl group;

p represents 0 or 1;

Z represents CR3R4, O or NRs, wherein R;, R4 and Rs each independently represent H
or (1-4C)alkyl;

X' represents NR;, and Y’ represents CR;s or N, wherein Ry, and Rys are each
independently selected from H, (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and
(4-10C)cycloalkyl, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl
and (4-10C)cycloalkyl groups is optionally substituted;
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or the group R, and the group R;s can together with the N or C to which they are
attached form a heterocyclyl or heteroaryl ring, wherein the heterocyclyl or heteroaryl ring so

formed is optionally substituted.

7. A process according to any of claims 4 to 6, wherein A represents an optionally

substituted phenyl group.

8. A process according to claim 5 or 7, wherein the neutral or cationic ruthenium(ll) catalyst
is represented by the formula (IA):

(>0
xl

RJ(L)

(R1e)q 4
formula (IA")

wherein:

L is as defined in claim 1;

qrepresents 0,1, 2, 3 or 4,

X' represents NRgR; and Y’ represents CR2R 3 or C(O), or X’ represents PRgRg and Y’
represents CR2R 3, X’ represents O and Y’ represents CR2R43; or C(O);

wherein Rs, R; Rs, Re, Rz and Ry; are each independently selected from H, (1-
10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, or Rs and R7 or
Rs and Rg together with the N or P to which they are attached form a 4 to 8 membered
heterocyclyl group and/or Ry» and R,; together with the C to which they are attached form a (4-
10C)cycloalkyl group, wherein any of the (1-10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl,
aryl and (4-10C)cycloalkyl groups is optionally substituted;

each Ry is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,

trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

9. A process according to claim 5 or 7, wherein the neutral or cationic ruthenium(ll) catalyst

is represented by the formula (IA”):

w B

AN

RU(L)
Rigg ‘

formula (IA™)

wherein:
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L is as defined in claim 1;

qrepresents 0,1, 2, 3 or 4,

B represents a heteroaryl or heterocyclyl group containing a heteroatom N or P
represented by X” and a heteroatom N or an sp2 or sp3 C represented by Y”, wherein the
heteroaryl or heterocyclyl group is optionally substituted;

each Ry is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

10. A process according to claim 6 or 7, wherein the neutral or cationic ruthenium(ll) catalyst
is represented by the formula (IB’):
Ris

(Z)p/\rRM
(2 s
Ru(L)s

R
formula (IB")

wherein:

L is as defined in claim 1;

p represents 0 or 1;

rrepresents 0, 1, 2, 3 or 4;

Z represents CR3R4, O or NRs, wherein R;, R4 and Rs each independently represent H
or (1-4C)alkyl;

wherein Ry, and R;s are each independently selected from H, (1-10C)alkyl, (1-
10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, wherein any of the (1-
10C)alkyl, (1-10C)alkoxy, heteroaryl, heterocyclyl, aryl and (4-10C)cycloalkyl, groups is
optionally substituted;

or the group R4 and the group Rys can together with the N and C to which they are
attached form a heterocyclyl or heteroaryl ring, wherein the heterocyclyl or heteroaryl ring so
formed is optionally substituted;

each Ry; is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy, phenoxy,
trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

11. A process according to any of claims 1 to 4, wherein the neutral or cationic ruthenium(ll)

catalyst is represented by the formula (IC):
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(R1g)s ey
= N\
Zi Ru(L)4
(R19);
formula (IC)

wherein:

L is as defined in claim 1;

srepresents 0, 1, 2 or 3;

trepresents 0, 1, 2 or 3;

each Rz and Ryg is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl;

Z, represents —C=C-, -C=N- or -N=C-.

12. A process according to any of claims 1 to 4, wherein the neutral or cationic ruthenium(ll)

catalyst is represented by the formula (ID):

(Ra2)y - (Ras)y
NG
RROpl,
formula (ID)
wherein:
L is as defined in claim 1;
R; and R, are each independently selected from H or (1-4C)alkyl;
urepresents 0, 1, 2 or 3;
vrepresents 0, 1, 2 or 3;
each Ry and Ry; is independently selected from halo, (1-10C)alkyl, (1-10C)alkoxy,
phenoxy, trifluoromethyl, (3-8C)cycloalkyl, aryl, heteroaryl, (2-10C)alkenyl, hydroxyl, amino, (1-
10C)alkylamino, di[(1-10C)alkyllamino, (1-10C)alkanoyl, (1-10C)alkylthio, amido, (1-
10C)alkylamido, di[(1-10C)alkyl]Jamido and carboxy(1-10C)alkyl.

13. A process according to any preceding claim, wherein the neutral or cationic
ruthenium(ll) catalyst is selected from any one of the following:
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15. A process according to any preceding claim wherein the first compound comprises an
aryl or heteroaryl group having a first ring atom which is a carbon atom having a hydrogen

bonded thereto and a second ring atom which is ortho to the first ring atom and which has a

nitrogen containing directing group (or a salt or protected derivative thereof) bonded thereto,
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and wherein the second compound comprises an aryl or heteroaryl group having a first ring
atom which is a carbon atom having a leaving group bonded thereto, such that the reaction
between the first compound and the second compound results in the formation of a carbon-
carbon bond between the first ring atom of the first compound and the first ring atom of the

5  second compound.

16. A process according to claim 15, wherein the directing group is selected from any one of

the following:
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17. A process according to any preceding claim which is conducted at a temperature from
25 to 60°C, preferably 25 to 50°C.

>
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18. A cationic ruthenium(ll) catalyst selected from any one of the following:



WO 2019/215426 PCT/GB2019/051226
CH_\ CH_\ cm CH_\ F CHjPF‘*
SN e e

3
Ru MeCN), Ru(MeCN), Ru(MeCN), Ru MeCN), Ru(MeCN),4
Ru1 Ru2 Ru3 Ru4 Ru5
PFg PFg PFg PFe
CH, C'_T\ CE CHs j N -OCHs
/@CMCH3 @ CHa CH3 CH / Chs
/=M (MeCN), s Ru(MeCN),
CHy RU(MeCN), © R“ MeCN), Ru MeCN),
Ru6 Ru7 Ru10 Rut1
PR —IPFs
PF,
PR < PFs e
ol N
co. ol ol
RU(MeCN), (MeCN), RU(MeCN), U(MeCN),
Ru12 Ru13 Rut4 Ru16 Ru17 Ru18
CH
~ PR cH, PR, H TR s PR jPFG ocH, PR PR
3
‘ _N CHy | s
\ _N
F Ru(MeCN), \
oH MeoN, uMeCN),  F Ru(MeCN),
3 Ru MeCN), MeCN U(MeCN),
r CH, F
CH,
Ru19 Ru20 Ru21 Ru22 Ru24 Ru25 Ru27



PCT/GB2019/051226
1/3

WO 2019/215426

e| ainbi4

{UOIRISRUCT

{UE 3090

2:627
9, * o
Cetha §'7) gEX :
~ M
TN

NIS =T

Sirgeny {anbe ) 3Ry

B3y

2.,,“ A4
e
v,;,::z:m.,.wuu. tﬁ%sn,@,,

S vrien




WO 2019/215426

2/3

b

PCT/GB2019/051226

3

Figure 1b

e

X1

%




WO 2019/215426

3/3

_|<PF5
I Me

PCT/GB2019/051226

Ru(MeCN)4
Ru]== Me Me—<( Ru
[ 1= 0" “ocom
Ruté( &) cym-Ru2 (+)

[Ru] (10 mol %) |

N
KOAc (0 or 20 mol %)
Ko2CO3 (3 equiv)
> Me
NMP, 35 °C O

With time (0-420 min)

N1 X38
(1 equiv) (2 equiv) B10

¥ B10+B10-bis (Ru16 + 20 mol % KOAc)
| ¢ B10+B10-bis (cym-Ru1)

80 - -+ B10+B10-bis (cym-Ru1) - S
3 :
< 60 - &
2
2 |
2 8
@ 40 N
Q
o N
20 8
o@ﬂ-\- e e e T
0 100 200

Time (min)

Figure 2

~ time = 420 min
N B10+B10-bis (89%)
) B10+B10-bis (<1%)
-+ B10+B10-bis (<1%)

300 400




INTERNATIONAL SEARCH REPORT

International application No

PCT/GB2019/051226

A.

INV.
ADD.

CLASSIFICATION OF SUBJECT MATTER

CO7F15/00

According to International Patent Classification (IPC) or to both national classification and IPC

B.

FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

CO7F

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

EPO-Internal, CHEM ABS Data, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™

Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

SATOSHI UENO ET AL.:
Carbon-Carbon Bond Formation via the
Cleavage of an Unreactive Aryl
Carbon-Nitrogen Bond in Aniline

"Ruthenium-Catalyzed

1-17

J. AM. CHEM. SOC.,

scheme 1 page 6098

Derivatives with Organoboronates",

vol. 129, 20 April 2007 (2007-04-20),
pages 6098-6099, XP002792079,

_/__

Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not considered
to be of particular relevance

"E" earlier application or patent but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

"O" document referring to an oral disclosure, use, exhibition or other
means

"P" document published prior to the international filing date but later than
the priority date claimed

"T" later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

"X" document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

"Y" document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

"&" document member of the same patent family

Date of the actual completion of the international search

14 June 2019

Date of mailing of the international search report

28/06/2019

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswijk

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Bourghida, E

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 2




INTERNATIONAL SEARCH REPORT

International application No

Decay Pathways of Tris(bidentate)
Cyclometalated Ruthenium(II) Compounds",
INORGANIC CHEMISTRY, AMERICAN CHEMICAL
SOCIETY, EASTON, US,

vol. 56, no. 21,

25 October 2017 (2017-10-25), pages
13579-13592, XP002791896,

ISSN: 0020-1669

page 13581

PCT/GB2019/051226

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category™ | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A NAVID DASTBARAVARDEH ET AL.: "Aryl 1-18

Bromides and Aryl Chlorides for the Direct

Arylation of Benzylic AminesMediated by

Ruthenium(II)",

EUR. J. ORG. CHEM.,

vol. 2013, no. 14,

22 March 2013 (2013-03-22), pages

2878-2890, XP002792080,

table 1 page 2879
Y LARRY N LEWIS ED - LARRY N LEWIS: 1-17

"Catalytic C-C Bond Formation via

Ortho-Metalated Complexes",

J. AM. CHEM. SOC,,

vol. 108, 1 May 1986 (1986-05-01), pages

2728-2735, XP002791894,

page 2730
X MOTLEY TYLER C ET AL: "Excited-State 18

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 2




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - description
	Page 36 - description
	Page 37 - description
	Page 38 - description
	Page 39 - description
	Page 40 - description
	Page 41 - description
	Page 42 - description
	Page 43 - description
	Page 44 - description
	Page 45 - description
	Page 46 - description
	Page 47 - description
	Page 48 - description
	Page 49 - description
	Page 50 - description
	Page 51 - description
	Page 52 - description
	Page 53 - description
	Page 54 - description
	Page 55 - description
	Page 56 - description
	Page 57 - description
	Page 58 - description
	Page 59 - description
	Page 60 - description
	Page 61 - description
	Page 62 - description
	Page 63 - description
	Page 64 - description
	Page 65 - description
	Page 66 - description
	Page 67 - description
	Page 68 - description
	Page 69 - description
	Page 70 - description
	Page 71 - description
	Page 72 - description
	Page 73 - description
	Page 74 - description
	Page 75 - description
	Page 76 - description
	Page 77 - description
	Page 78 - description
	Page 79 - description
	Page 80 - description
	Page 81 - description
	Page 82 - claims
	Page 83 - claims
	Page 84 - claims
	Page 85 - claims
	Page 86 - claims
	Page 87 - claims
	Page 88 - claims
	Page 89 - claims
	Page 90 - drawings
	Page 91 - drawings
	Page 92 - drawings
	Page 93 - wo-search-report
	Page 94 - wo-search-report

