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ABSTRACT: A selective C(3)-alkylation via activation/
functionalization of sp3 C�H bond of saturated cyclic
amines was promoted by (arene)ruthenium(II) complexes
featuring a bidentate phosphino-sulfonate ligand upon
reaction with aldehydes. This highly regioselective sustain-
able transformation takes place via initial dehydrogenation
of cyclic amines and hydrogen autotransfer processes.

Considering the importance of cyclic amines and alkaloids in
industry as dyes and as pharmaceutical and agrochemical

drugs, straightforward and eco-friendly preparation of these
compounds still represents a challenging task for chemists.1,2

The functionalization of cyclic amines with direct formation of
carbon�carbon bond requires an assisted sp3 C�H bond
activation that is still a real challenge.3 Several functionalization
at the C(2) position of cyclic aliphatic amines have been reported
involving either activation of the H�C(2) bond via formal
oxidative addition to a transition metal,4 or oxidation by various
types of oxidant into iminium intermediates followed by reaction
with a nucleophile.5,6 C(3)-functionalized cyclic amines repre-
sent an important class of biologically active compounds,7 but as
the H�C(3) bond of unfunctionalized cyclic amines is inert,
their preparation requires multistep syntheses.8 Indeed, functio-
nalization of cyclic aliphatic amines at C(3) is scarce, and to
the best of our knowledge only one example of C(3)-alkylation
based on platinum-catalyzed oxidation of cyclic amines in the
presence of oxygen followed by Michael addition and leading to
C(3)-substituted enamines has been reported.9 One approach
to perform H�C(3) functionalization involves as the first
step the in situ generation of reactive enamines via sp3 C�H
activation and dehydrogenation as already shown in the presence
of iridium10 and cobalt catalysts.11 Whereas ruthenium catalysts
are well-known for hydrogen transfer from alcohols,12 they have
not been used for dehydrogenation of cyclic amines except for
alkylation of anilines.13 We have thus investigated the possibility
of performing a sequence of catalytic reactions from cyclic
amines with ruthenium catalysts based on hydrogen transfers
according to Scheme 1.

We now report that ruthenium catalysts are able to perform
regioselective alkylation at the C(3) position of N-protected
cyclic aliphatic amines via sequential dehydrogenation under
nonoxidative conditions, C�Cbond formation, and final transfer
hydrogenation to produce C(3)-alkylated cyclic amines.

C(3)-Alkylation ofN-benzylpyrrolidine 1awith benzaldehyde
2a to give the corresponding alkylated product 3a was first
attempted as a model reaction with various ruthenium precata-
lysts (Table 1).

Two equivalents of 1a and one equivalent of 2awere heated at
140 �C in the presence of 2 mol % of various ruthenium pre-
catalysts. Ruthenium(II) and ruthenium(0) complexes such as
[RuCl2(p-cymene)]2, [RuCl2(COD)]n, [Ru3(CO)12], were found
to be rather ineffective affording low yields in 3a (entries 1�4).
However, these results showed that amine 3a was produced as
major compound along with small amount of enamine and
pyrrole as side products 4a, demonstrating that hydrogen
transfer occurred.

As already observed in alkylation with alcohols involving
ruthenium-catalyzed hydrogen transfer,13,14 addition of a catalytic
amount of acid (camphor sulfonic acid (CSA)) improved the
conversion (entry 2). We further evaluated well-known efficient
transfer hydrogenation ruthenium catalysts. Whereas Shvo
catalyst15 and [RuCl2(p-cymene)]2 associated to dppf

16 revealed
poor activity (entries 5, 6), neutral arene ruthenium(II) pre-
catalysts (A, B)14 exhibited interesting reactivities (entries 7�8).
Dicationic C17 afforded good results only in the presence of tert-
butylphenylphosphinosulfonate ligand (entry 9). Especially,
complexes A and B containing a phosphinesulfonate ligand
(Figure 1) afforded the best conversions (entries 7, 8) with a
3a/4a ratio highly in favor of the saturated amine 3a. Comparing
entries 8 and 11, the positive effect of CSA as additive was
confirmed. Under the conditions of entry 11, other acids such as
acetic acid and PTSA afforded lower yields of 72 and 66%,
respectively. In the absence of ruthenium, CSA alone did not
catalyze the transformation. Comparing entries 12 and 13
demonstrated that 1a was also acting as hydrogen source, and
the best result in terms of selectivity was obtained with 2mol % of
the ruthenium(II) complex B in the presence of 6 mol % of CSA

Scheme 1. Functionalization of Cyclic Amines Involving
Hydrogen Transfer Processes
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and a 4-fold excess of amine 1a, which afforded 82% of 3a after
purification (entry 13). With these conditions in hands, we
further evaluated the regioselectivity of this transformation.
Substrate 1b contains three competitive sites for C(3)-alkylation,
two on the morpholine ring and one exocyclic site. Interestingly,
during the reaction of 1b with benzaldehyde, C(3)-alkylation
only occurred at the ring position, and 3bwas formed in 80%GC
yield. However, during the reaction, a substantial amount of
unsaturated intermediates (about 15%) was detected. To com-
pletely eliminate the presence of these intermediates without
using a large excess of amine, additional stirring in the presence of
formic acid as hydrogen donor allowed complete reduction of
enamine via a concomitant hydrogen autotransfer/transfer18 and
led to the formation of 3b in 70% isolated yield (Scheme 2). This

result also demonstrated that the presence of the N-protecting
benzyl group is not essential to achieve this process. On the other
hand, no alkylation product was formed whenN-phenylmorpho-
line was reacted with benzaldehyde 2a. This observed reactivity is
in favor of amechanism involving initial formation of an exocyclic
iminium ion.19

The scope of the C(3)-alkylation reaction, starting from
various aldehydes and tertiary cyclic amines has been examined
(Table 2). N-Benzylpyrrolidine 1a was smoothly converted to
the desired products with various aromatic aldehydes with up to
81% isolated yield (entries 1�3). No direct electronic effects of
the substituents on the aromatic aldehydes were observed, as
indifferently aldehydes bearing electron-withdrawing or electron-
releasing groups were successfully engaged in this reaction.
Similar results were obtained withN-benzylpiperidine 1c, afford-
ing alkylated products in 72�82% yield (entries 4�9). Interest-
ingly, a large azacycle such as azepane 1dwas found to be suitable
for this methodology, and amine 3l was obtained in 70% yield
(entry 10). Then, the reaction was performed with N-alkylated
tetrahydroisoquinoline (THIQ) derivatives 1e and 1f. In both
cases, aromatic aldehydes reacted smoothly in favor of the C(3)-
alkylated product (entry 11).

The structure of 3m was unequivocally elucidated by single-
crystal X-ray diffraction study (Figure 2). More importantly, the
reaction was not limited to aromatic aldehydes, and aliphatic alde-
hydes such as hexanal and butanal provided good yields (entries
13, 14, and 16). Noteworthy, the heterocyclic aldehyde 2g con-
taining a furan moiety was compatible with the catalytic system
affording amine 3n and 3q in 78 and 88% yield, respectively
(entries 12 and 15). It is notable that under these alkylation con-
ditions, halogen functionalities remained intact, thus offering opp-
ortunities for further valuable functionalization (entries 2, 7, 8).

Since cyclic amines contain two possible sites for C(3)-alkyla-
tion, we undertook the challenging dialkylation starting from N-
methylpiperidine 1g. Notably, in the presence of 2.5 equiv of
benzaldehyde 2a, the N,C,C-trialkylated amine 3swas isolated in
55% yield after purification (Scheme 3). It should be noted that
employing aliphatic aldehydes with N-substituted piperidine led
to the competitive formation of mono- and dialkylated products
even starting from an equimolar amine/aldehyde ratio.

The formation of compounds 3 can be rationalized according
to Figure 3. In the presence of ruthenium catalyst amine can be
converted to the corresponding iminium I via hydrogen transfer
that affords, after hydrogen abstraction, ruthenium hydride
species along with azomethine ylides II.19 The geminal dehy-
drogenation of amine by ruthenium(II) species leading to a cyclic
carbene,20 potential precursor of enamine, cannot be excluded.
The presence of acid might then facilitate the isomerization of
this intermediate to enamine III.19 Further condensation of the

Table 1. C(3)-Functionalization of Pyrrolidine with
Benzaldehydea

entry precatalyst CSAb 3a/4ac conv.d yielde, f

1 [RuCl2(p-cymene)]2 � 67/32 53 22

2 [RuCl2(p-cymene)]2 10 71/29 86 28

3 [RuCl2(COD)]n 10 70/30 81 27

4 Ru3(CO)12 10 94/6 53 23

5 Shvo’s cat. 10 78/21 82 10

6g [Ru(p-cymene)Cl2]2 + dppf 10 75/25 90 39

7 A � 90/10 97 69

8 B � 85/15 98 62

9 Ch � 89/11 99 84(70)

10 A 10 89/11 99 58

11 B 10 88/12 99 77

12i B 6 86/13 99 85(70)

13j B 6 91/9 99 89(82)
aReactions were carried out at 0.125 M concentration with 1a/2a/
precatalyst in 2.0/1/0.02 molar ratio under an inert atmosphere using a
thermostatted oil bath at 140 �C. bAmount of acid (mol %). cRatio of
3a/4a determined by GC analysis. dConversion based on GC analysis
with respect to 2a (tetradecane as internal standard). eYield of 3a deter-
mined by GC analysis with respect to 2a. fNumber in parentheses is
isolated yield of 3a. gReaction performed with [Ru(p-cymene)Cl2]2 and
dppf in a 0.01/0.02 molar ratio. hC = [Ru(p-cymene)(CH3CN)2-
(PPh3)][BF4]2 and tert-butylphenylphosphino sulfonic acid in a 0.05/
0.07 molar ratio at 0.5 M concentration. i 36 h reaction time. jReaction
performed with 1a/2a in a 4/1 molar ratio.

Figure 1. Arene ruthenium(II) containing phosphino sulfonate.

Scheme 2. Regioselective Alkylation of N-Substituted
Morpholine
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aldehyde 2 and acid-promoted dehydration would afford the
unsaturated iminium V, which could be readily reduced by
ruthenium hydride species arising from amine or formic acid as
hydrogen donor.21

In conclusion, selective C(3)-alkylation of tertiary cyclic
amines involving activation of sp3 C�H bond via hydrogen
transfer was efficiently catalyzed by ruthenium complex B. The
reaction described here appears general and efficient. From a

synthetic point of view, it complements the other catalytic
methods used for C(2)-functionalization of cyclic amines. This
new catalytic reaction makes possible the selective introduction
of a variety of substituents arising from aldehydes at the C(3)
position. Further studies to extend this methodology and effort
to establish the detailed mechanism are in progress.

Table 2. C(3)-Alkylation of Tertiary Amines with Aldehydesa

aReactions were carried out at 0.125 M concentration with 1/2/B/CSA
in 1.2/1.0/0.02/0.1 molar ratio under an inert atmosphere using a
thermostatted oil bath at 140 �C; after 16 h, 1.5molar ratio of formic acid
was added and stirred for an additional hour. b Isolated yield. cAverage
isolated yield based on two runs.

Figure 2. Structure of compound 3m.

Scheme 3. C(3)-Dialkylation of N-Methylpiperidine

Figure 3. Proposed mechanism.



10343 dx.doi.org/10.1021/ja203875d |J. Am. Chem. Soc. 2011, 133, 10340–10343

Journal of the American Chemical Society COMMUNICATION

’ASSOCIATED CONTENT

bS Supporting Information. Experimental procedures and
data for all new compounds 3; complete ref 2c. This material is
available free of charge via the Internet at http://pubs.acs.org.

’AUTHOR INFORMATION

Corresponding Author
christian.bruneau@univ-rennes1.fr

’ACKNOWLEDGMENT

We thank CEFIPRA/IFCPAR (IFC/A/3805-2/2008/1720)
for a grant to B.S.

’REFERENCES

(1) General references: (a) Lawrence, S. A. Amines: Synthesis, Proper-
ties and Applications; Cambridge University Press: New York, 2004. (b)
Nugent, T. C. Chiral Amine Synthesis: Methods, Development and Applica-
tions; Wiley-VCH Verlag: Weinheim, 2010.
(2) (a) Seayad, J.; Tillack, A.; Hartung, C. G.; Beller, M. Adv. Synth.

Catal. 2002, 344, 795. (b) M€uller, T. E.; Hultzsch, K. C.; Yus, M.;
Foubelo, F.; Tada, M. Chem. Rev. 2008, 108, 3795. (c) Andrews, I.; et al.
Org. Process Res. Dev. 2009, 13, 397. (d) Xie, J.-H.; Zhu, S.-F.; Zhou,Q.-L.
Chem. Rev. 2011, 111, 1713.
(3) (a) Jazzar, R.; Hitce, J.; Renaudat, A.; Sofack-Kreutzer, J.;

Baudoin, O. Chem.—Eur. J. 2010, 16, 2654. (b) Bellina, F.; Rossi, R.
Chem. Rev. 2010, 110, 1082.
(4) (a) Chatani, N.; Asaumi, T.; Ikeda, T.; Yorimitsu, S.; Ishii, Y.;

Kakiuchi, F.; Murai, S. J. Am. Chem. Soc. 2000, 122, 12882. (b) DeBoef,
B.; Pastine, S. J.; Sames, D. J. Am. Chem. Soc. 2004, 126, 6556. (c) Yi,
C. S.; Yun, S. Y. Organometallics 2004, 23, 5392.
(5) Selected H-C(2) functionalization: (a) Wilson, R. B., Jr.; Laine,

R. M. J. Am. Chem. Soc. 1985, 107, 361. (b)Murahashi, S.-I.; Komiya, N.;
Terai,H.;Nakae, T. J. Am.Chem. Soc. 2003, 125, 15312. (c) Li, Z.; Li, C.-J.
Org. Lett. 2004, 6, 4997. (d) Li, Z.; Li, C.-J. J. Am. Chem. Soc. 2005,
127, 3672. (e) Catino, A. J.; Nichols, J. M.; Nettles, B. J.; Doyle, M. P.
J. Am. Chem. Soc. 2006, 128, 5648. (f) Murahashi, S.-I.; Nakae, T.; Terai,
H.; Komiya, N. J. Am. Chem. Soc. 2008, 130, 11005. (g) Volla, C. M. R.;
Vogel, P. Org. Lett. 2009, 11, 1701. (h) Wang, S.-J.; Wangdfbv, Z.-Y.;
Zheng, X.-Q. Chem. Commun. 2009, 7372. (i) Louafi, F.; Hurvois, J.-P.;
Chibani, A.; Roisnel, T. J. Org. Chem. 2010, 75, 5721. (j) Shu, X.-Z.; Yang,
Y.-F.; Xia, X.-F.; Ji, K.-G.; Liu, X.-Y.; Liang, Y.-M. Org. Biomol. Chem.
2010, 8, 4077. (k) Rueping, M.; Vila, C.; Koenigs, R. M.; Poscharny, K.;
Fabry, D. C. Chem. Commun. 2011, 47, 2360.
(6) Review: Campos, K. R. Chem. Soc. Rev. 2007, 36, 1069.
(7) Mathis, C. A.; Gerdes, J. M.; Enas, J. D.; Whitney, J. M.; Taylor,

S. E.; Zhang, Y.; McKenna, D. J.; Havlik, S.; Peroutka, S. J. J. Pharm.
Pharmacol. 1992, 44, 801. (b) Plummer, J. S.; Emery, L. A.; Stier, M. A.;
Suto, M. A. Tetrahedron Lett. 1993, 34, 7529–7532. (c) Gunasekara,
N. S.; Noble, S.; Benfield, P. Drugs 1998, 55, 85. (d) Dhar, T. G. M.;
Yang, G.; Davies, P.; Malley, M. F.; Gougoutas, J. Z.; Wu, D.-R.; Barrish,
J. C.; Carter, P. H. Bioorg. Med. Chem. Lett. 2009, 19, 96.

(8) (a) Horwell, D. C.; Howson, W.; Naylor, D.; Willems, H. M. G.
Bioorg. Med. Chem. Lett. 1995, 5, 1445. (b) Thomas, C.; Ohnmacht, U.;
Niger, M.; Gmeiner, P. Bioorg. Med. Chem. Lett. 1998, 8, 2885. (c) Zhou,
Z.-L.; Keana, J. F.W. J. Org. Chem. 1999, 64, 3763. (d) Yamada, S.; Jahan,
I.Tetrahedron Lett. 2005, 46, 8673. (e) Fleck, T. J.; McWorther,W.W. J.;
DeKam, R. N.; Pearlman, B. A. J. Org. Chem. 2003, 68, 9612. (f) Hunter,
R. A.; Macfarlane, D. P. S.; Whitby, R. J. Synlett 2006, 3314.

(9) Xia, X.-F.; Shu, X.-Z.; Ji, K.-G.; Yang, Y.-F.; Shaukat, A.; Liu, X.-Y.;
Liang, Y.-M. J. Org. Chem. 2010, 75, 2893.
(10) Zhang, X.; Fried, A.; Knapp, S.; Goldman, A. S.Chem. Commun.

2003, 2060.
(11) Bolig, A. D.; Brookhart, M. J. Am. Chem. Soc. 2007, 129, 14544.

(12) (a) Clapman, S. E.; Hadzovic, A.; Morris, R. H. Coord. Chem.
Rev. 2004, 248, 2201. (b) Samec, J. S. M.; B€ackvall, J.-E.; Andersson,
P. G.; Brandt, P. Chem. Soc. Rev. 2006, 35, 237.

(13) Hollmann, D.; B€ahn, S.; Tillack, A.; Parton, R.; Altink, R.;
Beller, M. Tetrahedron Lett. 2008, 49, 5742.

(14) Sundararaju, B.; Tang, Z.; Achard, M.; Sharma, G. V. M.;
Toupet, L.; Bruneau, C. Adv. Synth. Catal. 2010, 352, 3141.

(15) Shvo, Y.; Czarkie, D.; Rahamim, Y. J. Am. Chem. Soc. 1986, 108,
7400.

(16) Hamid, M. H. S. A.; Allen, C. L.; Lamb, G. W.; Maxwell, A. C.;
Maytum,H. C.;Watson, A. J. A.;Williams, J.M. J. J. Am. Chem. Soc. 2009,
131, 1766.

(17) Demerseman, B.; Mbaye, M. D.; S�emeril, D.; Toupet, L.;
Bruneau, C.; Dixneuf, P. H. Eur. J. Inorg. Chem. 2006, 1174.

(18) for reviews see:(a) Hamid, M. H. S. A.; Slatford, P. A.; Williams,
J. M. J. Adv. Synth. Catal. 2007, 349, 1555. (b) Dobereiner, G. E.;
Crabtree, R. H.Chem. Rev. 2010, 110, 681. (c)Guillena, G.; Ram�on, D. J.;
Yus, M. Chem. Rev. 2010, 110, 1611. (d) Yamaguchi, R.; Fujita, K. -I.;
Zhu, M. Heterocycles 2010, 81, 1093.

(19) (a) Zhang, C.; Seidel, D. J. Am. Chem. Soc. 2010, 132, 1798. (b)
Deb, I.; Das, D.; Seidel, D. Org. Lett. 2011, 13, 812.

(20) Ferrando-Miguel, G.; Coalter, J. N., III; G�erard, H.; Huffman,
J. C.; Eisenstein, O.; Caulton, K. G. New J. Chem. 2002, 26, 687.

(21) Wang, D.-H.; Tang, J.; Zhou, Y.-G.; Chen, M.-W.; Yu, C.-B.;
Duan, Y.; Jiang, G.-F. Chem. Sci. 2011, 2, 803.


