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Abstract: A general catalytic protocol for the methylation
of amines has been developed applying, for the first time,
formic acid as the C, building block and silanes as reduc-
ing agents. A broad range of aromatic and aliphatic, both
primary and secondary, amines has been converted to the
corresponding tertiary amines including [N-"*C]-labelled
drugs in good to excellent yields under mild conditions.

Methyl-substituted amines are valuable organic compounds in
both the bulk and fine chemical industries because of their use
in the manufacture of pharmaceuticals, agrochemicals, dyes,
etc Although the classic Eschweiler-Clarke methodology
using toxic formaldehyde as the C, source prevails in indus-
try,? the most common methodology for methylations of
amines on the laboratory scale still makes use of activated
methyl compounds, such us methyl iodide, dimethyl sulfate,
MeOTf (OTf=trifluoromethanesulfonate) or diazomethane.”
Besides toxicity, the main drawback of these conventional
methylating reagents is the generation of stoichiometric
amounts of wasteful (in)organic salts. Thus, the development
of more environmentally acceptable processes that make use
of eco-friendly reagents is highly desired. In this regard, during
the last decade, dimethyl carbonate and methanol have been
presented as interesting green alternatives.” In addition, very
recently interesting N-methylations using CO, have been re-
ported by Cantat et al., Klankermayer and Leitner et al., as well
as our group.”” Unfortunately, so far the use of these attrac-
tive green alternatives requires high-temperature and/or pres-
sure operations, which make the laboratory-scale synthesis dif-
ficult.

Formic acid (FA) is one of the major products formed in bio-
mass processing and also easily accessible by hydrolysis of
methyl formate or by CO, hydrogenation. Notably, it is a non-
toxic liquid, which is used for food preservation. In organic
synthesis, FA is well established in transfer hydrogenation reac-
tions,”® and more recently formic acid has been intensely inves-
tigated as a suitable liquid for hydrogen production and as
a potential hydrogen storage material®”® The reaction of
amines with formic acid to form the corresponding forma-
mides is well known."” Owing to its non-toxicity, biodegrada-
bility, and good reactivity with amines, FA offers great poten-
tial as a benign C, feedstock for the synthesis of N-methyla-
mines after catalytic deoxygenation. However, to the best of
our knowledge, methylation reactions using formic acid as
a building block remain elusive under both heterogeneous
and homogeneous catalysis.

Herein, we describe for the first time a general and selective
Pt-catalyzed methylation of a range of amines employing
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Table 1. Methylation of N-methylaniline (1a): Testing different metal pre-
cursors.”

| |
NH + HCO,H Catalyst N\n/H . N_
PhSiH, o
r.t., 18 h, nBu,O

1a 2a 3a
Entry Catalyst Conversion [%]" Yield [96]®’
2a 3a
1 Fe(CF,S0,), 91 81 4
2 Me,SAuC 87 64 14
3Md Pd(acac), 99 35 54
49 Ru(acac), 98 88 5
5 (NH,),IrClg 99 88 6
6 MeReO, 85 78 3
7 In(CF550); 90 85 1
g [Pt] Karstedt's catalyst >99 - >99
9 Pt(PPh;), >99 - 94
10 Na,PtCl, >99 6 86
11 [Pt] Karstedt's catalyst 99 5 92
120 - 83 76 2

[a] Reaction conditions: 1a (0.5 mmol), HCO,H (2 equiv), PhSiH; (3 equiv),
catalyst (1 mol%), nBu,O (1 mL). [b] Determined by GC using n-hexade-
cane as an internal standard. [c]acac=acetylacetonate. [d] HCO,H
(1.5 equiv), PhSiH; (2.5 equiv), catalyst (0.5 mol%). [e] Catalyst (0.1 mol %).
[f] Without catalyst.

formic acid and silanes for the construction of the methyl
group under mild reaction conditions. At the start of our work,
the reaction of N-methylaniline (1a) with formic acid in the
presence of silanes at room temperature was investigated as
a benchmark system.'” To identify active catalysts, we tested
different metal precursors by using phenylsilane as reductant.
As shown in Table 1, Pt metal precursors were the most active
catalysts (Table 1, entries 8-10) and to our delight, full conver-
sion with 99% yield of N,N-dimethylaniline (3a) was achieved
in the presence of 0.5 mol% of the commercially available so-
called Karstedt’s catalyst ([Pt(CH,=CHSiMe,),0]) in the absence
of any additional ligand (Table 1, entry 8). Interestingly, even at
0.1 mol% catalyst loading, 3a was afforded in 92% yield
(Table 1, entry 11; see also Supporting Information, Table SI3).'?
Without catalyst, N-methylformanilide (2a) was formed in 76 %
yield and only traces of the dimethylated product 3a (2%)
were detected (Table 1, entry 12). Next, the methylation of 1a
was studied in the presence of different arylsilanes, polyme-
thylhydrosiloxane (PMHS) and alkoxysilanes (Table SI1 in the
Supporting Information). Among the various silanes tested, the
initially used phenylsilane remained as the best reagent, which
led to quantitative yield. Reaction in the absence of phenylsi-
lane gave no conversion towards the dimethylated product
3a. Notably, use of non-protic solvents, such as nBu,O, Et,0,
THF, toluene, or 1,4-dioxane have no noticeable influence on
the conversion and only slightly lower yields were obtained for
the last two solvents (Table SI2 in the Supporting Information).
Finally, optimal quantities of phenylsilane and formic acid were
found to be 2.5 and 1.5 equivalents, respectively (Table 1,
entry 8; see also Supporting Information, Table Sl4).

After investigating the benchmark system, we were interest-
ed in the reaction of more challenging primary amines. By
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Table 2. Platinum-catalyzed methylation of aniline with formic acid and
phenylsilane.”

| |
NH; + HCOH Karstedt's catalyst / Ligand (1:1) NH . N_
PhSiH;
r.t., 18 h, nBu,O
4a 1a 3a

tBu
4 4
X tBu X, tBu
| A N 7 | A N N Vi A
N N~ N N __~ =N N=
5a 5b 5c

PPh, ‘
P—""PPh, Ph\P/\/\P,Ph \P/\/F’\ P
PPh, Ph Ph ‘ O O

5d 5e 5f 59
Entry Ligand Conversion [%]"™ Yield [9%]®
1a 3a
1 - >99 20
2 5a >99 - 91
3 5b >99 2 86
4 5c >99 3 81
5 5d >99 2 8
6 5e >99 - 95
7 5f >99 - 93
8 5g >99 2 78
9 5e >99 - >99
109 5e 42 1 -
1ne 5e 79 19 38

[a] Reaction conditions: 4a (0.5 mmol), HCO,H (3 equiv), PhSiH, (4 equiv),
catalyst (1 mol%), ligand (1 mol%), nBu,O (1 mL). [b] Determined by GC
using n-hexadecane as an internal standard. [c] HCO,H (3 equiv), PhSiH;
(5 equiv). [d] Ligand (2 mol%). [e] HCO,H (1 equiv), PhSiH; (2.5 equiv), cat-
alyst (0.5 mol %), ligand (0.5 mol %).

using higher amounts of silane, FA, and catalyst loading, meth-
ylation of aniline (4a) afforded full conversion with a 90%
yield of N,N-dimethylaniline (3a) (Table 2, entry 1). To improve
the product yield, various com-
mercially available phosphine

and nitrogen-based ligands were

2a or 6a or 7a
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of N-methylformanilide (2a) with phenylsilane afforded 3a in
98% yield with only traces of the monomethylated product 1a
(<2%). However, under the same reaction conditions, formani-
lide (6a) gave three major products: 34% N-methylaniline (1a),
32% N,N-dimethylaniline (3a), and 21% aniline (4a). It is easy
to envision a route for the formation of dimethylated product
3a by condensation of the initially formed 1a and the starting
formamide 6a to produce N-methyl-N,N'-diphenylurea (7a)
first, followed by reduction of this intermediate. In fact, the re-
duction of the urea 7 a affords the dimethylated product 3a in
11 % yield without further optimization of reaction conditions
(Scheme 1).'¥

Interestingly, when 6a was reacted in the presence of a 2-
fold excess of aniline, the formation of the dimethylated prod-
uct 3a (14% yield) was strongly suppressed and 1a was ob-
tained in 70% yield. Under these reaction conditions, formani-
lide (6a) preferentially reacts with aniline (4a) to produce the
corresponding urea derivate, which is subsequently reduced to
give 1a and 4a. Based on these results, we propose that meth-
ylation of amines with formic acid under our reaction condi-
tions proceeds with both formamide and urea derivates as re-
action intermediates (Scheme 2). The occurrence of this reac-
tion pathway avoids the possibility of the monomethylation of
primary amines because dimethylated products will always be
generated. In fact, the reaction of aniline with only one equiva-
lent of formic acid in the presence of phenylsilane afforded 3a
as major product in 38% yield (Table 2, entry 11).

Next, to demonstrate the applicability of this novel catalytic
transformation for the methylation of amines, we tested more
than 35 different primary and secondary amines, affording the
corresponding N-methylated products with good to excellent
yields (Table 3). In general, primary and secondary substituted
anilines were smoothly methylated at room temperature to
afford the corresponding N,N-dimethylanilines in up to 99%

tested in combination with Kar-
stedt’s catalyst (Table 2). Fortu-

r.t., 18 h, nBu,O

| |
Karstedt's catalyst / dppp (1:1) NH N, NH,
PhSiHg
1a 3a 4a

nately, by using 1 mol% of dppp ,L H By N ,‘\‘ 2a| <2% 98% -
(1,3-bis(diphenylphosphino)pro- ©/ \(f)l/ ©/ 701/ ©/ I \© sa‘ 34% 32% 21%
pane) the desired yield was im- 2a 6a 7a 7a| 55% 1% 12%
proved to 99% (Table 2, entry 9).
Notably, in the presence of an Scheme 1. Control experiments."¥
excess of ligand (Pt/dppp ratio=
1:2), no reactivity to N-methylat-
ed products was observed o
(Table 2, entry 10). R'NHj + HCO,H C_R'cHond Rt MR red.

As it is known that the reac- o Ha CHs H+ R'NH,
tion of amines with formic acid z v

; ; H I iC O ] CHs

affords the corresponding forma RHN red. Mgy, +HEOM H,0 N red A
mides,"” we decided to perform . H R N R, H R CH
some control experiments to RINH, |, 0 red HURINH, RYCHNH -t o red 1 RI(CHNH
clarify the elementary steps in- I"-’RLN R ; *RlNJI\N’RT**”
volved in this methylation of pri- H H CH, CH

mary and secondary amines. As
shown in Scheme 1, the reaction

Chem. Eur. J. 2014, 20, 1-7

These are not the final page numbers! 22

www.chemeurj.org 3

Scheme 2. Proposed pathways for the Pt-catalyzed methylation of amines with formic acid.
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Table 3. A general catalytic methylation of amines from HCO,H.”
y . CH CH.
HCO,H + R'RZNH or RINH, Karstedt's cata[y‘st/dppp (1:1) N 3 or N 3
PhSiH; RV R2 RNV CH,
r.t. or 60°C
18 h, nBu,O
Entry  Substrate T[°Cl  Product Conv. [%]®  Yield [%]®
LS NH, P hh\
s R P
1 R=4-Me rt. R=4-Me >99 98
2 R=4-F rt. R=4-F >99 98
3 R=4-Cl rt. R=4-Cl >99 93
4 R=4-Br rt. R=4-Br >99 98
5 R=4-SMe rt. R=4-SMe >99 99 (85)
6 R=3-Cl rt. R=3-Cl >99 97
79 R=2-Cl rt. R=2-Cl >99 >99
8 R=2,5-Me rt. R=2,5-Me >99 (80)
9 R=2,5- iPr rt. R=2,5- iPr >99 >99
10 R=2-Ph rt. R=2-Ph >99 (86)
H \
SN S LN
RE R©/
11 R=4-CN 60 R=4-CN >99 73
12 R=4-OMe rt. R=4-OMe >99 71
134 R=3-OMe rt. R=3-OMe >99 72
1494 R=4-COOMe rt. R=4-COOMe >99 %
15 R=2-CF, rt. R=2-CF, >99 (78)
H |
N N
169 ©/ \© 60 @( O >99 991"
¥ N
17 ©/ S rt. ©/ > >99 99 (83)
H \
N
189 @( YNy 60 ©/ SNy >99 70
y |
N
199 © ~oH rt. @/ ~"oH >99 87
H |
N\ N\
206 @[N/ 60 @[N/ >99 (68)
H |
¥ N
219 (YT 60 > 97 %
_N _N
N/
22 @NHQ 60 g | >99 93
A~ o~ A~ o~
23 Ph Nﬁof 60 Ph T/\fg >99 84)
NS N S
24 S 60 PRT N PR >99 >99
K N
25 ©/V > 60 ©M ~ >99 92
|
NH.
26 N 60 SN >99 97
|
NH.
27 AN 60 AN >99 9%
H |
N
28 AN 60 AN >99 97
§ N
29 O/ > 60 O ~ >99 >99
(0] O
30 [N] 60 [Nj >99 87
H |
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yield (Table 3, entries 1-20). However, for anilines
bearing a cyanide group and for the least reactive di-
phenylamine, a higher amount of PhSiH; and HCO,H
and an increased temperature (60°C) were needed
(Table 3, entries 11, 16, and 18). Interestingly, N,N'-di-
methyl-1,2-phenylenediamine, which is a substrate
that also gave important mechanistic information
(see Table SI5 in the Supporting Information), was
successfully methylated to give the corresponding di-
amine in good yield (Table 3, entry 20).

Moreover, this catalytic system also allows for con-
venient methylation of aliphatic amines. Under mild
conditions (60 °C), excellent reactivity towards the de-
sired products was achieved, affording the corre-
sponding methylated amines in up to 99% yield
(Table 3, entries 22-36). In addition to benzyl amines,
linear aliphatic, and even branched compounds, were
smoothly methylated. Notably, good functional-
group tolerance was observed for nitrile, ester, ether,
thiol, olefin, heterocyclic, hydroxy, and even for
highly functionalized formamide groups. As N-meth-
ylation reactions are of major importance in the syn-
thesis of a wide variety of drug molecules for many
therapeutic areas, we next focused our attention in
this direction. Hence, five current drug molecules, in-
cluding  venlafaxine,  4-dimethylaminoantipyrine,
imipramine, amitriptyline, and diphenhydramine,
were synthesized in high yields starting from the cor-
responding primary or secondary aliphatic amine
(Table 3, entries 32-36).

Finally, we investigated the use of our catalytic
protocol for the preparation of [N-">Cl-labelled drugs,
which are of significant importance in medical biol-
ogy for tracking metabolites and their quantitative
analysis by mass spectrometry and *C NMR spectros-
copy.™ Thus, two drug precursor molecules, 4-ami-
noantipyrine and 2-(diphenylmethoxy)-N-methylethyl-
amine, were reacted under the protocol described
above by using H"®CO,H as an inexpensive and con-
venient labelling reagent. To our delight, the corre-
sponding [N-C]-labelled drugs were obtained with
excellent yields (Scheme 3 and Table 3, entries 33 and
36).

In conclusion, we have developed a general and
highly efficient protocol for the methylation of aro-
matic and aliphatic, both primary and secondary
amines. To the best of our knowledge, this methodol-
ogy demonstrates for the first time that HCO,H can
act as a C, building block for methylation by using si-
lanes as reducing agents. In the presence of the com-
mercially available Karstedt's catalyst and dppp as
ligand combined in situ, the methylation of the de-
sired amines proceeds easily under mild reaction con-
ditions (room temperature or 60°C, ambient pres-
sure) in good to excellent yield. Furthermore, it is
shown that this protocol can be applied for the con-
venient synthesis of [N-"*C]-labelled drugs, too.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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- 1.5 mmol) were added and a bubble gas generation was
Table 3. (Continued) . . .
observed. After the reaction mixture had been stirred for
102 . Karstedt's catalyst / dppp (1:1) CHs CH, 18 h at room temperature, ethyl acetate (15 mL) was
HCO,H + R'R“NH or R'NH, . or N L. .
r‘t"’gfgégc R'"R? R'" "CHs added and then a sample was taken to be injected into
18 h, nBu,O the GC to determinate the yield. For methylated amines
Entry  Substrate TIC]  Product Conv. [%]®  Yield [%]® containing a hydroxyl group (Table 3,_ en'tries 19, 31-32),
— = the sample for GC was taken after dilution of the reac-
q rf, tion mixture with CH,Cl, (15 mL), slow addition of NaOH
31 ©)\f o 60 W h >99 91 (3™m (aq.), 5mL) and vigorous stirring for 3 h at room
| temperature. All catalytic reactions were performed at
HaN oH _N least twice to ensure reproducibility. To determine the
3oledl /@)\O 60 e ~99 65 isolated yield of the methylated amines no internal stan-
~o ~ dard was added. After completion and dilution with
ethyl acetate (15 mL), NaOH (3™ (ag.), 5 mL) was slowly
o [ o. N~ 2‘1‘”,] added and the reaction mixture was vigorously stirred
336 E/N\g\ 60 0 ~99 for 3 h at room temperature. The mixture was then ex-
©/ \ © N tracted with ethyl acetate (three times) and the com-
bined organic layers were dried over MgSO, anhydrous.
Q HN— Q N— Finally, the organic phase was filtered, concentrated,
34 N_/‘J 60 Nﬁ - 99 9 Lhen purified by silica gel column .chromatography (n-
exane/ethyl acetate mixtures) to give the correspond-
O O ing methylated amines.
Q HN— Q N
350 - 60 — 9 o Acknowledgements
O O This work has been supported by the State of Meck-
O o 92”” lenburg-Western Pomerania and the BMBF.
N N 85
36 H 60 | >99
O O Keywords: formic acid - homogeneous catalysis -
methylation - platinum - silanes
[a] Reaction conditions for primary amines: substrate (0.5 mmol), HCO,H (1.5 equiv),
PhSiH; (2.5 equiv), catalyst (0.5 mol%; metal/ligand ratio 1:1), nBu,O (1 mL); for secon-
dary amines: HCO,H (3 equiv), PhSiH; (5 equiv), catalyst (1 mol%; metal/ligand atio (11 @) H-J. Arpe, S. Hawkins, in Industrial Organic Chemistry
1:1), nBu,O (1 mL). [b] Determined by GC using n-hexadecane as an internal standard; (Eds.: K. Weissermel, H.-J. Arpe), Wiley-VCH, 1997; b)M. F.
yield of isolated product in parenthesis. [c] 7.5 equiv of PhSiH, and 4.5 equiv of Ali, B.M. EI Ali, J. G. Speight, Handbook of Industrial Chemis-
HCO,H. [d] 5 equiv of PhSiH; and 3 equiv of HCO,H. [e] THF used as a solvent. [f] Do- try: Organic Chemicals, McGraw-Hill, 2005.
decane used as an internal standard. [g] 10 equiv of PhSiH; and 6 equiv of HCO,H. [2] a) W. Eschweiler, Ber. Dtsch. Chem. Ges. 1905, 38, 880; b) H.T.
[h] Yield of [N-*C-labelled products. Clarke, H.B. Gillespie, S.Z. Weisshaus, J. Am. Chem. Soc.

1933, 55, 4571-4587; c)E. Farkas, C.J. Sunman, J. Org.
Chem. 1985, 50, 1110-1112; d) J. R. Harding, J. R. Jones, S. Y.
Lu, R. Wood, Tetrahedron Lett. 2002, 43, 9487 —9488.

[3]1 M.B. Smith, J. March, Advanced Organic Chemistry, 5th ed., Wiley-Inter-

HSQ‘!B
o NTOHe O (4]
Y\g\ O~ \-CHs
Noy 13CH,
o g
[N-"3C]-4-dimethylaminoantipyrine [N-"3C]-diphenhydramine
MS (El): m/z 233 MS (El): m/z 256 (5]
91% yield 85% yield
Scheme 3. [N-"*C]-labelled drugs synthetized from H'*CO,H.
Experimental Section
The general procedure for the methylation reaction of aniline is as
follows: dppp (2.1 mg, 0.005 mmol) was dissolved in dry nBu,O
(1 mL) in a Schlenk tube under argon atmosphere and Karstedt's
catalyst (57 pL, 0.005 mmol) was added, leading to the formation
of a slightly yellow solution. After the mixture had been stirred for
10 min, PhSiH; (309 pL, 2.5 mmol) was added and the solution 6]

turned colorless. Immediately, aniline (45.6 uL, 0.5 mmol), n-hexa-
decane (50 puL) as an internal standard, and HCO,H (57 pL,

Chem. Eur. J. 2014, 20, 1-7

These are not the final page numbers! 22

www.chemeurj.org

science, New York, 2001.

a) S. Narayanan, K. Deshpande, Appl. Catal. A 2000, 7199, 1-31; b)P.
Tundo, M. Selva, Acc. Chem. Res. 2002, 35, 706-716; c) L. Xu, X. Li, Y.
Zhu, Y. Xiang, New J. Chem. 2009, 33, 2051 -2054; d) A. Dhakshinamoor-
thy, M. Alvaro, H. Garcia, Appl. Catal. A 2010, 378, 19-25; e) Y. Zhao,
S.W. Foo, S. Saito, Angew. Chem. 2011, 123, 3062-3065; Angew. Chem.
Int. Ed. 2011, 50, 3006 - 3009.

a) O. Jacquet, X. Frogneux, C. D. N. Gomes, T. Cantat, Chem. Sci. 2013, 4,
2127-2131; b) for reduction of CO, with silanes, see: C. D. N. Gomes, O.
Jacquet, C. Villiers, P. Thuery, M. Ephritikhine, T. Cantat, Angew. Chem.
2012, 124, 191-194; Angew. Chem. Int. Ed. 2012, 51, 187-190; ¢) O. Jac-
quet, C. D. N. Gomes, M. Ephritikhine, T. Cantat, Chemcatchem 2013, 5,
117-120; d) O. Jacquet, C. D.N. Gomes, M. Ephritikhine, T. Cantat, J.
Am. Chem. Soc. 2012, 134, 2934-2937; e) S. N. Riduan, Y. Zhang, J. Y.
Ying, Angew. Chem. 2009, 121, 3372-3375; Angew. Chem. Int. Ed. 2009,
48, 3322-3325; f) H. Koinuma, F. Kawakami, H. Kato, H. Hirai, J. Chem.
Soc. Chem. Commun. 1981, 213-214; g) K. Motokura, D. Kashiwame, A.
Miyaji, T. Baba, Org. Lett. 2012, 14, 2642-2645; h) T. Matsuo, H. Kawagu-
chi, J. Am. Chem. Soc. 2006, 128, 12362-12363; i) A. Berkefeld, W. E.
Piers, M. Parvez, J. Am. Chem. Soc. 2010, 132, 10660-10661; j) S. Park,
D. Bezier, M. Brookhart, J. Am. Chem. Soc. 2012, 134, 11404 -11407.

a) K. Beydoun, T. vom Stein, J. Klankermayer, W. Leitner, Angew. Chem.
2013, 7125, 9733-9736; Angew. Chem. Int. Ed. 2013, 52, 9554-9557;
b) for hydrogenation of CO,, see: R. Fornika, H. Gorls, B. Seemann, W.

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://dx.doi.org/10.1002/cber.190503801154
http://dx.doi.org/10.1021/ja01338a041
http://dx.doi.org/10.1021/ja01338a041
http://dx.doi.org/10.1021/ja01338a041
http://dx.doi.org/10.1021/ja01338a041
http://dx.doi.org/10.1021/jo00207a037
http://dx.doi.org/10.1021/jo00207a037
http://dx.doi.org/10.1021/jo00207a037
http://dx.doi.org/10.1021/jo00207a037
http://dx.doi.org/10.1016/S0040-4039(02)02455-3
http://dx.doi.org/10.1016/S0040-4039(02)02455-3
http://dx.doi.org/10.1016/S0040-4039(02)02455-3
http://dx.doi.org/10.1016/S0926-860X(99)00540-2
http://dx.doi.org/10.1016/S0926-860X(99)00540-2
http://dx.doi.org/10.1016/S0926-860X(99)00540-2
http://dx.doi.org/10.1021/ar010076f
http://dx.doi.org/10.1021/ar010076f
http://dx.doi.org/10.1021/ar010076f
http://dx.doi.org/10.1039/b905656d
http://dx.doi.org/10.1039/b905656d
http://dx.doi.org/10.1039/b905656d
http://dx.doi.org/10.1016/j.apcata.2010.01.042
http://dx.doi.org/10.1016/j.apcata.2010.01.042
http://dx.doi.org/10.1016/j.apcata.2010.01.042
http://dx.doi.org/10.1002/ange.201006660
http://dx.doi.org/10.1002/ange.201006660
http://dx.doi.org/10.1002/ange.201006660
http://dx.doi.org/10.1002/anie.201006660
http://dx.doi.org/10.1002/anie.201006660
http://dx.doi.org/10.1002/anie.201006660
http://dx.doi.org/10.1002/anie.201006660
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1039/c3sc22240c
http://dx.doi.org/10.1002/cctc.201200732
http://dx.doi.org/10.1002/cctc.201200732
http://dx.doi.org/10.1002/cctc.201200732
http://dx.doi.org/10.1002/cctc.201200732
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1021/ja211527q
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/ange.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1002/anie.200806058
http://dx.doi.org/10.1039/c39810000213
http://dx.doi.org/10.1039/c39810000213
http://dx.doi.org/10.1039/c39810000213
http://dx.doi.org/10.1039/c39810000213
http://dx.doi.org/10.1021/ol301034j
http://dx.doi.org/10.1021/ol301034j
http://dx.doi.org/10.1021/ol301034j
http://dx.doi.org/10.1021/ja0647250
http://dx.doi.org/10.1021/ja0647250
http://dx.doi.org/10.1021/ja0647250
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/ja105320c
http://dx.doi.org/10.1021/ja305318c
http://dx.doi.org/10.1021/ja305318c
http://dx.doi.org/10.1021/ja305318c
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/ange.201304656
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/anie.201304656
http://dx.doi.org/10.1002/anie.201304656
http://www.chemeurj.org

:@2 ChemPubSoc
x Europe

[7

[8

)

[10]

Chem. Eur. J. 2014, 20, 1-7

Leitner, J. Chem. Soc. Chem. Commun. 1995, 1479-1481; c) P. G. Jessop,
F. Joo, C. C. Tai, Coord. Chem. Rev. 2004, 248, 2425-2442; d) R. Tanaka,
M. Yamashita, K. Nozaki, J. Am. Chem. Soc. 2009, 131, 14168-14169;
e) R. Langer, Y. Diskin-Posner, G. Leitus, L. J. W. Shimon, Y. Ben-David, D.
Milstein, Angew. Chem. 2011, 123, 10122-10126; Angew. Chem. Int. Ed.
2011, 50, 9948-9952; f) E. Balaraman, C. Gunanathan, J. Zhang, L. J. W.
Shimon, D. Milstein, Nat. Chem. 2011, 3, 609-614; g) C. A. Huff, M.S.
Sanford, J. Am. Chem. Soc. 2011, 133, 18122-18125; h) C. Federsel, A.
Boddien, R. Jackstell, R. Jennerjahn, P. J. Dyson, R. Scopelliti, G. Laurenc-
zy, M. Beller, Angew. Chem. 2010, 122, 9971-9974; Angew. Chem. Int. Ed.
2010, 49, 9777 -9780; i) C. Ziebart, C. Federsel, P. Anbarasan, R. Jackstell,
W. Baumann, A. Spannenberg, M. Beller, J. Am. Chem. Soc. 2012, 134,
20701 -20704.

a)Y. Li, X. Fang, K. Junge, M. Beller, Angew. Chem. 2013, 125, 9747 -
9750; Angew. Chem. Int. Ed. 2013, 52, 9568-9571; b) Y. Li, I. Sorribes, T.
Yan, K. Junge, M. Beller, Angew. Chem. 2013, 125, 12378-12382; Angew.
Chem. Int. Ed. 2013, 52, 12156-12160.

a) S. Gladiali, G. Mestroni, in Transition Metals for Organic Synthesis (Eds.:
M. Beller, C. Bolm), Wiley-VCH, Weinheim, 2004, p. 145; b) S. Gladiali, E.
Alberico, Chem. Soc. Rev. 2006, 35, 226-236; ¢) J. S. M. Samec, J. E. Back-
vall, P. G. Andersson, P. Brandt, Chem. Soc. Rev. 2006, 35, 237-248; d) G.
Wienhofer, I. Sorribes, A. Boddien, F. Westerhaus, K. Junge, H. Junge, R.
Llusar, M. Beller, J. Am. Chem. Soc. 2011, 133, 12875-12879; e)l. Sor-
ribes, G. Wienhoefer, C. Vicent, K. Junge, R. Llusar, M. Beller, Angew.
Chem. 2012, 124, 7914-7918; Angew. Chem. Int. Ed. 2012, 51, 7794 -
7798; f) G. Wienhofer, F. A. Westerhaus, K. Junge, M. Beller, J. Organo-
met. Chem. 2013, 744, 156-159.

a) T. C. Johnson, D. J. Morris, M. Wills, Chem. Soc. Rev. 2010, 39, 81-88;
b) S. Enthaler, J. von Langermann, T. Schmidt, Energy Environ. Sci. 2010,
3, 1207-1217; ¢) A. Boddien, D. Mellmann, F. Gaertner, R. Jackstell, H.
Junge, P.J. Dyson, G. Laurenczy, R. Ludwig, M. Beller, Science 2011, 333,
1733-1736; d) Q.-Y. Bi, X.-L. Du, Y.-M. Liu, Y. Cao, H.-Y. He, K-N. Fan, J.
Am. Chem. Soc. 2012, 134, 8926-8933; e)S. Fukuzumi, T. Suenobu,
Dalton Trans. 2013, 42, 18-28.

a) L. F. Frieser, J. E. Jones, Org. Synth. 1955, Ill, 590; b)S. H. Jung, J. H.
Ahn, S. K. Park, J. K. Choi, Bull. Korean Chem. Soc. 2002, 23, 149-150;
c) A. K. Bose, S. N. Ganguly, M. S. Manhas, A. Guha, E. Pombo-Villars, Tet-
rahedron Lett. 2006, 47, 4605 -4607; d) M. Hosseini-Sarvari, H. Sharghi, J.

[l

[12]

[13]

[14]

[15]

CHEMISTRY

A European Journal
Communication

Org. Chem. 2006, 71, 6652-6654; e) C. L. Allen, J. M. J. Williams, Chem.
Soc. Rev. 2011, 40, 3405-3415; f) B. A. Aleiwi, K. Mitachi, M. Kurosu, Tet-
rahedron Lett. 2013, 54, 2077 -2081; g) D. Habibi, M. Nasrollahzadeh, H.
Sahebekhtiari, J. Mol. Catal. A 2013, 378, 148-155.

For reviews on the selective reduction of carboxylic acid derivates by
using silanes, see: a) D. Addis, S. Das, K. Junge, M. Beller, Angew. Chem.
2011, 723, 6128-6135; Angew. Chem. Int. Ed. 2011, 50, 6004-6011; b) D.
Bézier, J.-B. Sortais, C. Darcel, Adv. Synth. Catal. 2013, 355, 19-33.

For selected examples about the use of Karstedt's catalyst in hydrosily-
lations, see: a) L. N. Lewis, K. G. Sy, G. L. Bryant, P. E. Donahue, Organo-
metallics 1991, 10, 3750-3759; b)J. Stein, L.N. Lewis, Y. Gao, R.A.
Scott, J. Am. Chem. Soc. 1999, 121, 3693 -3703; c) K. Itami, K. Mitsudo,
A. Nishino, J.-i. Yoshida, J. Org. Chem. 2002, 67, 2645-2652; d) H. Anee-
tha, W. Wu, J. G. Verkade, Organometallics 2005, 24, 2590-2596; €) G.
De Bo, G. Berthon-Gelloz, B. Tinant, I. E. Marké, Organometallics 2006,
25, 1881-1890; f) S. Hanada, Y. Motoyama, H. Nagashima, Tetrahedron
Lett. 2006, 47, 6173-6177; g) S. Hanada, E. Tsutsumi, Y. Motoyama, H.
Nagashima, J. Am. Chem. Soc. 2009, 131, 15032-15040; h) Y. Kawasaki,
Y. Ishikawa, K. Igawa, K. Tomooka, J. Am. Chem. Soc. 2011, 133, 20712-
20715; i) D. A. Rooke, E. M. Ferreira, Angew. Chem. 2012, 124, 3279-
3284; Angew. Chem. Int. Ed. 2012, 51, 3225-3230.

This reaction was carried out by using a higher catalyst loading
(2 mol %) and amount of phenylsilane (10 equiv) because the transitient
nature of this intermediate during the reaction makes the relative
amount of catalyst and reducing agent much higher than the normal
catalytic amount.

Reduction of 2a and 6a was carried by using 2.5 equivalents of phenyl-
silane.

a) K. Kitamura, K. Fujitani, K. Takahashi, Y. Tanaka, S. Hirako, C. Kotani, T.
Hashimoto, S. Takegami, J. Labelled Compd. Radiopharm. 2000, 43, 865 -
872; b) K. Kitamura, S. Takegami, T. Kobayashi, K. Makihara, C. Kotani, T.
Kitade, M. Moriguchi, Y. Inoue, T. Hashimoto, M. Takeuchi, Biochim. Bio-
phys. Acta Biomembr. 2004, 1661, 61-67.

Received: February 11, 2014
Published online on Il K1, 0000

www.chemeurj.org

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

KK These are not the final page numbers!


http://dx.doi.org/10.1039/c39950001479
http://dx.doi.org/10.1039/c39950001479
http://dx.doi.org/10.1039/c39950001479
http://dx.doi.org/10.1016/j.ccr.2004.05.019
http://dx.doi.org/10.1016/j.ccr.2004.05.019
http://dx.doi.org/10.1016/j.ccr.2004.05.019
http://dx.doi.org/10.1021/ja903574e
http://dx.doi.org/10.1021/ja903574e
http://dx.doi.org/10.1021/ja903574e
http://dx.doi.org/10.1002/ange.201104542
http://dx.doi.org/10.1002/ange.201104542
http://dx.doi.org/10.1002/ange.201104542
http://dx.doi.org/10.1002/anie.201104542
http://dx.doi.org/10.1002/anie.201104542
http://dx.doi.org/10.1002/anie.201104542
http://dx.doi.org/10.1002/anie.201104542
http://dx.doi.org/10.1038/nchem.1089
http://dx.doi.org/10.1038/nchem.1089
http://dx.doi.org/10.1038/nchem.1089
http://dx.doi.org/10.1021/ja208760j
http://dx.doi.org/10.1021/ja208760j
http://dx.doi.org/10.1021/ja208760j
http://dx.doi.org/10.1002/ange.201004263
http://dx.doi.org/10.1002/ange.201004263
http://dx.doi.org/10.1002/ange.201004263
http://dx.doi.org/10.1002/anie.201004263
http://dx.doi.org/10.1002/anie.201004263
http://dx.doi.org/10.1002/anie.201004263
http://dx.doi.org/10.1002/anie.201004263
http://dx.doi.org/10.1021/ja307924a
http://dx.doi.org/10.1021/ja307924a
http://dx.doi.org/10.1021/ja307924a
http://dx.doi.org/10.1021/ja307924a
http://dx.doi.org/10.1002/ange.201301349
http://dx.doi.org/10.1002/ange.201301349
http://dx.doi.org/10.1002/ange.201301349
http://dx.doi.org/10.1002/anie.201301349
http://dx.doi.org/10.1002/anie.201301349
http://dx.doi.org/10.1002/anie.201301349
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/ange.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1002/anie.201306850
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b513396c
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1039/b515269k
http://dx.doi.org/10.1002/ange.201202584
http://dx.doi.org/10.1002/ange.201202584
http://dx.doi.org/10.1002/ange.201202584
http://dx.doi.org/10.1002/ange.201202584
http://dx.doi.org/10.1002/anie.201202584
http://dx.doi.org/10.1002/anie.201202584
http://dx.doi.org/10.1002/anie.201202584
http://dx.doi.org/10.1016/j.jorganchem.2013.06.010
http://dx.doi.org/10.1016/j.jorganchem.2013.06.010
http://dx.doi.org/10.1016/j.jorganchem.2013.06.010
http://dx.doi.org/10.1016/j.jorganchem.2013.06.010
http://dx.doi.org/10.1039/b904495g
http://dx.doi.org/10.1039/b904495g
http://dx.doi.org/10.1039/b904495g
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1039/b907569k
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1126/science.1206613
http://dx.doi.org/10.1021/ja301696e
http://dx.doi.org/10.1021/ja301696e
http://dx.doi.org/10.1021/ja301696e
http://dx.doi.org/10.1021/ja301696e
http://dx.doi.org/10.1039/c2dt31823g
http://dx.doi.org/10.1039/c2dt31823g
http://dx.doi.org/10.1039/c2dt31823g
http://dx.doi.org/10.1016/j.tetlet.2006.04.148
http://dx.doi.org/10.1016/j.tetlet.2006.04.148
http://dx.doi.org/10.1016/j.tetlet.2006.04.148
http://dx.doi.org/10.1016/j.tetlet.2006.04.148
http://dx.doi.org/10.1021/jo060847z
http://dx.doi.org/10.1021/jo060847z
http://dx.doi.org/10.1021/jo060847z
http://dx.doi.org/10.1021/jo060847z
http://dx.doi.org/10.1039/c0cs00196a
http://dx.doi.org/10.1039/c0cs00196a
http://dx.doi.org/10.1039/c0cs00196a
http://dx.doi.org/10.1039/c0cs00196a
http://dx.doi.org/10.1016/j.tetlet.2013.02.013
http://dx.doi.org/10.1016/j.tetlet.2013.02.013
http://dx.doi.org/10.1016/j.tetlet.2013.02.013
http://dx.doi.org/10.1016/j.tetlet.2013.02.013
http://dx.doi.org/10.1016/j.molcata.2013.04.001
http://dx.doi.org/10.1016/j.molcata.2013.04.001
http://dx.doi.org/10.1016/j.molcata.2013.04.001
http://dx.doi.org/10.1002/ange.201100145
http://dx.doi.org/10.1002/ange.201100145
http://dx.doi.org/10.1002/ange.201100145
http://dx.doi.org/10.1002/ange.201100145
http://dx.doi.org/10.1002/anie.201100145
http://dx.doi.org/10.1002/anie.201100145
http://dx.doi.org/10.1002/anie.201100145
http://dx.doi.org/10.1002/adsc.201200666
http://dx.doi.org/10.1002/adsc.201200666
http://dx.doi.org/10.1002/adsc.201200666
http://dx.doi.org/10.1021/om00056a055
http://dx.doi.org/10.1021/om00056a055
http://dx.doi.org/10.1021/om00056a055
http://dx.doi.org/10.1021/om00056a055
http://dx.doi.org/10.1021/ja9825377
http://dx.doi.org/10.1021/ja9825377
http://dx.doi.org/10.1021/ja9825377
http://dx.doi.org/10.1021/jo0163389
http://dx.doi.org/10.1021/jo0163389
http://dx.doi.org/10.1021/jo0163389
http://dx.doi.org/10.1021/om050034l
http://dx.doi.org/10.1021/om050034l
http://dx.doi.org/10.1021/om050034l
http://dx.doi.org/10.1021/om050866j
http://dx.doi.org/10.1021/om050866j
http://dx.doi.org/10.1021/om050866j
http://dx.doi.org/10.1021/om050866j
http://dx.doi.org/10.1016/j.tetlet.2006.06.165
http://dx.doi.org/10.1016/j.tetlet.2006.06.165
http://dx.doi.org/10.1016/j.tetlet.2006.06.165
http://dx.doi.org/10.1016/j.tetlet.2006.06.165
http://dx.doi.org/10.1021/ja9055307
http://dx.doi.org/10.1021/ja9055307
http://dx.doi.org/10.1021/ja9055307
http://dx.doi.org/10.1021/ja209553f
http://dx.doi.org/10.1021/ja209553f
http://dx.doi.org/10.1021/ja209553f
http://dx.doi.org/10.1002/ange.201108714
http://dx.doi.org/10.1002/ange.201108714
http://dx.doi.org/10.1002/ange.201108714
http://dx.doi.org/10.1002/anie.201108714
http://dx.doi.org/10.1002/anie.201108714
http://dx.doi.org/10.1002/anie.201108714
http://dx.doi.org/10.1002/1099-1344(200008)43:9%3C865::AID-JLCR370%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1099-1344(200008)43:9%3C865::AID-JLCR370%3E3.0.CO;2-E
http://dx.doi.org/10.1002/1099-1344(200008)43:9%3C865::AID-JLCR370%3E3.0.CO;2-E
http://dx.doi.org/10.1016/j.bbamem.2003.11.017
http://dx.doi.org/10.1016/j.bbamem.2003.11.017
http://dx.doi.org/10.1016/j.bbamem.2003.11.017
http://dx.doi.org/10.1016/j.bbamem.2003.11.017
http://www.chemeurj.org

:@2 ChemPubSoc
et Europe

COMMUNICATION

CHEMISTRY

A European Journal
Communication

[Pt] Karstedt's catalyst / dppp

+ R'RZNH or R'NH, -
PhSiH3

r.t. or 60°C
18 h, nBu,O

Methylation made easy: A general cat-
alytic protocol for the methylation of
amines has been developed applying,
for the first time, formic acid as the C,
building block and silanes as reducing
agents. A broad range of aromatic and
aliphatic, both primary and secondary,

CHs CHy
or

N Homogeneous
R'"“CH,3

Catalysis N-methylation

R'R?

]
=
-

[l‘

=
R, R? = aliphatic, aromatic Py ..|:|

amines has been converted to the cor-
responding tertiary amines, including
[N-"*C]-labelled drugs, in good to excel-
lent yields at mild conditions (see
scheme: dppp = (1,3-bis(diphenylphos-
phino)propane)).

I Homogeneous Catalysis
I. Sorribes, K. Junge, M. Beller*
EN-EN

General Catalytic Methylation of
Amines with Formic Acid under Mild
Reaction Conditions

Amine Methylation

In their Communication on page [l M ff., M. Beller et al.
describe a general catalytic protocol for the methylation of
amines that applies, for the first time, formic acid as the C,
building block and silanes as reducing agents, which is
represented here as mono and dimethylated amines
growing from the corresponding amine seeds after being
irrigated with the mixture catalyst/silane. The hard-working
ants secrete the formic acid starting material for attack and

defense purposes.
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