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Ruthenium-Catalyzed Modular Synthesis of Cyclic Tertiary Amines

from Lactams

Stefan Westhues, Markus Meuresch, and Jiirgen Klankermayer*

Abstract: Reported is the development of a novel catalytic
cascade reaction facilitating the modular synthesis of cyclic
tertiary amines from simple lactam substrates and secondary
alcohols. Using a single molecular ruthenium-triphos catalyst
in the presence of molecular hydrogen enabled the versatile
formation of various amines in high yield with excellent
selectivity. Extending the reaction system to using an alcohol as
the hydrogen transfer reagent allowed the reduction of lactams
without the need for molecular hydrogen.

The development of versatile organic synthetic protocols and
the creation of sustainable processes represent central
challenges in the field of molecular catalysis. Especially the
effective production of amines, an essential class of organic
intermediates on the pathway to pharmaceutically relevant
products, is of great importance to the synthetic chemist. The
respective amine functionality is present in many active
principal drugs, agrochemicals, and numerous specialty chem-
icals. Particularly, tertiary cyclic amines are promising lead
structures towards the synthesis of novel anticonvulsants,
kinase inhibitors, and antiviral compounds.

Novel access to these important molecules could in
principle be established by the utilization of versatile
amides or lactam starting materials. Lactams can be synthe-
sized from easily accessible amino acids and the most
prominent example, e&-caprolactam, the precursor to
Nylon 6, is a widely used synthetic polymer with an annual
production of approximately 4.5 billion kilograms.®”! More-
over, recent biobased synthetic pathways were developed,
thus enabling the possibility to produce these compounds by
new benign routes.*”! Consequently, the creation of cyclic
tertiary amines starting from lactams could pave the way to
novel sustainable pathways towards this class of products.

A convenient synthesis using this approach is represented
by the reduction of lactams to the corresponding amine.
Traditionally, conventional reducing agents like NaBH, or
LiAlH, are used in stoichiometric amounts, but very recently,
practical catalytic methods using molecular catalysts were
established. Using the tailored ruthenium catalyst [Ru(tri-
phos-xyl)(tmm)] enabled the hydrogenolysis of non-activated
lactams with unprecedented activity and selectivity.?
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Herein, an effective novel one-step approach for the
synthesis of cyclic tertiary amines using only a lactam in
combination with a selected alcohol, in the presence of

a single molecular ruthenium catalyst, is presented
(Scheme 1).
o
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Scheme 1. Direct modular synthesis of cyclic tertiary amines from
lactams and alcohols.

The study was initiated with a mechanistic investigation of
the reduction of lactams with the developed [Ru(triphos-
xyl)(tmm)] catalyst.’! Supported by recent findings on the
reduction of amides, from the group of Beller,””’ the formation
of amino alcohols from the hydrogenation of a lactam with
a ruthenium catalyst was proposed (Scheme 2). In detail, the
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Scheme 2. Proposed reaction mechanism for the hydrogenolysis of
lactams with a homogeneous ruthenium catalyst.
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C—N bond of the lactam is reductively cleaved, resulting in
the corresponding linear amino alcohol. Subsequently, based
on a hydrogen-borrowing mechanism, the amino alcohol is
initially oxidized to the respective aldehyde species, followed
by a Schiff base reaction. The formed cyclic imine is then
hydrogenated, thus resulting in the cyclic amine product.
Consequently, in a first set of experiments, the amino alcohols
4-aminobutanol, 5-aminopentanol, and 6-aminohexanol were
used as substrates under standard hydrogenolysis conditions
to yield the respective secondary cyclic amines together with
the formation of water, thus corroborating the initial step in
the proposed pathway. The subsequent N-alkylation with
alcohols by a “hydrogen borrowing mechanism” is well
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established and various groups have presented the successful
alkylation of aliphatic and aromatic amines with a large
variety of alcohols.” ¥ Furthermore, the suggested cycliza-
tion of aminoalcohols to azacycloalkanes was already dem-
onstrated by Hakata et al. and the group of Bartdk, using
a [RuCL(PPh;),] catalyst.'>!) Moreover, the cyclization of
five-, six-, and seven-membered rings is likely driven by the
ring stabilization energy.

Taking into consideration the versatility of the novel
[Ru(triphos-xyl)(tmm)] catalyst in the hydrogenolysis of
amides, as well as the N-alkylation of amines with alcohols,
a novel one-step cascade reaction yielding tertiary amines
from secondary amides was envisaged,!'”! thus avoiding large
amounts of stoichiometric reducing agents and harmful alkyl
halides (Scheme 1).l""! Consequently, a set of non-activated
lactams (L1-L5) in combination with secondary alcohols
(A1-A4) was investigated (Figure 1).

Lactams
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Figure 1. Overview of used lactams and alcohols in the formation of
cyclic amines.

The reactions of the lactams L1-L3 were carried out in
2 mL isopropyl alcohol (A1) by employing 1 mol % [Ru(tri-
phos-xyl)(tmm)] and 1.5 mol % methanesulfonic acid (MSA)
at 200°C and 100 bar H, for 16 hours, yielding N-isopropyl-
pyrrolidine, N-isopropylpiperidine, and N-isopropylazepane
with an excellent selectivity of 95-96 % (Table 1, entries 1-3).
The challenging reactions of L4 and LS to deliver N,N-
diisopropylpiperazine were accomplished under related reac-
tion conditions with 87 and 69 % selectivity (entries 4 and 5).
Moreover, the reaction of 1-amino-5-pentanol and piperidine
in the presence of isopropyl alcohol resulted in the formation
of N-isopropylpiperidine, thus further supporting the initially
proposed mechanism.

Based on these stimulating results, the extended applica-
tion of selected alcohols in this transformation was targeted.
In detail, cyclopentanol (A2) and cyclohexanol (A3) were
used in presence of 2mol% [Ru(triphos-xyl)(tmm)] and
3 mol % MSA at 200°C and 100 bar H, for 16 hours (Table 2).
With this catalytic system, the starting material L1 was
selectively converted into N-cyclopentylpyrrolidine in 78 %
and N-cyclohexylpyrrolidine in 80 % yield (entries 1 and 2).
Enlarging the ring size of the lactam, by using L2 and L3,
resulted in an increased selectivity of 73-90% (entries 3-6).
Moreover, starting from L4, the challenging dialkylated
products N,N-dicyclopentylpiperazine and N,N-dicyclohexyl-
piperazine could be obtained with a selectivity of up to 73 %
(entries 8 and 9). Furthermore, with piperazine-2,5-dione
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Table 1: Ruthenium-catalyzed formation of cyclic tertiary amines from
selected lactams using molecular hydrogen, isopropyl alcohol, and the
[Ru(triphos-xyl) (tmm)] catalyst.?

PXyl,
ylan,,_\R m Hz
‘Ru- |t
P~ _’,"_1:_ >\

) )(J)\NH . )O\H Xylp +MSA /\N‘

Entry Lactam Product Conv. [%]® Sel. (%]
1 L1 CN—< >99 95 (89)H
2 L2 CN{ >99 95 (91)1
3 L3 GN{ >99 96 (92)19
4 L4 }NCN{ >99 87 (81)H
5 L5 }NCN{ >99° 69

[a] Reaction conditions: Lactam (1.0 mmol), [Ru(triphos-xyl) (tmm)]
(1.0 mol %), MSA (1.5 mol %), isopropyl alcohol (A1; 2.0 mL), H,
(100 bar), 200°C. [b] Conversion and selectivity determined by 'H and
quantitative ?C NMR spectroscopy using mesitylene as an internal
standard. [c] Yield of isolated ammonium chloride salts.

(L5), a promising selectivity of 50 and 43 % towards N,N-
dicyclopentylpiperazine and N,N-dicyclohexylpiperazine,
respectively, was obtained (entries 9 and 10).

In the final set of experiments, reactions to deliver the
cyclic tertiary amines were performed in the absence of
molecular hydrogen, that is, simply isopropyl alcohol was
used for alkylation and transfer hydrogenation.”**! By
applying the reaction conditions established in the previous
reactions, the high volatility of the reagents resulted in low
isolated product at ambient pressure. Consequently, a reaction
system with 100 bar argon pressure enabled to fully determine
all products and to close the mass balance. In these experi-
ments the formation of N-alkylated azacycloalkanes could be
established from lactams using only isopropyl alcohol and
[Ru(triphos-xyl)(tmm)]. The lactams L1-L3 resulted in full
conversion and a selectivity of up to 94 % (Table 3, entries 1—
3), observing only the formation of two equivalents acetone as
the coupled product, and thus demonstrating the first
effective hydrogen-transfer hydrogenolysis of amides. Aston-
ishingly, these results are comparable to the reactions using
molecular hydrogen as a reducing agent (Table 1). Moreover,
the challenging substrates L4 and L5 were converted into the
respective cyclic tertiary amines with a selectivity of 82 and
52% (Table 3, entries 4 and 5). Finally, with 3-pentanol as
a sterically more demanding secondary alcohol, N-3-pentyl-
pyrrolidine, N-3-pentylpiperidine, and N-3-pentylazepane
were obtained with yields of up to 97 % (see the Supporting
information for more details).

In conclusion, a novel catalytic synthesis of cyclic tertiary
amines from various lactams was established. The recently
introduced [Ru(triphos-xyl)(tmm)] catalyst enabled the effec-
tive hydrogenolysis of the lactam substrates to the corre-
sponding azacycloalkane products in excellent yield. First
mechanistic investigations suggested an initial C—N bond
cleavage, followed by N-alkylation of the amino alcohols, thus
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Table 2: Ruthenium-catalyzed formation of cyclic tertiary amines from
selected lactams using molecular hydrogen, cyclopentanol/cyclohexanol,

and the [Ru(triphos-xyl) (tmm)] catalyst.”

OH
G RXyly 2N

0 v, \ Ha / )
)J\ “Ru- |t \ /
t . /

ONH L o P . )

Xyl +MSA T or

Entry Substrate ROH Product Conv.” [96] Sel." [%]

1 L1 A2 CNC 85 92 (63)H
2 L1 A3 CNO 86 93
3 L2 A2 C N@ >99 90
4 L2 A3 < NO >99 89
5 L3 A2 GN@ >99 87
6 L3 A3 GN—Q >99 73
e
7 4 A2 [}N N@ S99 73 (59)
OO0
8 L4 A3 >99 55 (47)
OO
9 L5 A2 >99 50
OO0
10 L5 A3 >99 43

[a] Reaction conditions: Lactam (1.0 mmol), [Ru(triphos-xyl) (tmm)]
(2.0 mol %), MSA (3 mol %), alcohol (2.0 mL), H, (100 bar); 200°C.

[b] Conversion and selectivity determined by quantitative >*C NMR
spectroscopy using mesitylene as an internal standard. [c] Products are
isolated as ammonium chloride salts after column chromatography on
silica and are reported between brackets.

yielding, formally, C=O bond cleavage products. By taking
into consideration the possibility of catalytic N-alkylation of
amines with alcohols, the lactam reduction in the presence of
alcohols selectively yielded the desired cyclic tertiary amines.
Moreover, the complex cascade reaction also proceeded in
the absence of molecular hydrogen by using an alcohol as
a hydrogen transfer reagent, thus essentially facilitating the
applicability of this sequence in organic synthesis.

Experimental Section

General procedure for the synthesis of tertiary amines from lactams:
The lactams were weighed into a glass insert equipped with a stir bar
and subsequently placed in a high pressure steel autoclave. [Ru(tri-
phos-xyl)(tmm)] (9.5 mg, 0.01 mmol), MSA (1.48 mg, 0.015 mmol),
lactam (1.0 mmol) and alcohol (2 mL) were added through a cannula
under argon. Once the autoclave was sealed (and pressurized with
100 bar of hydrogen) it was placed in an alumina cone and the
reaction mixture was stirred for 16 hours at 200°C. Afterwards the
reaction was cooled in an ice bath and the pressure was carefully
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Table 3: Ruthenium-catalyzed formation of cyclic tertiary amines from
selected lactams, using only isopropyl alcohol and the [Ru (triphos-
xyl) (tmm)] catalyst.?!

PXyl,
P\
i —RUd

)k Nl:' ).t )P(yI2

+

Entry Substrate Product Conv. [%]"! Sel. [%]™
1 L1 < >99 94
2 L2 (< >99 93
3 L3 GN{ >99 9%
4 L4 N n >99 82
5 Ls N n >99 52

[a] Reaction conditions: Lactam (1.0 mmol), [Ru(triphos-xyl) (tmm)]
(1.0 mol %), MSA (1.5 mol %), isopropyl alcohol (A1; 2.0 mL), Ar
(100 bar); 200°C. [b] Conversion and selectivity determined by 'H and
quantitative >°C NMR spectroscopy using mesitylene as an internal
standard.

released. The crude reaction mixture was analyzed by 'H and
quantitative C NMR spectroscopy, using mesitylene as internal
standard.

Acknowledgments

This work was supported by the Cluster of Excellence “Tailor
Made Fuels from Biomass”, which is funded by the Excel-
lence Initiative by the German Federal and State Govern-
ments to promote science and research at German univer-
sities. Further, we are grateful for a generous gift of
ruthenium precursor from Umicore AG.

Keywords: heterocycles - homogeneous catalysis -
hydrogenation - lactams - ruthenium

How to cite: Angew. Chem. Int. Ed. 2016, 55, 12841-12844
Angew. Chem. 2016, 128, 13033-13036

[1] Y. Du, H. Ye, F. Guo, L. Wang, T. Gill, N. Khan, A. Cuconati, J.-
T. Guo, T. M. Block, J. Chang, X. Xu, Bioorg. Med. Chem. Lett.
2013, 23, 4258 -4262.

[2] S.He,J. Xiao, A. E. Dulcey, B. Lin, A. Rolt, Z. Hu, X. Hu, A. Q.
Wang, X. Xu, N. Southall, M. Ferrer, W. Zheng, T. J. Liang, J. J.
Marguan, J. Med. Chem. 2016, 59, 841 —853.

[3] S. H. Myers, V. G. Brunton, A. Unciti-Broceta, J. Med. Chem.
2015, 59, 3593 -3608.

[4] A.Mallinger, K. Schiemann, C. Rink, F. Stieber, M. Calderini, S.
Crumpler, M. Stubbs, O. Adeniji-Popoola, O. Poeschke, M.
Busch, P. Czodrowski, D. Musil, D. Schwarz, M. Ortiz-Ruiz, R.
Schneider, C. Thai, M. Valenti, A. de Haven Brandon, R. Burke,
P. Workman, T. Dale, D. Wienke, P. A. Clarke, C. Esdar, F. L.
Raynaud, S. E. Eccles, F. Rohdich, J. Blagg, J. Med. Chem. 2016,
59,1078-1101.

[5] H.-J. Arpe, Industrial Organic Chemistry, Wiley-VCH, Wein-
heim, 2010.

[6] “Synthesis of Caprolactam from Lysin”: J. W. Frost, US
8,367,819 B2, 2013.

www.angewandte.de

An dte

Chemie

13035


http://dx.doi.org/10.1016/j.bmcl.2013.04.052
http://dx.doi.org/10.1016/j.bmcl.2013.04.052
http://dx.doi.org/10.1021/acs.jmedchem.5b00752
http://dx.doi.org/10.1021/acs.jmedchem.5b01685
http://dx.doi.org/10.1021/acs.jmedchem.5b01685
http://www.angewandte.de

GDCh
~—

13036 www.angewandte.de

[7] The Biobased Economy: Biofuels, Materials, and Chemicals in
the Post-Oil Era (Eds.: H. Langeveld, J. Sanders, M. Meeusen),
Routledge, London, 2012.

[8] M. Meuresch, S. Westhues, W. Leitner, J. Klankermayer, Angew.
Chem. Int. Ed. 2016, 55, 1392-1395; Angew. Chem. 2016, 128,
1414 -1417.

[9] J. Cabrero-Antonino, E. Alberico, K. Junge, H. Junge, M. Beller,
Chem. Sci. 2016, 7, 3432 —-3442.

[10] V. R. Jumde, E. Petricci, C. Petrucci, N. Santillo, M. Taddei, L.
Vaccaro, Org. Lett. 2015, 17, 3990 -3993.

[11] E.J. Derrah, M. Hanauer, P. N. Plessow, M. Schelwies, M. K.
da Silva, T. Schaub, Organometallics 2015, 34, 1872 -1881.

[12] 1. Sorribes, J. R. Cabrero-Antonino, C. Vicent, K. Junge, M.
Beller, J. Am. Chem. Soc. 2015, 137, 13580-13587.

[13] N. Nakagawa, E. J. Derrah, M. Schelwies, F. Rominger, O. Trapp,
T. Schaub, Dalton Trans. 2016, 45, 6856 —6865.

[14] S. Zeynel, G. Nevin, O. Ismail, S. Onur, B. Orhan, M. Achard, C.
Bruneau, Organometallics 2015, 34, 2296 —2304.

[15] S.-I. Murahashi, K. Kondo, T. Hakata, Tetrahedron Lett. 1982,23,
229-232.

Zuschriften

An dte

Chemie

[16] K. Felfoldi, M. S. Klyavin, M. Barhe, J. Organomet. Chem. 1989,
362,193 -195.

[17] R.N. Salvatore, A. S. Nagle, K. W. Jung, J. Org. Chem. 2002, 67,
674 —683.

[18] J. L. Romera, J. M. Cid, A. A. Trabanco, Tetrahedron Lett. 2004,
45, 8797 -8800.

[19] R. N. Salvatore, H. Yoon, K. Woon, Tetrahedron 2001, 57, 7785 —
7811.

[20] H. Imai, T. Nishiguchi, K. Fukuzumi, J. Org. Chem. 1976, 41,
665-671.

[21] C. Kayan, N. Meri¢, M. Aydemir, Y.S. Ocak, A. Baysal, H.
Temel, Appl. Organomet. Chem. 2014, 28, 127 -133.

[22] H. Lundberg, H. Adolfsson, Tetrahedron Lett. 2011, 52, 2754 —
2758.

[23] A.J. Watson, A.J. Fairbanks, Eur. J. Org. Chem. 2013, 6784 —
6788.

Received: April 6, 2016
Revised: June 22, 2016
Published online: September 13, 2016

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angew. Chem. 2016, 128, 1303313036


http://dx.doi.org/10.1002/anie.201509650
http://dx.doi.org/10.1002/anie.201509650
http://dx.doi.org/10.1002/ange.201509650
http://dx.doi.org/10.1002/ange.201509650
http://dx.doi.org/10.1039/C5SC04671H
http://dx.doi.org/10.1021/acs.orglett.5b01842
http://dx.doi.org/10.1021/acs.organomet.5b00003
http://dx.doi.org/10.1021/jacs.5b07994
http://dx.doi.org/10.1039/C5DT04870B
http://dx.doi.org/10.1016/S0040-4039(00)86792-1
http://dx.doi.org/10.1016/S0040-4039(00)86792-1
http://dx.doi.org/10.1016/0022-328X(89)85293-3
http://dx.doi.org/10.1016/0022-328X(89)85293-3
http://dx.doi.org/10.1021/jo010643c
http://dx.doi.org/10.1021/jo010643c
http://dx.doi.org/10.1016/j.tetlet.2004.10.002
http://dx.doi.org/10.1016/j.tetlet.2004.10.002
http://dx.doi.org/10.1016/S0040-4020(01)00722-0
http://dx.doi.org/10.1016/S0040-4020(01)00722-0
http://dx.doi.org/10.1021/jo00866a016
http://dx.doi.org/10.1021/jo00866a016
http://dx.doi.org/10.1002/aoc.3096
http://dx.doi.org/10.1016/j.tetlet.2011.03.098
http://dx.doi.org/10.1016/j.tetlet.2011.03.098
http://dx.doi.org/10.1002/ejoc.201301020
http://dx.doi.org/10.1002/ejoc.201301020
http://www.angewandte.de

