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Abstract: Formation of C—C bonds from CO, is a much
sought after reaction in organic synthesis. To date, other than
C—H carboxylations using stoichiometric amounts of metals,
base, or organometallic reagents, little is known about C—C
bond formation. In fact, to the best of our knowledge no
catalytic methylation of C—H bonds using CO, and H, has
been reported. Described herein is the combination of CO, and
H, for efficient methylation of carbon nucleophiles such as
indoles, pyrroles, and electron-rich arenes. Comparison experi-
ments which employ paraformaldehyde show similar reactivity
for the COyH, system.

COZ is the most abundant carbon source on earth and
provides the basis for all organic matter. With the increased
availability of renewable energy for the future it also might
become a more important feedstock for the chemical industry.
Hence, new valorizations of CO, are of general interest for
chemistry and are highly desired for the production of bulk
and fine chemicals.? Clearly, today most of the catalytic
reactions using CO, in industry involve C—N or C-O bond
formation to give urea, carbonates, etc. Regarding C—C bond-
forming reactions, the functionalization of alkenes, alkynes,
allenes, organohalides, organometallic reagents, or carbon
nucleophiles to generate carboxylic acids (and their deriva-
tives) is important in basic science.’! In this respect, the
groups of Nolan, Hou, and Zhang recently reported
M(NHC)-catalyzed carboxylations (M = Au or Cu, NHC=
N-heterocyclic carbene) of (hetero)arenes or terminal
alkynes.! Despite these interesting developments, use of
benign CO, still constitutes a major challenge because of the
thermodynamic stability of the parent molecule.”! So far,
a major drawback of most of the known C—C bond-forming
reactions using CO, is the requirement of stoichiometric
amounts of expensive (organo)metallic reagents or bases to
activate the respective carbon nucleophiles. Therefore, the
discovery of new transformations of C—H bonds using CO,
and cheap reductants, such as H,, is highly desired."

Herein we disclose the first direct catalytic methylations
of (hetero)arenes using CO, and hydrogen. Based on our
recent efforts on N-methylation of amines using CO,, we
became interested in exploring related C—C bond forma-
tions."” As shown in Scheme 1 known functionalizations of
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reaction of CO, with C—H bonds:
CO,

a) (C)Nu—H e (C)Nu—COOH
base or organo-
metallic reagents
b) H,/CO,
(C)Nu—H (C)Nu=CH3 (this work)

catalyst
Nu(C): aryl or heteroaryl groups

Scheme 1. a) Known C—H carboxylation from CO,. b) This work on
C—H methylation from CO, and H,.

(weakly) activated C—H bonds with CO, lead to carboxylic
acid derivatives. In contrast to these reactions, our concept
involves reactions of CO, with C—H bonds under reductive
conditions (hydrogen). To the best of our knowledge such
reactions have not been described yet and are complementary
to known reactions in which the corresponding methylated
products are generated.

For our initial investigations, the carboxylation of indole
(1a) under reduction conditions (reductive methylation) was
chosen as a benchmark system because of the importance of
C(sp>)~H bond methylation for the synthesis of bioactive
compounds.’!l As an example, nosiheptide (multhiomycin),
a protein medicine, contains the 3-methyl indole moiety."
Notably, current methods for the introduction of a methyl
group to indoles generally proceeds through several steps, for
example, formylation/reduction with formyl chloride or use of
toxic methylation reagents (e.g., methyl iodide and dimethyl
sulfate).['%)

Based on previous literature on catalytic reduction of CO,
and carboxylic acid derivatives,'"'8! ruthenium triphos based
catalysts were screened. During this work (see Schemes S1
and S2 in the Supporting Information), indoline and 2-methyl
indoline (2a) were obtained as major products, and no 3-
methyl indole was observed. This outcome is in agreement
with a recent report by Klankermayer, Leitner, and co-
workers, who describe the formation of 2a.'! However, we
observed the formation of the bis(indole) 4a in up to 10%
yield under specific reaction conditions."” It seems probable
that the carbon atom of -CH,- in 4a should come from CQO,. In
general, 4a is produced by nucleophilic addition of indole to
formaldehyde.'"¥! This result implies that CO, and hydrogen
can be used as a formaldehyde surrogate, further indicating
the possibility of utilizing CO,, by way of formaldehyde, for
the methylation of C—H bonds.['*1¢!

Along with this discovery, we studied the methylation of
2-methyl indole (1b) to suppress unwanted side-reactions
(Table 1; see Table S1 in the Supporting Information).!""
Indeed, the desired methylated product 3b was obtained as
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Table 1: Ruthenium-catalyzed methylation of 1b with CO, and H,."!

1 mol% [M]
2 mol% ligand

[::IiSP_ IR 1.5 mol% addit
N .5 mol% additive
H 20atm B0atm  THF, 140 °C, 24 h
1b 3b
Ph
Ph,P P
PPhg XL PP, PhP” T pph,
5a 5b 5c
r/{:—\ " PPh,
PPh
PPhyPPh, ~ PhoP” P ppn,
5d Se
Entry [M] Ligand  Additive Conv.  Yield
pe” e
1 [Ru(acac);] 5a MSA <1 0
2 [Ru(acac),] 5b MSA 3 2
3 [Ru(acac);] 5c MSA 4 <1
4 [Ru(acac),] 5d MSA 95 73
5 [Ru(acac);] S5e MSA <1 <1
6 Ru-Macho-BH - MSA <1 0
7 [Ru(acac),] 5d - <1 0
8 [Ru(acac),] 5d (PhO),(OH)P=0 41 26
9 [Ru(acac),] 5d Al(OTf), 73 20
10 [Ru(acac),] 5d HNTF, 99 1
1 [Ru(acac);] 5d toluene 57 44
12 [Ru(acac)] 5d iPrOH 99 10

[a] Reaction conditions: 0.5 mmol 1a, catalyst (1 mol %), ligand

(2 mol %), 2 mL solvent, 140°C. [b] Reaction conversion and yield of 3b
were determined by GC using n-hexadecane as an internal standard. Ru-
Macho-BH =[RuH (BH,) (CO) (HN(CH,CH,PPh,),)], Tf=trifluorometha-
nesulfonyl, THF =tetrahydrofuran.

a major product with the reduction/N-methylation product
1,2-dimethyl indoline (2b) as a minor one.” The most active
catalyst system was formed from ruthenium acetylacetonate

Iz /E\O
I
w
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tivity and almost full conversion to give the undesired
reduction product was observed (Table 1, entry 10). Apart
from the effect of the acid, the combination of the ruthenium-
(IIT) precursor and triphos was proven to be critical for the
desired C methylation (Table S1). For example, when using
the Shvo ruthenium complex, again only the reduced 2-
methylindoline 6 was obtained with a yield of 27 %. Surpris-
ingly, in this case MSA suppressed even the hydrogenation
reactivity, and the yield of 6 increased to 49 % in the absence
of MSA. When [Ru(2-methylallyl),(cod)] was used as a pre-
catalyst, similar reactivity was observed, albeit with lower
selectivity, thus giving 17 % yield of 3b and 45 % yield of 2b.

The temperature as high as 140°C is critical for reaction
efficiency, as the yield of 3b decreased to 9 % at 120°C. Other
than THF, the desired transformation takes place in toluene
(Table 1, entry 11). Protic solvents, however, are not suitable,
as they result in low yields of 3b (Table 1, entry 12) and
several by-products. Finally, it is worth noting that water
which is generated during the reaction does not decrease the
reactivity. Thus, in the presence of 1 equivalent of H,O, the
efficiency is almost retained. The yield decreased to 46 %
when molecular sieves were used (Table S1).

Next, control experiments were performed to elucidate
the key steps during the transformation of CO,. As shown in
Scheme 2a, three possible indole-type intermediates were
tested under the standard reaction conditions. Compared to
the parent model substrate, similar results were obtained
using the 3-formyl- and 3-hydroxymethyl-2-methylindole (7b
and 7 ¢, respectively). However, only low conversion and trace
amounts of the desired product were observed for the
carboxylic acid derivative 7a. Additionally, the reaction of
1b under standard conditions, did not yield either 7a, 7b, or
7 ¢ as monitored by GC-MS, and is explained by the higher
reactivity of 7b and 7c¢. Besides, under the standard reaction
conditions, CO, is reduced to MeOH.["! Hence, the bench-
mark reaction was performed in the presence of other
potential Cl1 intermediates such as CO, HCOOH, and

[Ru(acac);],  1,1,1-tris(diphenyl-

phosphlnomethyl)ethane (trlph0§; 2 R 4 mol% [Ru(acac).] CH, 7 |Yield %]

5d) in the presence of a catalytic 6 mol% triphos

amount of MSA (methanesulfonic w + Hy B Mol ©\/\g7 7a,R=COOH | 4
mol% MSA -

acid). By using 1mol% of the N 60atm THF, 140 °C, 16 h N 7b,R=CHO | T

catalyst almost full conversion 7 3b 7¢, R = CHOH| 42

with 73% yield of 2,3-dimethyl- oH C1 source | Yield [%)]

indole (3b) and 10% of 12- b) 2 mol% [Ru(acac)s] 38—

dimethyl indoline (2b) was N + Hy + C1source 3 mol% triphos ©\/\g7 co n.r.

obtained (Table 1, entry4). The H 60 atm 3 mol% MSA N HCOOH 3

critical combination using a facial 1b THFé 1h40 °c 3bH HO(CH,0),H| 80

tridentate ligand was verified, while MeOH nr.

other ligands, including some ) proposed reaction pathway

tridenate ligands and a ruthenium . RU! Ha X Hz

pincer complex, showed almost no 0, M 0 M /T\ [Ru-HI" (C)NU—CHs

reactivity (Table 1, entries 1-3 and H™ ™0 Nu”/|"OH -H,0

5-6; see Table S1). Acid additives A B, X = [Ru'"] (major)

are also necessary for the reactivity, lRR'NH or H (minor)

and several other (Lewis) acids, o] [Ru-HJ*

including AI(OTY);, lead to 3b in Ao, RRN—CH

20-26% yields (Table 1, entries 7—
9). When using HNTT, high reac-
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(previous work)

Scheme 2. Control experiments and the proposed reaction pathway.
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MeOH (Scheme 2b). Firstly, blank reactions
of 1b with CO, paraformaldehyde, and

MeOH in the presence of 3 mol% MSA ‘WR.
were tested and no desired product (formy- RN
lated, hydroxymethylated, or methylated R

product, respectively) was observed (see

4 mol% [Ru(acac)s]
6 mol% triphos CHg3

6 mol% MSA or N

10 mol%AI(OTf)3 ; ‘E\&;R
+ CO2 + Hz ' U

THF, 140 °C or 160 °C, 24 h N

-H,O 3 R

Scheme S3 in the Supporting Information).
Under standard reaction conditions, apart
from formic acid (3% of 3b), no product
was formed either of these reactions. In
contrast, reaction of paraformaldehyde with
1b under standard reaction conditions led to
the desired product in 80% yield. Never-
theless, no free HCOOH, CO, or HCHO
could be detected in the reaction of 1b.

Based on these results, we propose that
in the presence of acid the cationic [Ru-H]*
species is generated.'®! The presence of the
triphos ligand allows a stable coordination
and subsequent reduction of CO, by the
Ru—H bond (Scheme 2c¢). Next, the formate
complex A undergoes attacked by the
carbon nucleophile to form the correspond-
ing acetal B. Finally, hydrogenolysis of the
C—OH bond and C—OX bond of the key
acetal intermediate (B) produces the C-
methylated product.'”) Notably, in this pro-
posal the property of the carbon nucleophile
is critical for the C—C bond formation step.
Efforts to obtain or observe this acetal
intermediate are still ongoing.

With good reactivity for 2-methylindole
in hand, the methylation of different types of
heteroaromatic substrates was studied in
more detail (Scheme 3). A variety of sub-
stituted indoles with different electron-
donating groups can be smoothly methy-
lated, thus producing the 3-methylated
indoles with good yields (3¢,d; 70-81 % yield). Also notable
is that halide-substituted indoles underwent this transforma-
tion, albeit in moderate yields (3e,f; 42-44 % yields). Related
heteroarenes, for example, pyrroles were also tested. In
contrast to the indoles, the use of MSA caused lower
selectivity for the desired C-methylation products. However,
to our delight improved chemoselectivity and moderate to
excellent yields were obtained (3j—m; 40-91% yields) by
simply changing the additive to diphenyl phosphate. Here, the
stable 3-ethyl-2,5-dimethyl pyrrole gave the best result with
the full conversion and 91 % yield upon isolation. When the 1-
substituted indoles were used, only trace amounts of product
were obtained regardless of whether MSA or diphenyl
phosphate was used. Notably, for such substrates using the
Lewis-acidic Al(OTf); offers the possibility of C methylation,
too. In the presence of Al(OTf);, moderate yields of the
corresponding methylated indoles were obtained (3 0-q; 60—
63% yields). The reaction with 1-H-5-MeO-indole in the
presence of Al(OTf); gave the 1,3-dimethylated product 3nin
51% yield and derives from a sequential N-methylation/C-
methylation reaction.

3b, 80%[31

24 h.

of ofe of.

4%lb1
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3k, 55%l@€l
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H
3g, 420/ fo.d] 3h, Ar=Ph, 76%[°] 3j, 91%le]
3i, Ar = 2-MeOCgHy, 60%!
COOMe

CHj
eO
A\
N
CHj
3n, 51%9

3l 65%[d el 3m, 40%lel

CHs
CH,
N N
N R
\

3p, R = Me, 60%l99!

30, 63%9! 3q, R = Et, 62%!9

Scheme 3. C methylation of heteroarenes. Reaction conditions: 0.5 mmol substrate, 20 atm
CO,, 60 atm H, 2 mLTHF, 140°C, 24 h. Yields are those of the isolated products.

[a] Determined by GC using n-hexadecane as an internal standard. [b] Reaction time of 36 h.
[c] Used 10 mol % of [Ru(acac)s], 12 mol % triphos, and 15 mol % MSA at 160°C. [d] Yield
determined by NMR analysis. [e] Used 6 mol % (PhO),(OH)PO at 160°C. [f] Reaction time
of 5 h. [g] Used 5 mol % [Ru(acac);], 7.5 mol % triphos, 7.5 mol % Al(OTf); at 160°C for

Finally, apart from heteroarenes a few electron-rich
benzenes were tested. Gratifyingly, good reactivity and
monomethylation are obtained for 1,3,5-trimethoxybenzene
(84) in the presence of the product (Scheme 4). An additional
increase in the catalyst loading to 10 mol % led to a slightly
higher yield of 9a (from 78 % to 83 %) along with 16 % of 10a.
Notably, trimethoxytoluene is used for the synthesis of
natural or bioactive flavanones, which are often synthesized
through methylation of trimethoxybenzene using either RLi/
Mel or formyl chloride/reductant conditions.” Surprisingly,
mono- or dimethylation can be achieved even for the phenol
derivative 8b, thus giving the corresponding product 9b and
10b with yields of 46-60% (Scheme 4a). Notably, the
methylation here proceeds at C and not at O.

Additionally, the preparation of the isotopically labelled
derivatives of 9 was tested using *CO, and D,. Under similar
reaction conditions, [*C]-9a was obtained in 73% yield
(Scheme 4b). For the use of D,, H-D exchange on the
aromatic ring was observed.?! As a whole, a yield of 61 % was
observed with a ratio of 85:15 for [D,]-9a [Ds]-9a (Sche-
me 4c).
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2 mol% [Ru(acac);]

H 3 mol% triphos
N 5 mol% AI(OTf); - CHs
R _ R + dimethylated product
s THF, 140-160 °C, 8 h /9

a) Reaction conditions: 60 bar H,, 20 bar CO,, 8 h

OMe HiC OMe HsC
MeO CHs HO HO
OMe OMe HsC

9a (160 °C): 78% 9b (140 °C): 46%

b) Reaction conditions: 60 bar H,,

20 bar '3C0,, 24 h bar CO,, 24 h
OMe OMe
MeO 3CH;4 Meo— N
D/ —
OMe OMe
['*Cl-9a: 73% [D]-9a: 61%

Scheme 4. Methylation of arenes.

In summary, the first examples for catalytic methylation of
C—H bonds using CO, and hydrogen are disclosed. Key to the
success of this novel methylation of aromatic C—H bonds is
the use of an in situ formed ruthenium triphos catalyst in the
presence of specific (Lewis) acids. Moderate to excellent
yields were obtained for the C methylation of indoles,
pyrroles, and activated benzene derivatives. Preliminary
mechanistic studies suggest the formation of formylated
(hetero)arenes as intermediates. As a new method for
catalytic C—C bond formation from CO,, it will be inspiring
for chemists to explore practical methodologies involving
CO,. Studies into the mechanism are underway.
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