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A Ru(ll) complex mediated synthesis of various N,N-dimethyl and N-monomethyl amines from organic azides using
methanol as a methylating agent is reported. The methodology was successfully applied for the one-pot reaction of

bromide derivatives and sodium azide in methanol. Notably, by controlling the reaction time several N-monomethylated

and N,N-dimethylated amines were synthesized selectively. The practical applicability of this tandem process was revealed

by preparative scale reactions with different organic azides and synthesis of anti-vertigo drug betahistine. Several kinetic

experiments and DFT studies

Introduction

Utilization of inexpensive and abundant methanol as a fuel,
hydrogen storage medium and feedstock to produce various
value-added chemicals such as biofuels, amino acids, and
polymers became highly relevant in recent years as the crude
oil reserves are depleting rapidly.l'3 In addition to this,
sustainable transformation of methanol as C1 building blocks
also received significant attention in organic synthesis.4' > In
this prospect some remarkable advancements were achieved
for the utilization of methanol in many eco-friendly reactions
such as C/N-methylation,e'12 C-methoxylation,13 N-
formylation,”'16 and methoxycarbonylation.17

N-methylated amines are considered as an essential unit in
numerous biologically active compounds and also serve as key
intermediates in the preparation of various natural products,
dyes, agrochemicals, bulk and fine chemicals.®® *° Traditionally
for the N-methylation of amines carcinogenic methyl iodide,
dimethyl sulphate, trimethyloxonium tetrafluoroborate or
diazomethane, etc. were employed which generate
stoichiometric amount of toxic waste.?*? Recently, trimethyl
orthoformate, dimethyl carbonate, and dimethyl sulfoxide
were also scrutinized as methylating agent but the efficiency
and selectivity was poor.zg'25 Hence, for the development of
sustainable methylation process utilization of methanol as a
methylation agent is highly desirable.

Organic azides are highly important and versatile class of
compounds in synthetic chemistry which received notable
interest in last two decades due to their broad synthetic
applicability as well as their easy accessibility via numerous
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were carried out to understand the

mechanism of this transformation.

simple and state forward protocols.zs' z Staudinger reaction,zg‘
2 Schmidt reaction,3o' 31 Curtius rearrangement32 and azide-
alkyne Huisgen cycloaddition33'35 are the most common
classical organic reactions using azides. The reduction of azides
to amines is quite well known in literature and recently few
efficient methods also developed using softer reducing
agents.36'42 Multistep transformations of organic azides to N-
methylated toxic Mel or
paraformaldehyde/NaBH, is literature.®® *
Remarkably, Hong group demonstrated Ru(ll) complex
catalyzed synthesis of amide from azide and alcohol which is
the only example known till date for the azide alcohol
coupling.45

amines using

known in

Conventional Approach:

[Pd] or [Cu]
R7OX + RNHo/RINH =~ R”NHR or R/\NRg
_ Buchwald-Hartwig
X=Brl Amination

Our one-pot Strategy:
NaN3, CH,0H

/\N,CH3 NaN3, CH3OH
[Ru], 24 h

H [Ru], 2-5h

/\N,CH3

CH

R

Scheme 1 Methodology for synthesis of N-Methylated amines.

In our continued interest to develop atom-economical and
environmentally benign protocols to construct new C-C and C-
N bonds by alcohol activation, herein we report a Ru(ll)
complex catalyzed tandem transformation of various aromatic
and aliphatic azides into the corresponding N-methylated
amines. To the best of our knowledge, direct conversion of
organic azides to N-methylated amines using methanol is not
reported yet (Scheme 1).

Result and Discussion
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Initially, reaction of benzyl azide with methanol was tested as
a model reaction in presence of various 1,10-phenanthroline
based tridentate NNN pincer Ru(ll) complexes (2 mol %) which
showed 23-40% yields of N,N-dimethylbenzyl amine after 24 h
(Table 1, entries 1-4). Compared to our previous studies with
methanol activation,’ among the phen-py based Ru(ll)
complexes (A-D), 2-hydroxypyridine moiety containing
complex A did not show better activity which suggested that
the metal-ligand cooperativity was not the dominating factor
in this reaction. To improve the catalytic activity and make the
ligand more electron rich, different substituted pyrazo|e46' 47
units were introduced at the 2-position of the 1, 10-
phenanthroline moiety which yielded stable NNN-pincer
ligands. The corresponding Ru(ll) complexes were synthesized
in good yields by reacting an equimolar amount of phen-pyra
ligands (1b-1d) with RuCl,(PPh;); in refluxing methanol under
inert atmosphere followed by anion metathesis with NH,PFg
(SI, Scheme S1 and S2). These complexes were fully
characterized by different spectroscopic techniques and the
solid state structure of complex E also confirmed the geometry
around the Ru center. Afterward, these new Ru(ll) complexes
(E-1) were also screened and we were pleased to find that
complex E delivered the highest yield of N,N-dimethylbenzyl
amine among all the Ru(ll) complexes (Table 1, entry 5).
Different weak and strong bases were screened with complex
E and NaOH (1.5 equiv.) gave the best yield (67%) of N,N-
dimethylbenzyl amine at 125 ‘C within 24 h (SI, Table S2).
Common Ru(ll) precursors like Ru(H,)(CO)(PPhj3)s,
Ru(H)(CI)(CO)(PPhs);, RuCl,(PPh3); were also tested, which
displayed lower activity compared to the complex E (SI, Table
S1). There was no product formation in the absence of any
Ru(ll) complex. When the catalyst loading was increased up to
3 mol %, to our delight complex E delivered the desired amine
1a in 98% yield (Table 1, entry 12).

Table 1 Transformation of benzyl azide to N,N-dimethyl-1-
phenylmethanamine®

N. Cat. (2 mol %), Base (equiv.) N-CHs 1 :
e OL, o 2
CH,0H, 125°C, 24 h CH, ¢ ¥ w» ‘zy

o

J ’;PPE;IPFﬁg)\/l R, |PFs ’ v
"

N N\R‘UJ\J@ S N\Ru N ’ ‘*?L

Phof b R Vo R ‘
Ry=OH CatA L=PPh; R;=Me CatE . ° (‘4" ‘\&\' "
R;=OMe CatB L=PPh; R,='Bu CatF . Lo §
Ry=Me CatC L=PPh; R,=Ph CatG s
Ri=H CatD  L=PPh; Ry=H CatH ol
L=CHsCN R,=Me Catl CatE

Entry @ Catalyst = Base (equiv.) | Yield of 1a (%)

1 A KO'Bu (1.0) 26
2 B KO'Bu (1.0) 37
3 c KO'Bu (1.0) 40
4 D KO'Bu (1.0) 23
5 E KO'Bu (1.0) 50
6 F KO'Bu (1.0) 42
7 G KO'Bu (1.0) 32
8 H KO'Bu (1.0) 28
9 I KO'Bu (1.0) 29
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10 E NaOH (1.0) 61
11 E NaOH (1.5) 67
12° E NaOH (1.5) 98

“Reaction conditions: azide (0.375 mmol), Cat. (2 mol %), base
(equiv.), methanol (1.5 mL), 24 h, 125 C (oil bath
temperature). GC yields. b3 mol % Cat. E was used.

After optimizing the reaction conditions with benzyl azide
this methodology was extended to different benzyl, aryl,
aliphatic and carbonyl azide substrates. Different benzyl azide
substrates with electron donating and withdrawing groups at
the para, meta and ortho positions were effectively converted
to the corresponding substituted N,N-dimethyl-1-
phenylmethanamine derivatives (Table 2, entries 1a-9a).
Naphthalene, 1,3-dioxolyl, and ester substituted azides were
effectively converted to the preferred products (Table 2,
entries 10a-12a). Challenging heteroatomic, aliphatic, tertiary
and secondary azides also responded well in this reaction
conditions and produced the respective N,N-dimethyl amines
in moderate to good vyields (Table 2, entries 13a-20a).
Additionally, different aromatic and sulfonyl azides were also
smoothly converted to the N-monomethylated products
following this protocol (Table 2, entries 21a-25a).

Table 2 Synthesis of N,N-dimethylated amines from azides®

Ns  Cat. E (3 mol %), NaOH (1.5 equiv.) /CHa “CH
ik e Theatet  Sihh i 3

O/ CH30H, 125°C, 24h O/\ O/
)\f _CHa T/CHS o~ ~CHa ~-CHa
| |
= CH3 CHs weCHs R CHs
R

10a R=SMe 85% (80%)

la R=H  08%(92%) 7a R=Me 9% (g7%) %2 T4%O7%) 447 o COMe 78% (71%)

2a R=Me 96% (91%) 8a R=Cl 72% (66%)
3a R=0Me 82% (75%)

4a R=Cl  87%(80%) /CH: CH:
5a R=F  85%(81%) < -CHa - CHe
6a R='Bu  92%(86%)

(:H3 CH:
12a 91% (85%) 13a 90% (83%) 142 87% (80%)
‘ N N/CHs s CHy HaC. -CHs
| N,
N G L w-cHs ©/V CHs
CHs HeC
15a 81% (75%) 16a 67% (61%) 17a 83%"° (75%) 18a 55% (48%)
HC. -CHs NHCH,
/\/\/\N/CHG NHCH, NHCH3
o
192 58% (50%) 20a 74% (66%) 21a 89% (83%) 22a 86% (80%) 23a 78% (74%)
Q
NHCH3 Soy-CHa
AT
MeO
24a 73% (67%) 25a 87%° (80%)

“Reaction conditions: Azides (1.13 mmol), Cat. E (3 mol %),
NaOH (1.69 mmol), methanol (4.5 mL), 24 h, 125 c (oil bath
temperature). 4 mol % Cat. E was used and heated for 36 h.
°KO'Bu (1.5 equiv.) was used as base. GC yields (isolated yields
in parenthesis).

Notably, following the same protocol with benzyl azide at
shorter reaction time (2h) formation N-methyl-1-
phenylmethanamine was detected as a major product. Next,
utilizing this methodology complex E catalyzed selective
synthesis of N-monomethylated amines from organic azides
was investigated by controlling the reaction time (Table 3).
Both electron donating and withdrawing group containing

This journal is © The Royal Society of Chemistry 20xx
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azide substrates responded well in this condition (Table 3,
entries 2b-10b). Additionally, naphthalene, 1,3-dioxolyl and
ester substituted azides were selectively converted to the
desired monomethylated products in good vyields (Table 3,
entries 11b-13b). Secondary and heteroatomic azide
derivatives delivered good yields of the corresponding
products under this reaction condition (Table 3, entries 14b-
16b). Whereas with aliphatic and tertiary azides yields of the
respective N-monomethylated amines were moderate (Table
3, entries 17b-20b).

Table 3 Scope of N-monomethylation®

| "N, Cat E (3 mol %), NaOH (1.5 equiv.) | Ny s
Kz CHZOH, 125°C, t L J H
R R
N-CHe N~ CHs -CHs
H H H
R Me
R
1b 2h R=H  84% (77%) _ 9b 25h  67% (60%)
h R=Me  77% (71%)
2b 2h R=Me 81%(74%) gp 3h R=Cl 71%(65%))

3b 25h R=OMe
4b 25h R=Cl
5b 25h R=F
6b 2h R='Bu

69% (62%)
74% (69%)
70% (64%)
76% (70%)

_CH
N 3
H
R

o e

12b 3h 72% (66%) 13b 25h  73% (68%)

10b 25h  R=SMe  76% (70%)

11b 35h  R=CO,Me 58% (51%)

vt i
_CHj _N \ n-CHs “CH3
CHs
14b 35h  72% (66%) 15b 4h 68%(61%) 16b 4h  61%(55%) 17a 5h 67%" (60%)
_CHz
HN’CH: WN'CHG HN

18b 5h  48% (41%) 19b 5h  50% (42%) 20b 5h  42% (35%)

“Reaction conditions: Azides (1.13 mmol), Cat. E (3 mol %),
NaOH (1.69 mmol), methanol (4.5 mL), time, 125 c (oil bath
temperature). GC yields (isolated yields in parenthesis). b4 mol
% Cat. E was used.

To reveal the practical applicability of this methodology one-
pot N,N-dimethylation and N-monomethylation of several
benzyl and aliphatic bromides using sodium azide and
methanol were investigated. For this purpose, benzyl bromide
was taken as a model substrate and the reaction was carried
out in the presence of NaN; (1.1 equiv.) in methanol at room
temperature for 16 h followed by addition of Ru(ll) catalyst (E)
and NaOH which furnished the N,N-dimethyl-1-
phenylmethanamine in excellent vyields (SI, Table S8).
Afterward, this one-pot protocol was successfully applied to a
wide range of benzyl bromide derivatives, heteoatomic
substrates as well as aliphatic substrates which delivered the
desired products in good to excellent yields (Scheme 2a).

Next, we extended this sustainable protocol to preparative
scale synthesis of methylated amines. Aromatic, aliphatic and
heteroatomic azide substrates were successfully converted to
the respective mono and dimethylated amine derivatives in
good to moderate vyields (Scheme 2b). Moreover, this
methodology was employed in the N-monomethylation of 2-
(2-azidoethyl)pyridine to synthesize N-methyl-2-(pyridin-2-

This journal is © The Royal Society of Chemistry 20xx

yl)ethanamine (betahistine) which is used as a drug for the
treatments of Meniere’s disease and vertigo symptoms
(Scheme 2c, entry 3c).48’ 49

To shed some light on the mechanism of this reaction, time
dependent product distribution during the tandem
transformation of azides to N-methylated amines was

monitored (Figure 1). Within 30 minutes, benzyl azide was

2a) ©/\Br
/©/\N/CH3
|
R CHs

92% (83%)
88% (80%)
82% (74%)

i) NaN; (1.1 equiv.), CH;OH, RT, 16 h

ii) Cat. E (3 mol %), NaOH (1.5 equiv.) ©/\

CH;OH, 125°C, t R =H/CH;

Feagllies e

24hR="Bu 86% (78%)
24hR=S8Me  77% (70%) 24 h 76% (68%)
24hR=CO,Me 58% (49%)

CNHg N/CH:t
N H
@N CHy R

h R=Me 74% (66%)
5hR=Cl 71% (64%)

O N/CHa
SR

2.5h 70% (61%)

2
24 h 68% (62%)° 36 h 68% (59%) 2

o e

3.5 h 71% (64%) 3 h68% (60%)

MeO, cg CH, Me/©/

24h 62% (0.811 g)

2b) Me

X N ~C
N ~CHs | N
| Z CH;,
CH,
Me
241 70% (0.711 g)

24 h 76% (0.953 g)
_CH,
myts )

O N/CHa
n-CHs <ﬁH
: [e)
W O

24h 48% (0.4209)  2.5h 66% (0.766 g)

»=0

<\~ CHe
H

O

240 77% (0.779 g)

3h 62% (0.693 g)

H
2¢) ‘ BN N; Cat. E (10 mol %), Na,CO;3 (1.5 equiv.)(/\(\/N\CH3
~N CH30H, 125°C, 4 h ~-N

3b Betahistine (3¢)
66% (0.101 g)

Scheme 2 Practical applicability of the methodology: 2a) One-
Pot methylation of bromide derivatives; 2b) Preparative scale
synthesis of N-methylated amines; 2c) Synthesis of betahistine.

consumed and benzyl amine appeared as a major product
along with a small amount of N-methyl-1-phenylmethanamine
(Figure 1a). Then, gradually benzyl amine was converted to N-
methyl-1-phenylmethanamine and within 2 h its concentration
reached the (~84%). N,N-dimethyl-1-
phenylmethanamine concentration was considerably low
within first 2 h which slowly increased during the course of the
reaction and reached maxima after 24 h (Figure 1b). This
clearly implies that rate of the N-monomethylation reaction
was much faster than the N,N-dimethylation reaction.

The formation of phenylmethanimine intermediate during
the conversion of benzyl azide to benzyl amine is well
documented in literature.>® 1 To detect  the
phenylmethanimine intermediate in our reaction condition we
monitored the conversion of benzyl azide in presence of Cat. E
in 2-propanol up to seven days at room temperature and as
well as after heating at 85 °C for 12 h. However, under both
conditions we did not detect any phenylmethanimine. Hence,
we synthesized the active Ru-H complex (Cat. EH) by treating
the precatalyst E with NaO'Pr in 2-propanol/dichloromethane
mixture (2:1) at 82 c (Sl, page 22). This Ru-H species (Cat. EH)

maxima
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was characterized by 31p and 'H NMR spectroscopy (SI, Figure
S3 and S4). The 3p NMR resonance of the complex EH was
observed at 4 = 50.18 ppm and in "H NMR spectroscopy it gave
a hydride resonance at & = -5.88 ppm (t, Jyp = 24.6 Hz).
Afterward, the same experiment for the detection of
phenylmethanimine intermediate was repeated with this Ru-H
species (Cat. EH) at room temperature and the reaction was
monitored up to seven days (SI, Figure S5). After three days at
room temperature stirring 15% conversion of benzyl azide to
phenylmethanimine (7%) and N-benzylidene-1-
phenylmethanamine (8 %) was detected (SI, Figure S5). Due to
high reactivity of the phenylmethanimine it was readily
coupled with in-situ generated benzyl amine and formed N-
benzylidene-1-phenylmethanamine (SI, Scheme 59).51 For that
reason although the conversion of benzyl azide after seven
days was 30% the effective concentration phenylmethanimine
was never increased beyond 11% (SI, Scheme S9 and Figure
S5). Similar phenomenon was also observed when this reaction
was carried out at 85 C in 2-propanol (SI, Scheme S9 and
Figure S6). This experiment clearly suggested the involvement
of the Ru-H species (Cat. EH) in the conversion of benzyl azide
to phenylmethanimine which is the intermediate for the
formation of benzyl amine.”*%?
100 4
o e Geney amine

4 N-methyl-1-phenylmethamine
804 ¥~ N.N-methyl-1-phenylmethamine

/

=

% of Yield
3
L

»
3
!

204

0 —
T T ' T T '
0 20 40 60 80 100 120
Time (min)
100
b) —A&— N-methyl-1-phenylmethamine »
¥— N,N-dimethyl-1-phenyimethamine 4
SN
0 B Ty
T

T T T

5 20 25

10 15
Time (hour)
Figure 1. Time dependent product distribution studies of

benzyl azide: a) 0-120 minutes, b) 2-24 hours.

Next, several kinetic experiments with benzyl azide and
various intermediates using methanol-d, were performed
(Scheme 3). With benzyl azide and benzyl amine deuterated
N,N-dimethylbenzyl amine (P) was formed as the major
product in methanol-d,. Notably, for both of these reactions a-
CH, of the final product was fully deuterated. This exchange
transpired probably through phenylmethanimine intermediate
followed by Ru(ll) complex catalyzed 1,3-deuteride transfer
process (SI, Scheme S11). For the Ru(ll) complex catalyzed a-
deuteration of amines, Szymczak and Gunanathan groups also

4| J. Name., 2012, 00, 1-3
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53-56
We

hypothesized that in presence of complex E benzyl azide would

proposed similar 1,3-deuteride migration to imine.

smoothly convert to phenylmethanimine which is well
documented in the literature.”™ ** 7 In addition, the reaction
of N-methylbenzyl amine and N-methylene-1-
phenylmethanamine in methanol-d, vyielded partially
deuterated products S and T. On the basis of these kinetic and
deuterium experiments a probable catalytic cycle was
proposed for this system (SI, Scheme S10).

i D CD.
©%N3 Cat. E (3 mol %), NaOH (1.5 equiv.) ©/kN/ 3
CD,0D, 125°C, 24 h (|:D3
P 83%
i D CD
©/\N3 Cat. E (3 mol %), NaOH (1.5 equiv.) ©)<N/ 3
D
CD5;0D, 125°C,2h
Q 57%
Lo cD.
Ejﬁm-l2 Cat. E (3 mol %), NaOH (1.5 equiv.) ©)<N/ 3
CD30D, 125°C, 24 h C|D3
P 67%
©AH,CH3 Cat. E (3 mol %), NaOH (1.5 equiv.) ©AN/CH3
CD,0D, 125°C, 20 h éDa
S 65%
_CH, Cat. E (3 mol %), NaOH (1.5 equiv.) N/CHzD
N ° |
©/\ CD,0D, 125°C, 20 h [ :] éo,
T 62%

Scheme 3 Mechanistic studies using methanol-d,.

For better understanding the reaction mechanism a detail
DFT calculations for the conversion of benzyl azide to N-
methylated amine in methanol was carried out (Figure 2). The
reaction mechanism can be divided into four parts: (a)
methanol dehydrogenation, (b) generation of imine form azide
(via 1,2-proton shift), (c) imine hydrogenation and (d) N-
methylene imine hydrogenation (Figure 2). Firstly, the
methoxy complex (I11) was generated from the starting
complex E via base mediated activation (Figure 2). Then, one
of the PPh; dissociated from the intermediate 11 which
destabilized the system (12) by 12.29 kcal/mol. Afterward, B-H
elimination (TS1) from the intermediate 12 furnished a metal-
hydride complex (13) with the activation energy barrier of 7.7
kcal/mol which subsequently converted to the azide bound
intermediate 14 (17.50 [37.90] kcal/mol) via the substitution of
formaldehyde molecule. Then, N, elimination followed by 1,2-
proton shift provided the intermediate 15 where the imine was
bound to metal center in nz-fashion. Afterward, the insertion
of the imine molecule into the metal-hydride bond through
the four membered transition state (TS2 with activation
energy barrier of 3.68 kcal/mol) followed by methanolysis
furnished the amine. The resulting amine was coupled with
formaldehyde (produced from dehydrogenation of methanol)
and yielded N-methylene-1-phenylmethanamine (SI, Scheme
S$10). Then, this N-methylene-1-phenylmethanamine was
hydrogenated by the Ru-H with activation barrier of 3.60
kcal/mol (TS3) and produced the desired N-methylbenzyl
amine product (Figure 2). This N-monomethylated amine can

This journal is © The Royal Society of Chemistry 20xx
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be converted to the N,N-dimethylbenzylamine following
another catalytic cycle. In this catalytic cycle methanol
dehydrogenation process required comparably higher
activation energy (7.7 kcal/mol) than the imine and N-
methylene imine hydrogenation steps.
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using methanol (Hybrid functional, M06-2X was used with the LANL2DZ basis set for Ru and 6-310Mgatign tor nonmetal

elements). Steps involve for the conversion of 16 to 17 are shown in S| Figure S7.

Conclusions

In summary, we developed a Ru(ll) complex catalyzed
tandem as well as sustainable process for the synthesis of
various N,N-dimethylated and N-monomethylated amines
from organic azides. To best of our knowledge, this is the first
example where combination of organic azides and methanol
were utilized as N1 and C1 sources respectively for the
synthesis of N-methylated amine products. Notably, following
this methodology varieties of N-methylamine and N,N-
dimethylamine were selectively synthesized in one-pot fashion
using bromide derivatives and inexpensive sodium azide in
methanol. The practical applicability of this protocol was also
explored by synthesizing methylated amines in large scale
quantity. Additionally, this methodology was successfully
employed for the synthesis anti-vertigo drug betahistine.
Several kinetic experiments and DFT studies were carried out
to understand the mechanistic aspect of this tandem
transformation. An air and moisture-stable ruthenium complex
catalyzed this alternative approach provides a practical and

This journal is © The Royal Society of Chemistry 20xx

efficient method for the selective synthesis of N-methylated
amines from azides and methanol.
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