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Abstract: Catalytic reactions which involve the cleavage of ahGp-H bond adjacent to a nitrogen atom in
N-2-pyridynyl alkylamines are described. The use o&®R®D)» as the catalyst results in the addition of the

sp® C—H bond across the alkene bond to give the coupling products. A variety of alkenes, including terminal,
internal, and cyclic alkenes, can be used for the coupling reaction. The presence of directing groups, such as
pyridine, pyrimidine, and an oxazoline ring, on the nitrogen of the amine is critical for a successful reaction.
This result indicates the importance of the coordination of the nitrogen atom to the ruthenium catalyst. In
addition, the nature of the substituents on the pyridine ring has a significant effect on the efficiency of the
reaction. Thus, the substitution of an electron-withdrawing group on the pyridine ring as well as a substitution
adjacent to the gpnitrogen in the pyridine ring dramatically retards the reaction. Cyclic amines are more
reactive than acyclic ones. The choice of solvent is also very important. Of the solvents examined, 2-propanol
is the solvent of choice.

Introduction bonds, have been extended to a wide variety of aromatic and

Recently, the development of catalytic reactions which olefinic substrates by a number of research gréups.in

involve the cleavage of unreactive—@l bonds has been a
subject of considerable interést-or decades, it had been
generally believed that the cleavage of a-I€ bond via

oxidative additionwas a difficult process because of its strong
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thought and is not a rate-determining stép,variety of similar
C—C bond formations, which involve the cleavage of B

(1) For a recent review, see: Kakiuchi, F.; Murai, S.Auotivation of
Unreactive Bonds and Organic Synthediurai, S., Ed.; Springer: Berlin,
Germany, 1999; pp 4779. Guari, Y.; Sabo-Etienne, S.; ChaudretHsir.

J. Inorg. Chem1999 1047. Dyker, GAngew. Chem., Int. EA999 38,
1698.

(2) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda,
M.; Chatani, N.Nature 1993 366, 529.

(3) (&) Murai, S.; Kakiuchi, F.; Sekine, S.; Tanaka, Y.; Kamatani, A,;
Sonoda, M.; Chatani, NPure Appl. Chem1994 66, 1527. (b) Kakiuchi,

F.; Sekine, S.; Tanaka, Y.; Kamatani, A.; Sonoda, M.; Chatani, N.; Murai,
S.Bull. Chem. Soc. Jpri995 68, 62. (c) Sonoda, M.; Kakiuchi, F.; Chatani,
N.; Murai, S.J. Organomet. Chem1995 504, 151. (d) Sonoda, M.;
Kakiuchi, F.; Kamatani, A.; Chatani, N.; Murai, Ehem. Lett1996 109.

(e) Kakiuchi, F.; Yamauchi, M.; Chatani, N.; Murai, Shem. Lett1996
111. (f) Murai, S.; Chatani, N.; Kakiuchi, Pure Appl. Chem1997, 69,
589. (g) Sonoda, M.; Kakiuchi, F.; Chatani, N.; Murai,B&ill. Chem. Soc.
Jpn.1997 70, 3117. (h) Kakiuchi, F.; Sato, T.; Tsujimoto, T.; Yamauchi,
M.; Chatani, N.; Murai, SChem. Lett1998 1053. (i) Kakiuchi, F.; Sato,
T.; Yamauchi, M.; Chatani, N.; Murai, &hem. Lett1999 19. (j) Kakiuchi,

F.; Sonoda, M.; Tsujimoto, T.; Chatani, N.; Murai, Shem. Lett 1999
1083. (k) Kakiuchi, F.; Matsumoto, M.; Sonoda, M.; Fukuyama, T.; Chatani,
N.; Murai, S.Chem. Lett200Q 750. (I) Kakiuchi, F.; Sato, T.; lgi, K;
Chatani, N.; Murai, SChem. Lett2001, 386. (m) Kakiuchi, F.; Igi, K.;
Matsumoto, M.; Chatani, N.; Murai, &£hem. Lett2001, 422. (n) Kakiuchi,

F.; Tsujimoto, T.; Sonoda, M.; Chatani, N.; Murai, Synlett2001, 948.

10.1021/ja011540e CCC: $20.00

2000Q 43, 465.

(6) Harris, P. W. R.; Woodgate, P. D. Organomet. Cheni1996 506,
339. Harris, P. W. R.; Woodgate, P. D. Organomet. Chen1997, 530,
211. Harris, P. W. R.; Rickard, C. E. F.; Woodgate, P.JDOrganomet.
Chem 1999 589, 168.

(7) Grigg, R.; Savic, VTetrahedron Lett1997 38, 5737.

(8) Lim, Y.-G.; Kim, Y. H.; Kang, J.-BJ. Chem. Soc., Chem. Commun
1994 2267. Lim, Y.-G.; Kang, J.-B.; Kim, Y. HJ. Chem. Soc., Perkin
Trans. 11996 2201.

(9) Lim, Y.-G.; Kang, J.-B.; Kim, Y. H.Chem. Communl996 585.
Lim, Y.-G.; Kang, J.-B.; Kim, Y. HJ. Chem. Soc., Perkin Trans.1B9§
699. Lim, Y.-G.; Kang, J.-B.; Koo, B. TTetrahedron Lett1999 40, 7691.
Lim, Y.-G.; Han, J.-S.; Koo, B. T.; Kang, J.-Bull. Korean Chem. Soc
1999 20, 1097. Lim, Y.-G.; Han, J.-S.; Koo, B. T.; Kang, J.-Bolymer
200Q 41, 4351.

(10) Lenges, C. P.; Brookhart, M. Am. Chem. Sod 999 121, 6616.

(11) Guari, Y.; Sabo-Etienne, S.; ChaudretJBAm. Chem. S04 998
120, 4228.

(12) Busch, S.; Leitner, WChem. Commun1999 2305. Busch, S.;
Leitner, W.Adv. Synth. Catal2001, 343 192.

(13) Halbritter, G.; Knoch, F.; Wolski, A.; Kisch, HAngew. Chem., Int.
Ed. Engl 1994 33, 1603. Halbritter, G.; Konch, F.; Kisch, H. Organomet.
Chem 1995 492 87. Aulwurm, U. R.; Melchinger, J. U.; Kisch, H.
Organometallicsl 995 14, 3385. Dur, U.; Heinemann, F. W.; Kisch, H.
Organomet. Chenl997 541, 307. For a review, see: 'y U.; Kisch, H.
Synlett1997 1335. Dur, U.; Heinemann, F. W.; Kisch, H.. Organomet.
Chem 1998 558 91.

(14) Jun, C.-H.; Hong, J.-B.; Kim, Y.-H.; Chung, K.-V&ngew. Chem.,
Int. Ed 200Q 39, 3440.

(15) Tan, K. L.; Bergman, R. G.; Ellman, J. &. Am. Chem. So2001,
123 2685.

© 2001 American Chemical Society

Published on Web 10/09/2001



10936 J. Am. Chem. Soc., Vol. 123, No. 44, 2001

addition, various functional groups were found to promote the
site-selective cleavage of-@H bonds as the directing group.
The catalytic cleavage of-€H bonds has also been extended
to direct carbonylation reactions at-&l bonds in substrates
which contain spnitrogen atomd5-21 At present, it has been
accepted that the cleavage of-8 bonds is not always a
difficult process and that the cleavage of al@ bond is often
not the rate-determining stép.

Chatani et al.

These exchange reactions involve imine or iminium intermedi-
ates, which are formed by abstraction of hydrogemo the
nitrogen in amines. Recently, we reported on the(BD)»
catalyzed carbonylation of a-€H bond in the piperazine ring.
Although the reaction involves two cleavages of & bonds,
carbonylation took place after the initial formation of alkenes
via transfer hydrogenatiof. The results obtained from these
papers suggest the possibility of utilizing-€l bonds adjacent

However, essentially all of these reactions reported to date to a nitrogen atom for €H/CO/olefin coupling reactions or

involve the cleavage of 3iC—H bonds, and catalytic reactions
involving the cleavage of the $£—H bond are still raré:23.24
Our next project involved the exploration of catalytic reactions
which involve the cleavage s> C—H bonds which is believed

to be much more difficult than that of $f£—H bonds. It is
known that the cleavage of $&—H bonds is kinetically and

C—H/olefin coupling reactions. We then examined the pos-
sibility of developing catalytic reactions which involve the
cleavage of a €H bond adjacent to a nitrogen atom in the
presence of a wide variety of transition metal complexes as the
catalyst. In addition, based on our previous studies we chose
substrates with a directing group close to thekCbond which

thermodynamically unfavorable. On the basis of a recent may react”20 Thus, our approach is again based on a
literature survey, spC—H bonds which are adjacent to a chelation-assisted cleavage of-@ bonds, a strategy that has

heteroatom are, however, more reactive than those surroundedroved to be effective for the development of catalytic reactions
by carbon atoms. A few transition metal catalyzed reactions, involving the cleavage of unreactive bonds, such a$ sp

which involve the cleavage of $fC—H bonds adjacent to a
heteroatom, have recently been reported. The addition eftd C

C—H,>21 C-C3132C~F2 and C-O bonds* We now wish
to report that the reaction dfl-2-pyridyldialkylamines with

bond adjacent to an oxygen atom in 1,2-dimethoxytethane acrossdlkenes in the presence of RGO). results in alkylation at

alkenes was achieved via an Ir-catalyzed reactioifthe
tungsten-catalyzed addition of a€1 bonda to a nitrogen in
secondary amines has also been repditeQatalytic alkyl

the carbon adjacent to the nitrogen atom (eq 1). Recently, Jun
reported a similar reaction: the KCO);-catalyzed addition
of an sg C—H bond adjacent to a nitrogen atom in benzy-

exchange reactions of primary and secondary amines, in thelamine® In his reaction, the substrates were limited Ne

presence of Pd, were reported by Murah&$tiater, Ni27¢.28
Ru27¢29.30and other transition metal compleX&s®were also
reported to be active in the catalytic alkyl exchange reactions.
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pyridylbenzylamines, in which only benzylic-<€H bonds can

add to the alkenes.
. N

N
Py Py

cat. Rug(CO)q2

Results and Discussion

The initial aim of the study was the carbonylation at §p-H
bonds. However, it was not possible to explore the direct
carbonylation at an $g£—H bond wheriN-pyridyl cyclic amines
were used as the substrates with ruthenium complexes as the
catalyst3® Instead, we found that the addition of a-@ bond
to alkenes was achieved by the use of(R®D);, as a catalyst’
Thus, the reaction of 2-(1-pyrrolidinyl)pyridind.g, 1 mmol)
with ethylene (initial pressure 10 atm at 2& in a 50-mL
stainless autoclave) at 1 atm (initial pressure at@pof CO
at 140°C in toluene (2 mL) in the presence of f80), (0.08
mmol) for 20 h in a 50-mL stainless steel autoclave gave 2-(2-
ethyl-1-pyrrolidinyl)pyridine ga) in 22% isolated yield and
2-(2,5-diethyl-1-pyrrolidinyl)pyridine3a) in 12% isolated yield,
along with a 25% vyield of the starting materied after column
chromatography on silica gel (entry 1 in Table 1). No carbo-
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Rus(CO)2. None of the complexes, such as P@&hs(CO)e, Irs(CO)2,
Os(CO)i2, Ru(acacy, and RuH(CO)(PPh)s, were found to be active for
this coupling reaction.
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Table 1. The Ru;(CO)lz-CataIyzed Reaction dfa with Ethylené Table 2. Effect of Substituents on the Pyridine Ring

[ cat RuyCO)se [\ cat Rus(CO)e &/ \A/

N CO, HyC=CHs N N CO, H,C=CH, N N

+

=N =N ~N 3 SN N SN ~N
C solvent C C . C 2 prc‘))panol @ (l\

#  140°C,20h 7 A6 140°C,20h o A

R 5 R R
1a 3a 1 2 3
yields, % yields, 9

entry solvent 2a 3a recovery ofla R 2 3 recovery ofl

1 toluene 22 12 25 H (14) 0 92 (54:46) 0

2 CHCN 27 0 55 3-Me (1b) 0 76 (70:30) 0

3 THF 10 0 86 4-Me (10 0 90 (66:34) 0

4 dioxane 0 0 nd 5-Me (1d) 0 93 (61:39) 0

5 DMF 0 0 nd 6-Me (1¢) 39 11 (52:48) 35

6 DMSO 0 0 nd 3-OMe (1f) 0 86 (52:48) 0

7 MeOH 14 31 9 6-OMe (19) 11 0 77

8 EtOH 8 86 0 5-CR; (1h) 0 94 (63:37) 0

9 ‘PrOH 0 92 0 4-COOMe (i) no reaction nd
2Reaction conditions:1a (1 mmol), Ry(CO)» (0.08 mmoal), 2 Reaction conditions1 (1 mmol), Ry(CO) (0.08 mmol), ethylene

ethylene (initial pressure 10 atm at 2& in a 50 mL stainless (initial pressure 10 atm at 2% in a 50 mL stainless autoclave), CO
autoclave), CO (1 atm), solvent (2 mL) at 120 for 20 h." Isolated (1 atm) in 2-propanol (2 mL) at 14%C for 20 h.? Isolated yields based
yields based onla °¢la was recovered, but the amount was not on 1. ¢The numbers in parenthesis are the stereoisomeric ratios.
determined.

due to the low coordination ability of these functional groups
nylation products were obtained, even when the reaction wascompared with the $mitrogen in the pyridine ring.
carried out at higher CO pressures and at higher reaction

temperatures. This finding led us to concentrate on the alkylation

at an sp C—H bond adjacent to a nitrogen atom. To optimize D Q Q
the reaction conditions, a variety of solvents were examined. It /J§ /& /&
was found that the nature of solvents significantly affects the o] Bu 0 Ph” 0O
efficiency of the coupling reaction. The use of &N as a

solvent gave the mono-ethylation prod@etas a main product,

albeit in low yield (entry 2). Among the solvents examined, D O D
2-propanol was found to be the best. With 2-propanol as the /"J; '|“ N
solvent, the yield oBawas dramatically increased to 92% (entry Bu'o” YO CN N
9). Our solvent system enabled the addition eflf€bonds in Byt

cyclic amines to alkenes. This result complements the work of

le:tr;u ;;Tgn;;pso;theed tﬂaegeﬁzg;fhec g?gzr])gf;gsgri?;l rizcﬁ?e d Various cyclic amines were found to be applicable to the
) P yreq * present alkylation. The results are summarized in Table 3. The

but it was found to keep the reaction clean, putatively by . S S .
avoiding the decomposition of the catalyst. In fact, the yield of L?;g::g::]%syglldI?}E%;'?An%gﬁy;:g;gion?;vf) ZV\/(rilgtdr:ztgg\l/;n
ﬁ,ag}’:csgg;)/ocghen the reaction & was carried out under:N membered amine derivatiBagave a mixture of mono-ethylation
) . - . 9 and di-ethylation product$0 (entry 3), indicating that small
The_ effect of substituents on t_he pyridine ring was next ring systems are more reactive than larger membered cyclic
examined. The results are shown in Table 2. We have already, ;i1es L > 4 > 8) in the competition between the second
observed that the electronic nature of the substituents on Agthylene coupling and the dissociation of mono-ethylation

ridine ring has a significant effect on the efficiency of a :
(F:)grbonylatic?n reactiongat the-€H4 bonds reported thus fé?a pro_d uct from the metal center. The rf_eactlom5fgaye16 asa
: major product and another di-ethylation product, in which two

Irt] mos'tAcases t{le(jrtiactlotn did fnt?]t sto% atttthe {nonc)thalkylat(ljon molecules of ethylene had been incorporated; neither were
stage. AS expected the nature ot the substtuents on the pyraing,,seyed at the benzylic position (entry 6). A pyrimidine ring

ring had a significant effect on the product yields. The Iso functioned d directi | f idi
substitution at the 6-position, as ite and 1g, dramatically ﬁnsgo (g;\fr;/o%e as a good directing group in place of a pyridine

decreased the reactivity of the substrates due to steric hindrance While 2-(2-pyridinyl)-2,3-dihydro-B-isoindole (.3) gave the

around the pyridine ring. The substitution of the electron- corresponding di-ethylation produtt in high yield (entry 5

withdrawing group at the 4-position, as in, resulted in no ) . : . -
: .y - . in Table 3), the reaction of the dihydroindole derivath8gave
reaction due to an electron deficiency on the pyridine nitrogen. a mixture of the expected ethylation prod@gtand its indole

The decreased reactivity & 1g, andli clearly showed that L ; !
the coordination of the pyridine nitrogen to ruthenium is an derivative (eq 2). This suggests that compoids formed

important step for the reaction to proceed. The cis/trans ratio
in 3 was not affected by either the nature or the position of the cat. Rus(CO)ra

substituents. ©E> CO, HC=CH;, ©E>_/ @J ®
A variety of functional groups, as shown below, were g ProH N * N

; . - e . Py
examined for their ability as directing groups, in place of a 160 °C, 20 h Py
pyridine ring, but they were unable to serve as such. This is 19 20 23% 21 24%
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by dehydrogenation of an initial produ@®. An alternative route
involving an initial aromatization of9to N-2-pyridylindole is
not likely, since the reaction M-2-pyridylindole under the same
reaction conditions as those in eq 2 resulted in no reaction.

Table 3. Ruw(CO)-Catalyzed Reaction dfl-2-Pyridylamines with
Ethylené

entry substrate products be
O oy

N N

Py Py

4 5 73% {60/40)
. [ OV

N N

Py Py

6 7 75% (63/37)

c
e
&

Py Py Py
8 9 47% 10 14% (52:48)
. Q0 A
N N
Py Py
1 12 73%
5 @pr NPy
13
14 90% (80:20)
d
6 @3@3’ NPy
15

16 85% (76:24)

» A

N
7 d
Nl)§N N*\N
(S S
17 18 83% (nd)

@ Reaction conditions: amine (1 mmol), £GO)., (0.08 mmol),
ethylene (initial pressure 10 atm at 2& in a 50 mL stainless
autoclave), CO (1 atm) in 2-propanol (2 mL) at 140 for 20 h.
bIsolated yields based on amirféThe numbers in parenthesis are the
stereoisomeric ratio$.For a reaction time of 20 h.

Chatani et al.
)Ph cat. RU3(CO)12 ji/
HN H,C=CH, HN
X i (3)
| N PrOH | =N
= 140 °C, 40 h Pz
22 23 82%
Pr Pr
) cat. RU3(CO)12 )\/
HN H,C=CH, HN
X i (4)
| N PrOH | =N
Z 160 °C, 60 h Pz
24 25 20%
jh cat. Rua(CO) 1z Ph
~ ~ /K/
N CO, H,C=CH, N
@ 'PrOH N
/ under CO (1 atm) =
160 °C, 60 h
26 27 20%
Ph Ph
\/\N) \/\N)\/
+ | XN + | XN (5)
. =
28 8% 29 12%

indicating that the reaction is limited to amines. Compared with
a C—H bond in a benzylic position, a-€H bond in an alkyl
group is less reactive. The alkylation &4 took place to give
25 in 20% vyield, along with unreacte@4 (57%) (eq 4). A
tertiary amine, such ds-benzylN-methyl-2-pyridylamine Z6),
did not result in a selective alkylation reaction (eq 5). As a result,
the scope of this reaction appears to be limited to the addition
of C—H bonds in a benzylic position of secondary amines in
the case of acyclic amines, as had been reported by>Jun.
The results on the reaction & with some alkenes are shown
in Table 4. In most cases, mixtures of mono-alkylation products
and di-alkylation products were obtained. Mono-alkylation
products were not obtained selectively, even when the reactions
were carried out for short reaction times with a smaller amount
of alkenes. The reaction dfawith 1-hexene gave a mixture of
the linear product80 and 31 in a total yield of 91%, and no
branched products were observed (entry 1). The similar
predominate formation of a linear product was observed when
2-hexene was employed as an alkene. The reactidma ofith
2-hexene led to the formation of the corresponding linear
alkylation products30 and 31, along with a 21% yield of
recoveredla (entry 2). The reaction ofa with hexene under

Cyclic amines were found to serve as good substrates for the reaction conditions (in toluene) employed by33gave30
this alkylation reaction, as shown in Table 3. We then examined in 8% yield and31in 3%, along with 74% oflabeing recovered

the reaction oN-pyridyl acyclic amines (eqs-35). In the case
of secondary amines, such 28 and 24, the reaction was not

after 20 h. This result again demonstrates the efficiency of
2-propanol as the solvent. The reactioriafwith styrene gave

carried out under CO, because the reaction of these substratethe di-alkylation produc84 in good yield; however, products

in the presence of CO resulted in carbonylation at arH\bond

to give formamides as byproducts. Substrag which was
originally reported by Jun to react with alkenes efficiently in
the presence of R(CO)3 also reacted with ethylene in
2-propanol to give23in high yield (eq 3). The corresponding
ether analogue oR2 failed to give an ethylation product,

formed via hydroesterification and the polymerization of styrene
were also produced as contaminants (entry 4). A cyclic olefin,
such as cyclohexene, was also applicable to the present
alkylation (entry 5). Olefins with an electron-withdrawing group,
such as acrylonitrile and butyl vinyl ether, did not function as
an alkene partner. Isoprene and 1,5-cyclooctadiene also failed
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Table 4. The Ry(CO)-Catalyzed Reaction dfa with Alkenes

entry alkene time, h products ¢
Bu BU/VQ\/\BU

1 T 60 N S
& =

30 29% 31 53% (52:48)

Bu Bu/\/Q\ABu

2 N~ 60 S !\N
Z &

;

Z

;

=

30 36% 31 38% (56:44)
Q\/\But 'Bu/\/Q\/\BUt
Z gt
3 Bu 60 S S
= =
32 21% 33 73% (51:49)

Ph/\/Q\/\Ph

4 Zph 40 | SN
P

34 58% (50:50)

o SU Spae

(o]

=

35 39% 36 33% (60:40)

a Reaction conditions:1a (1 mmol), alkene (10 mmol), R(CO)> (0.08 mmol), in 2-propanol (2 mL) at 14CC in a 10 mL stainless vial.
b|solated yields based aobe. ¢ The numbers in parentheses are the stereocisomeric ratios.

Scheme 1.A Proposed Reaction Mechanism Scheme 2. An Alternative Mechanism (1) for the Cleavage
of a C—H Bond
Ru—H P
C @N @’ — Xk
BRG C
M
D\ L_>\/\R the final product40, with the Ru complex being regenerated.
N F/lu . Two possibilities for the step in which the-® bond is cleaved
, - Ru =N exist in addition to the direct oxidative addition, as has already
Z Z been shown in Scheme 1. One involves hydride elimination from
2 the 1,3-diazaz-allyl Ru complex41 to 42 (Scheme 2). The

40 C—H bond to be cleaved is doubly activated, the i€ bond
being next to nitrogen and located at the allylic position.
to react. Alkynes were also tested as a coupling partner instead  Another alternative mechanism, which involves the participa-
of alkenes, but none of the alkynes showed any reactivity.  tion of an iminium intermediate, cannot be excluded (Scheme
While the precise reaction mechanism is not clear, a proposed3). Hydride abstraction fror87 gives an iminium intermediate

reaction mechanism is shown in Scheme 1. Coordination of the 43, which undergoes intramolecular nucleophilic attack to give
nitrogen inlato ruthenium provides compled7, in which the 38. A related mechanism in which, prior to the formatior38f
C—H bond undergoes cleavage to give the Ru hydride complex from 43, the insertion of an alkene into the-HRu bond in43
38. The insertion of an alkene into the-HRu bond in38 gives followed by intramolecular nucleophilic attack give8is also
the alkyl Ru complexd9, from which reductive elimination gives  possible. In the transalkylation of amines, the intermediacy of
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Scheme 3. An Alternative Mechanism (2) for the Cleavage
of a C—H Bond

F/zu'——H
37— l SN — 38
=
43
j ZR Z R
[+/>
N Ru —— 39
| \N/ R
=
44
Scheme 4
SIS BN
— Ru
§ Ru RBu—H (. h, /
[ N | SN L . [ =N
P P o—elimination P
1a 38 45

]

imine or iminium intermediates was invokét2° Although we

have no experimental evidence at present, a direct oxidative

addition mechanism seems to be unlikely.

Alcohols were found to be effective solvents for the present
reaction. Of the alcohols examined, 2-propanol is the best
solvent. The exact role of 2-propanol is not clear at present,

Chatani et al.

cat. RU3(CO)12

CO, Hy,C=CH,
| =N 2-propanol
& 160 °C, 20 h
46

\/Q\/ \/Q\[(\
x + b, © (6)

3a 81% 47 9% (66/34)

Next, the H/D exchange reaction was undertaken to obtain
information concerning the reaction mechanism. An H/D
exchange experiment provided good evidence for the revers-
ibility of C —H bonds between substrates and reactants (alkenes),
indicating that the cleavage of-€H bonds is not the rate-
determining steg?1% In the present case, however, H/D
exchange with the solvent took place even when the reaction
was carried out in the absence of ethylene. The treatmeld of
under catalytic reaction conditions (in the absence of ethylene)
in 2-propanolds showed deuterium incorporation i@ at all
positions (eq 7). Although this result indicates thatkCbonds
in the substratda can be cleaved in a nonselective manner, it
is noteworthy that the cleavage of—&l bonds is a facile
process.

-20%

e
t. Rug(CO
[N> cat. Ru3(CO)2 Z N> “_ .38%
CO (1 atm) -5%
N - A @
| N d”-2-propanol | N
= o P = 100
140°C, 20 h -30% ( ~_ “10%

1a -42%

but we speculate that its role involves protecting the ruthenium- Summary

hydride specie88 from decomposition. Ifx-elimination from
38 takes place, a carbene complds is formed, which is

We have demonstrated herein that the addition of &CsiH
bond in alkylamines to alkenes can be achieved via catalysis

susceptible to decomposition. However, the ruthenium hydride py a ruthenium complex. The-€H bond next to a nitrogen
species38 can be regenerated by hydrogen donation from atom is selectively cleaved and adds to alkenes. The presence

2-propanol to45, as shown in Scheme 4. Consequerifyhas

a sufficiently long lifetime to react with alkenes. Recently, Lee,
Faller, and Crabtree observed a reversialelimination in
related iridium complexe®

We have previously reported that the use of a rhodium

complex in the reaction ola with CO and ethylene gives

carbonylation products and that no alkylation products are

obtained® In contrast, carbonylation did not take place in the
case of an spC—H bond when RyCO);» was used as the
catalyst, although R{CO):» has been found to be an active
catalyst for carbonylation at $gC—H bonds!®21 While we

of a pyridine ring on the nitrogen in cyclic amines is essential
for the reaction to proceed, suggesting the importance of the
coordination of pyridine nitrogen to the ruthenium. The use of
2-propanol is also critical for the reaction to proceed.

Experimental Section

Materials. 2-Propanol was distilled over sodium metal and stored
over 4 A molecular sieves. R{CO), was prepared according to
literature proceduré® and used after recrystallization from hexane.
Alkylamines 13,0 1b,%¢ 1d,%6 136 1f, 1g, 4, 6, 8, 11, 17, 19, 22, 24,
and26* were obtained from the corresponding substituted 2-bromopy-

cannot provide a precise reason, we speculate that a backwardidines and amines according to the Pd-catalyzed amination procedure

reaction exits in the case of the preseni®D)-catalyzed
reaction of alkylamines. In fact, the reactiord@funder standard
reaction conditions gav8a in 81% yield along with a small
amount of47 (eq 6). This result shows that decarbonylation of
46 easily took place under these conditions to ghee which
then reacted with ethylene to affoBh A similar example of

the decarbonylation of ketones has been previously reported b

us32

(38) Lee, D.-H.; Chen, J.; Faller, J. W.; Crabtree, RQHem. Commun
2001, 213.

reported by Buchwald: 1h,36 1i, and 15 were prepared from the
corresponding substituted 2-chloropyridines or 2-chloropyrimidine and
pyrrolidine according to literature procedur@#nd 1c%¢ and13 were
prepared from the corresponding substituted 2-aminopyridines and 1,4-
dichlorobutane, with slight modification of the literature procedtire.

(39) Bruce, M. |.; Jensen, C. M.; Jones, N.lhorg. Synth 1989 26,

(4-10) Brenner, E.; Schneider, R.; Fort, Yetrahedron1999 55, 12829.

(41) Wagaw, S.; Buchwald, S. J. Org. Chem 1996 61, 7240.

(42) Hassher, A.; Krepski, L. R.; Alexanian, Vetrahedron1978 34,
2069.

(43) Craig, L. C.; Hixon, R. MJ. Am Chem Soc 193Q 52, 804.
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Typical Procedure for the Coupling of C—H Bonds a to the m, 1599 s, 1559 m, 1494 s, 1443 s, 1381 s, 1297 m, 1155 m, 1092 w,
Nitrogen Atom in Alkylamines with Ethylene. A 50-mL stainless 1050 w, 988 m; MSn/z (relative intensity, %) 232 (M, 9), 148 (12),
autoclave was charged with 2-(1-pyrrolidinyl)pyridinkgf (1 mmol, 147 (100), 78 (18). HRMS Calcd for 124Nz 232.1939. Found:

148 mg), 2-propanol (2 mL), and RCO)2 (0.08 mmol, 51 mg). After 232.1932.

the system was flushed with 10 atm of carbon monoxide three times,  2,5-Dihexyl-1-(2-pyridinyl)pyrrolidine (31). Spectral data were

it was pressurized with carbon monoxide to 1 atm and then with obtained from a mixture of cis and trans isomer: yellow oil; bp 140
ethylene to an additional 10 atm. The autoclave was then immersed in°C (1 mmHg);R: 0.40 (hexane/EtOAe= 10/1); *H NMR (CDCL) 6

an oil bath at 140C. After 20 h had elapsed, the autoclave was removed 0.81-0.94 (c, 6H), 1.06:1.31 (c, 18H), 1.77#2.38 (c, 6H), 3.92 (c,
from the oil bath and allowed to cool for ca h and the gases were  2H), 6.24-6.34 (c, 1H), 6.4%+6.51 (c, 1H), 7.347.38 (c, 1H), 8.12
then released. The contents were transferred to a round-bottomed flaskB.15 (c, 1H)*3C NMR (CDCk) ¢ 14.11, [22.61 (minor), 22.64 (major)],
with toluene, and the volatiles were removed in vacuo. The residue [26.47 (minor), 26.74 (major)], 27.35, [29.36 (minor), 29.51 (major)],
was subjected to column chromatography on silica gel (eluent; hexane/[31.90 (minor), 31.93 (major)], [57.45 (major), 59.18 (minor)], [106.45
EtOAc= 30/1) to give 2,5-diethyl-1-(2-pyrridinyl)pyrroridin§) (189 (major), 107.96 (minor)], [110.33 (major), 110.87 (minor)], [136.33
mg, 92% yield, 54/46 stereoisomeric mixture of cis/trans) as a colorless (major), 136.48 (minor)], [148.12 (minor), 148.39 (major)], [155.90
oil. Purification by bulb-to-bulb distillation afforded the analytically  (minor), 157.45 (major)]; IR (neat) 2960 s, 2926 s, 2858 s, 1596 s,

pure product. 1559 m, 1484 s, 1441 s, 1378 s, 1297 m, 1246 w, 1206 w, 1157 m,
2-Ethyl-1-(2-pyridinyl)pyrroridine (2a): colorless oil; bp 80°C 1091 w, 1051 w, 978 w; MSyVz (relative intensity, %) [316 (M, 4),

(1 mmHQ);Rs 0.14 (hexane/EtOAe= 10/1);*H NMR (CDCls) 6 0.92 232 (18), 231 (100), 147 (12), 133 (11), 121 (12), 119 (11), 95 (15),

(t, J = 7.6 Hz, 3H), 1.26-1.44 (m, 1H), 1.77#2.04 (c, 5H), 3.33 78 (16), 69 (10), 55 (17), major], [316 (M 6), 232 (17), 231 (100),

3.56 (m, 2H), 3.85 (m, 1H), 6.33 (d,= 7.6 Hz, 1H), 6.48 (ddJ = 147 (19), 133 (17), 121 (13), 119 (17), 95 (18), 78 (20), 64 (12), 55

6.5 Hz, 5.1 Hz, 1H), 7.39 (ddd,= 7.6 Hz, 6.5 Hz, 1.9 Hz, 1H), 8.14 (20), minor]. Anal. Calcd for @HseN2: C, 79.69; H, 11.46; N, 8.85.

(d,J = 5.1 Hz, 1H);*C NMR (CDCk) ¢ 10.60, 23.36, 25.66, 29.51,  Found: C, 79.77; H, 11.50; N, 8.90.

47.30, 58.98, 106.63, 110.89, 136.66, 148.23, 157.09; IR (neat) 2968 Procedure for the Backward Reaction from the Carbonylated

s, 2876 m, 2024 w, 1942 m, 1600 s, 1559 s, 1495 s, 1443 s, 1383 s,Product to the Alkylated product. A 50-mL stainless autoclave was

1304 m, 1248 m, 1155 m, 1092 m, 1050 m, 991 s; Mt (relative charged with 1-[1-(2-pyridinyl)-2-pyrrolidinyl]-1-propanonég) (0.05

intensity, %) 176 (M, 11), 147 (100), 119 (10), 78 (36), 51 (15). HRMS  mmol, 10 mg), 2-propanol (1 mL), and RGO, (0.008 mmol, 5 mg).

Calcd for GiHieN2: 176.1313. Found: 176.1321. After the system was flushed with 10 atm of carbon monoxide three
2,5-Diethyl-1-(2-pyridinyl)pyrroridine (3a). Spectral data were times, it was pressurized with carbon monoxide to 1 atm and then with

obtained from a mixture of cis and trans isomer: colorless oil; bp 95 ethylene to an additional 10 atm. The autoclave was then immersed in

°C (1 mmHg);R: 0.26 (hexane/EtOAe= 10/1);*H NMR (CDCl) 6 an oil bath at 160C. After 20 h had elapsed, the autoclave was removed
0.86-0.96 (c, 6H), 1.26-1.42 (c, 2H), 1.76-2.05 (c, 6H), 3.8%-3.92 from the oil bath and allowed to cool for ca h and the gases were
(c, 2H), [6.26 (d,J = 8.4 Hz, minor), 6.34 (dJ = 8.6 Hz, major), then released. The contents were transferred to a round-bottomed flask

1H], 6.43-6.50 (c, 1H), 7.367.39 (c, 1H), 8.14 (dd) = 5.0 Hz, 2.0 with toluene, and the volatiles were removed in vacuo. The residue
Hz, 1H); 13C NMR (CDCk) 6 [10.67 (major), 10.92 (minor)] [24.34 was subjected to column chromatography on silica gel (eluent; hexane/
(minor), 27.74 (major)], [26.95 (minor), 28.94 (major)], [59.02 (minor), EtOAc = 5/1) to give 2,5-diethyl-1-(2-pyridinyl)pyrroridine3g) and
60.09 (major)], [106.66 (minor), 108.21 (minor)], [110.54 (major), 1-[5-ethyl-1-(2-pyridinyl)-2-pyrrolidinyl]-1-propanonéq) as a mixture
111.10 (minor)], [136.47 (minor), 136.60 (major)], [148.17 (major), (8 mg). The yields ofda and47 were determined by comparing the
148.42 (minor)], [156.11 (major), 157.66 (minor)]; IR (neat) 3676 w, integrations of the 6-H signals on the pyridine &xand47 in theH

3004 m, 2964 s, 2876 s, 1595 s, 1558 s, 1488 s, 1443 s, 1379 s, 133INMR spectrum of the mixture.

m, 1307 s, 1293 m, 1246 m, 1206 m, 1193 m, 1162 s, 1091 m, 1052  Procedure for the H/D Exchange Experiment in 2-Propanolds.

m, 1013 m, 989 s, 960 m, 932 w, 897 w, 879 m, 839 w; M%z A 50-mL stainless autoclave was charged with 2-(1-pyrrolidinyl)-
(relative intensity, %) 204 (M, 12), 176 (11), 175 (100), 147 (15),  pyridine (L&) (1 mmol, 148 mg), 2-propanals (2 mL), and Rg(CO).

121 (20), 119 (15), 107 (11), 95 (19), 79 (13), 78 (40), 55 (25), 51 (0.08 mmol, 51 mg). After the system was flushed with 10 atm of
(15). Anal. Calcd for GsHooN2: C, 76.42; H, 9.87; N, 13.71. Found:  carbon monoxide three times, it was pressurized with carbon monoxide

C, 76.41; H, 9.92; N, 13.61. to 1 atm. The autoclave was then immersed in an oil bath at’C40
Typical Procedure for the Coupling of C—H Bonds a to the After 20 h had elapsed, the autoclave was removed from the oil bath

Nitrogen Atom in Alkylamines with Substituted Olefins. A 10-mL and allowed to cool for cal h after which the gases were released.

stainless vial was charged with 2-(1-pyrrolidinyl)pyridide)((1 mmol, The contents were transferred to a round-bottomed flask with toluene,

148 mg), 1-hexene (10 mmol, 842 mg), 2-propanol (2 mL), angt Ru  and the volatiles were removed in vacuo. The residue was subjected to
(CO)2 (0.08 mmol, 51 mg) under nitrogen. The vial was then immersed column chromatography on silica gel (eluent; hexane/EtGAB/1)

in an oil bath at 140C. After 60 h had elapsed, the vial was removed to give deuterized starting material (122 mg, 79% recovered) as a
from the oil bath and allowed to cool for ca h and the contents were  colorless oil. After purification by bulb-to-bulb distillation, D-contents
transferred to a round-bottomed flask with toluene, after which the in the recovered starting material were measuredHhyNMR with
volatiles were removed in vacuo. The residue was subjected to columncyclohexane as an external standard.

chromatography on silica gel (eluent; hexane/EtGA80/1) to give ) )
2-hexyl-1-(2-pyridinyl)pyrrolidine 80) (68 mg, 29% yield) and 2,5- Acknowledgment. This work was supported, in part, by
dihexyl-1-(2-pyridinyl)pyrrolidine 81) (168 mg, 53% yield, 52/48 grants from Monbusho. T.A. acknowledges Research Fellow-
stereoisomeric mixture of cis/trans) as colorless oils. Purification by ships of Japan Society for the Promotion of Science for Young

bulb-to-bulb distillation afforded analytically pure products. Scientists. Thanks are given to the Instrumental Analysis Center,
2-Hexyl-1-(2-pyridinyl)pyrrolidine (30): colorless oil; bp 105C Faculty of Engineering, Osaka University, for assistance in

(1 mmHQ);R 0.17 (hexane/EtOAe: 10/1);'H NMR (CDC) 6 0.81— obtaining MS, HRMS, 600-MHz NMR, and elemental analyses.

0.89 (m, 3H), 1.26-1.40 (c, 9H), 1.72-2.07 (m, 5H), 3.32-3.42 (m,

1H), 3.46-3.58 (m, 1H), 3.823.92 (m, 1H), 6.32 (dJ = 7.6 Hz, Supporting Information Available: Full characterization

1H), 6.47 (dddJ = 5.4 Hz, 4.9 Hz, 1.4 Hz, 1H), 7.39 (ddd,= 7.6 data for all new compounds (PDF). This material is available

Hz, 5.4 Hz, 1.6 Hz, 1H), 8.15 (dd,= 4.9 Hz, 1.6 Hz, 1H)}*C NMR free of charge via the Internet at http://pubs.acs.org.
(CDCl) 6 14.09, 22.61, 23.33, 26.49, 29.44, 30.08, 31.90, 32.99, 47.14,

57.67,106.96, 110.82, 136.64, 148.25, 157.02; IR (neat) 2928 s, 2856JA011540E



