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Ru(m)-catalyzed cycloaddition of 1,6-diynes with electron-
deficient nitriles gave the desired bicyclic pyridines in
moderate to high yields.

Transition-metal-catalyzed [2 + 2 + 2] cyclocotrimerization of
two alkyne molecules and a nitrile has been recognized as a
straightforward protocol providing substituted pyridines.12
Although the selective cyclocotrimerization of two different
alkynes and a nitrile was achieved using stoichiometric cobaltt
or zirconium reagents,3 the catal ytic control s of both the chemo-
and regiochemistries have remained asacrucial problem. Inthis
context, the intermolecular coupling between an «,w-diyne and
anitrile was first pioneered by Vollhardt et al. in their work on
the catalytic reactions of CpCo(CO),,45 and subsequently this
strategy has been successfully applied for the synthesis of
Vitamin Be.6 Electron-deficient nitriles, however, have been
reported to be hardly involved in such a useful pyridine
annulation. Ethyl cyanoformate and pentafluorobenzonitrile
gave the desired pyridines only in poor yields, lower than 10%.
In sharp contrast, we found that a ruthenium(n) complex,
Cp*Ru(cod)Cl (Cp* = pentamethylcyclopentadienyl 1), effec-
tively catalyses the cycloaddition of 1,6-diynes and nitriles
activated by an electron-withdrawing group (Scheme 1),
athough the same Ru(i1) complex failed to promote the reaction
with simple nitriles such as acetonitrile or benzonitrile.”
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Typicaly, to a solution of dimethyl dipropargylmalonate
(2a)t in 1,2-dichloroethane was added a solution of the catalyst
1 and ethyl cyanoformate (3a) (0.02 and 1.5 equiv. to 2a,
respectively) in 1,2-dichloroethane at rt. The solution was
stirred for 30 min at 60 °C to give the desired pyridine 4ain 83%
yield (Table 1, entry 1). The side reaction of 2a leading to arene
byproducts was completely suppressed. In the same manner,
benzoy! cyanide (3b) gave the corresponding pyridine 4b as a
sole product in high yield (entry 2). On the other hand, acetyl
cyanide (3c) and tosyl cyanide (3d) required higher catalyst
loading (10 mol%) and temperature (80 °C). The former
selectively gave the desired pyridine 4c in 90% yield (entry 3),
athough the concomitant formation of the dimer 5a was
observed in the reaction of 3d (entry 4). In addition to acyl and
sulfonyl cyanides, polyhaloalkylcyanides could be used for the
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T Electronic supplementary information (ES|) available: experimental
procedures and analytical data for compounds 4, 7 and 8. See http://
www.rsc.org/suppdata/cc/bl/b102588k/
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Table 1 Cp*Ru(cod)Cl-catalyzed cycloaddition of 1,6-diynes 2a—c with
electron-deficient nitriles 3a—fa

Catalyst/

Entry X Ewg mol %  T/°C t/h Yielde

1 C(CO:Me), CO,Et 2 60 05 4a 83%
2 C(CO:Me), COPh 2 60 05 4b, 84%
3 C(COxMe), COMe 10 80 1 4c, 90%
4 C(COMe), Ts 10 80 24 4d, 31%
5 C(CO:Me), CCl3 10 60 24 4e, 44%
6 C(CO:Me), CeFs 5 60 1 4f, 67%
7 NTs CO,Et 2 60 05 4g, 75%
8 o} CO,Et 2 60 2 4h, 49%

a All reactions were carried out with a nitrile (1.5 equiv.) in 1,2-dichloro-
ethane under Ar. © Isolated yields.

present ruthenium-catalyzed pyridine annulation. In the pres-
ence of 10 mol% 1, trichloroacetonitrile (3g) and penta-
fluorobenzonitrile (3f) were reacted with 2a at 60 °C to afford
pyridines 4e and 4f in 44 and 67% yields, respectively (entries
5 and 6). By employing N,N-dipropargy! tosylamide (2b) and
dipropargy! ether (2c) as diyne components, 3-pyrroline- and
2,5-dihydrofuran-fused pyridines 4g and 4h were obtained in 75
and 49% yields, respectively (entries 7 and 8).

In order to establish the regiochemistry of the Ru(i)-
catalyzed pyridine annulation, unsymmetrical 1,6-diynes 6a—c
were subjected to cycloaddition with 3a, leading to 2,3,4,6-sub-
stituted isomers 7 and/or 2,3,4,5-substituted isomers 8
(Scheme 2). As a result, one of these isomers was predom-
inantly obtained, depending on the nature of the akyne
substituents. In the presence of 5 mol% 1, a octa-1,6-diyne 6a
(R = Me) reacted with 3a at 60 °C for 2 h to afford a 88:12
mixture of 7a and 8a in 78% yield. The presence of an akyl-
substituent at the terminal position of the diyne decreased the
reactivity. Similarly, the cycloaddition between a phenyl-
substituted diyne 6b (R = Ph) and 3a was carried out using the
20 mol% catalyst at 60 °C. Inthiscase, 7b wasisolated asasole
pyridine isomer in 50% yield. In contrast, the reaction of an
ester 6¢ and 3a proceeded at rt and, unexpectedly, a2,3-dialkox-
ycarbonyl isomer 8c was obtained asamajor product along with
aminor isomer 7c in 78% total yield. Therefore, the electron-
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R =Me: 5 mol%, 60 °C, 2 h; 78% (7a : 8a =88 : 12)
R = Ph: 20 mol%, 60 °C, 6 h; 50% (7b : 8b =100 : 0)
R =CO,Me: 5 mol%, r.t., 1 h; 78% (7c : 8c = 13: 87)
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withdrawing ester group in 6c¢ reversed both the reactivity and
the regioselectivity.

The origin of the observed regiochemistry and the difference
in reactivity can be reasonably explained by the following
mechanism (Scheme 3). The substituent on a nitrile component
plays a critical role in the present protocol: electron-deficient
nitriles having acarbonyl, sulfonyl, or polyhaloalkyl substituent
gave rise to the desired pyridine product, although acetonitrile
and benzonitrile gave little of the corresponding cycloadduct.
This is probably because the electron-withdrawing group
lowers the antibonding orbital level of the C—N triple bond to
facilitate the oxidative cyclization involving the nitrile. In this
situation, the catalytic cycle starts from the oxidative cycliza-
tion of anitrile 3 and one alkyne terminus of a diyne 6 on the
ruthenium center to form an azaruthenacyclopentadiene inter-
mediate 9 or 10. The regiochemistry of the product is
determined in this stage. In the case of the alkyl- or aryl-
substituted diynes 6a and 6b, the sterically less hindered
terminal akyne moiety can be favorably involved in the
oxidative cyclization to form the intermediate 9. The sub-
sequent intramolecular alkyne insertion and reductive elimina-
tion steps afford the final pyridine product 7 as a major isomer.
On the other hand, the diyne monoester 6¢ forms predominantly
the intermediate 10 because the oxidative cyclization occurs at

the electron-deficient alkyne terminus due to its effective
accommodation of the d-electron from the ruthenium center. As
aresult of the efficient formation of 10, the cycloaddition of 6¢
proceeded smoothly even at rt and gave 8c as a magjor
product.
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