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Pyridines can be efficiently synthesized by Ru(ll)-catalyzed [2 + 2 + 2] cycloaddition of 1,6-diynes
to a,w-dinitriles or electron-deficient nitriles or by Ru(ll)-catalyzed [2 + 2 + 2] cocyclization of
electron-deficient alkynes and electron-deficient nitriles. The reactions with dinitriles seem likely
to proceed via ruthenacyclopentadiene intermediates and the reactions with electron-poor nitriles
via azaruthenacyclopentadienes. The reaction with asymmetric electron-deficient alkynes affords

2,3,6-trisubstituted pyridines in good yield.

Introduction

The synthesis of pyridines by metal-mediated [2 + 2
+ 2] cycloaddition of two alkynes to nitriles is a powerful
and straightforward methodology.! The first metal used
was Co(l), which was employed to catalyze the cocycliza-
tion of two alkynes with electron-rich nitriles? and which
since the pioneering work of Bonneman,® Wakatsuki,*
and Vollhardt? has also been employed in developments
allowing the use of environmentally friendly solvents®
and the synthesis of biological targets?®® and oligo-
pyridines.” Stoichiometric amounts of Ti® and Zr® have
also been found to promote this type of [2 + 2 + 2]
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L. S, Vol. Ed.; Pergamon: Oxford, 1995; Vol. 12, p 741. (b) Lautens,
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cycloaddition, allowing the assembly of two different
asymmetric acetylenes and a nitrile, and recently, it has
been reported by Itoh that Cp*Ru(COD)CI is comple-
mentary to Co(l) in that it efficiently catalyzes the [2 +
2 + 2] cycloaddition of 1,6-diynes to electron-deficient
nitriles'®!! and dinitriles.'? It was suggested that this
Ru(ll)-catalyzed cycloaddition proceeds via a ruthena-
cyclopentadiene intermediate analogous to the well-
established cobaltacyle intermediates of the Co(l)-
catalyzed reactions.? However, intriguing questions con-
cerning mechanism and scope remained unanswered.
Here we report the results of a comprehensive survey of
the reactions of electron-poor alkynes and 1,6-diynes with
substituted nitriles and dinitriles (Figure 1) in the
presence of the cationic complex [Cp"Ru(CH3sCN)z]PFs
(1a).

Results and Discussion

To decide between [Cp*Ru(CH3;CN);]PFs (1a) and the
less electron-rich catalyst [CpRu(CH3CN)3]PFs (1b), we
reacted 1 equiv of 1,6-diyne 2a with 1.5 equiv of the
nitrile with which Itoh and co-workers had obtained their
best results (malononitrile 3r) in DMF at room temper-
ature in the presence of 10% of 1la or 1b and 10% of
Et,NCIL.°~2 With 1b, only a 20% yield of pyridine 4r was
obtained, the major isolated product being the dimer of
2a'% (33%).%° By contrast, with 1a GC—MS showed the
total consumption of starting materials in just 10 min
and pyridine 4r'? was isolated in 84% yield (Scheme 1,

(10) Yamamoto, Y.; Okuda, S.; Itoh, K. Chem. Commun. 2001, 1102.

(11) For application of this method to the synthesis of pyridones,
see: Yamamoto, Y.; Tkagishi, H.; Itoh, K. Org. Lett. 2001, 3, 2117.

(12) Yamamoto, Y.; Ogawa, R.; Itoh, K. J. Am. Chem. Soc. 2001,
123, 6189.

(13) When other halogen sources were used (BusNF, BusNBr, Bus-
NI), the reaction was much slower reaction (Br) or failed to take place.
In the absence of chloride, only the dimer of 2a was observed. Reaction
of malononitrile (3r) with 1,6-heptadiyne (2b) afforded the correspond-
ing pyridine derivative, but with 1,7-octadiyne (2c) neither pyridine
derivatives nor dimers of 2c were obtained.
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FIGURE 1. Nitriles used for the Ru(ll)-catalyzed [2 + 2 + 2]
cycloadditions.

SCHEME 1
[Cp Ru(CH43CN);]PFg (10%)
= m Et4NCI (10%) Z >N
X + C X \

N & DMF NOR!
2a X= C(CO,Me), 3 4
2b X= CH2
2¢ X= (CHy),

Table 1). Accordingly, [Cp*Ru(CH3;CN);3]PFs (1a) was
used in all subsequent work.'*

We began by investigating the reactions of 1,6-diynes
2 with nitriles (Scheme 1). As was already observed by
Itoh and co-workers,*? reaction of acetonitrile (3a, Figure
1) with 1,6-diyne 2a gave no pyridine; both at room
temperature and at 80 °C, the final reaction mixture
containing only unreacted nitrile together with dimers
and trimers of the diyne. Nor did acetonitrile derivatives
3f—h react, although nitrile 3i afforded the corresponding
pyridine 4i in 56% yield (entry 3 in Table 1).1%

(14) Typical Procedure. Nitrile 3 (1 mmol, 2 equiv) was added to
a dry and degassed solution of [Cp*Ru(CH3CN)3]PFs (25 mg, 10%) and
Et,NCI (8 mg, 10%) in DMF (3 mL) at room temperature. After being
stirred for 10 min, the diyne 2 (0.5 mmol, 1 equiv) was added. After
consumption of starting materials (GC monitoring), the reaction was
guenched with saturated aqueous solution of NH4CI (10 mL) and
extracted with ethyl ether (3 x 10 mL). The organic layers were
collected, dried over anhydrous Na,SO,, and evaporated to dryness
under vacuum. Column chromatography of the residue on silica gel
using ethyl acetate/hexane as eluent afforded the corresponding
pyridine 4.
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TABLE 1. [Cp*Ru(CH3CN);]PF¢/EtsNCl-Catalyzed [2 + 2
+ 2] Cycloaddition of 1,6-Diyne 2a to Nitriles 32

Entry R'—C=N Temp (°C) / time (h) Yield 4 (%)

NC

1 \—cN 1.£/0.16 84
NC_ CN

2 Me><Me r.t/0.16 95
Cl

3 \—CN rt/1.5 56
NC—SEt

4 80/4 53

CN
5 =/ r.t/S 14 (5)

z

C
6 @[ 8072 56
C
NC
7 \CL rt/15 61
CN
NC CN

z

N
8 | 80/4 72
N
NC
9 TJ\ rt/12, 80/2 50

a Typical procedure: To a DMF solution (0.33 M) of 2 equiv of
nitrile 3 was successively added the ruthenium catalyst (10% of
[Cp*Ru(CH3CN)3]PFs and 10% of Et4,NCI) and the diyne 2a (0.5
mmol). Reaction time and temperature were optimized in each

b
case. ®ye0,c ><:|©/CN
MeO,C

5

Similarly, when the series of heteronitriles 3b—e were
reacted with 2a, only 3e afforded the corresponding
pyridine, 4e (in 53% yield; entry 4 in Table 1). Interest-
ingly, when acrylonitrile (3j) was used, cycloaddition
occurred in low yield but chemoselectively with respect
to the olefin giving the cyclohexadiene 5 (14%; entry 4
in Table 1) and the dimer of 2a as the major isolated
product (41%).16

We next tried the arylcyanides 3k—o and heteroayl-
cyanides 3p and 3q but none of them underwent cyclo-
addition with 2a either at room temperature or at 80 °C,
despite the electron-richness (and coordinating atoms) of
the aryl or heteroaryl rings. However, the presence of a
second nitrile on the ring resulted in smooth reaction by
the first:¥” 1,2- and 1,4-dicyanobenzene (3t, 3u) gave
pyridines 4t'? and 4u in 56% and 61% yield, respectively
(entries 6 and 7 in Table 1), and 2,5-dicyanopyridine (3v)
afforded the bipyridine 4v in a good 72% yield (entry 8).
Note that these last two results, with 1,4- and 1,3-

(15) Methylcyanoformate and trichloroacetonitrile are also able to
participate in [2 + 2 + 2] cycloadditions to afford pyridines, see ref
10.

(16) In this case the reaction conditions were not optimized.

(17) o,w-Dinitriles and 1,2-dicyanobenzene also give good-to-excel-
lent yields of 2-(w-cyano)alkyl- and 2-[(2-cyano)phenyl]pyridines using
Cp*Ru(COD)CI, see ref 12.
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dinitriles, rule out the reaction’s involving the mechanism
accepted for a,w-dinitriles, because »?-coordination of the
two cyano groups is geometrically impossible.*? Finally,
the nonaryl dinitrile trans-fumaronitrile (3s) gave pyri-
dine 4s in rather good yield (50%; entry 8 in Table 1);
and substitution on the central carbon of malononitrile
increased the yield from the 84% achieved with 3r to an
excellent 95% with dimethylmalononitrile (3r') (entry 2).
Unexpectedly, tetracyanoethylene (3w) failed to give
either pyridine derivatives or dimers or trimers of the
starting diyne, probably due to poisoning or capture of
the Ru catalyst.

The above results may be explained by the mechanism
depicted in Scheme 2. Changes in the *H NMR spectrum
suggest that mixing the cationic catalyst [Cp*Ru(CHs-
CN)3]* with Et4;NCI probably leads to the formation of
the neutral complex [Cp*Ru(CH3CN)CI], (6).'8 Dinitriles,
which have two good coordinating groups, can split this
dimer by forming the dinuclear complex 7,*° which allows
formation of the intermediate ruthenacyclopentadiene 8
by reaction with 2a. This is followed by the formation of
pyridine 4 by insertion of the Ru-bound cyano group into
the Ru—C bond, and since pyridine 4 cannot properly
coordinate two ruthenium atoms they detach as the
reconstituted dimer 6 (Scheme 2).

The ability of electron-deficient nitriles to participate
in Ru(ll)-catalyzed [2 + 2 + 2] cycloadditions with 1,6-
diynes'® can similarly be attributed to their electron
deficiency enabling them to split the dinuclear complex
6 and coordinate to the metal of the resulting mono-
nuclear complex 92° (Scheme 3); in this case, reaction
with 2a probably gives the azaruthenacyclopentadiene
10 as Itoh had already suggested,® which evolves to the
final pyridine 4. In the case of nitriles 3i and 3e, either
mechanism may be operative (for formation of ruthena-
cyclopentadienes 8' or 8", the coordinating ligand would
be chlorine or sulfur, respectively instead of one of the
cyano groups).

(18) Koelle, U.; Kang, B.-S.; Englert, U. J. Organomet. Chem. 1991,
420, 227.

(19) Dinuclear Ru(ll) complexes with dicyanamides have in fact been
observed, see: Valerga, P.; Puerta, M. C.; Pandey, D. S. J. Organomet.
Chem. 2002, 648, 27.

(20) Strong m-acceptor ligands tend to cleave dinuclear Ru(ll)
complexes and form Cp*RuL,X-type complexes; see ref 17.

JOC Article

SCHEME 3
R
[o]
Cl 1 L cl
LA Al
1+ E4NCl— Cp” R\u /RuCp Cp*/Ru\,/C
- 7
6 9
E— \U - > |
"o/ XN
X
10 4

X=C(CO,Me),, CH, R=ewg

Having delimited the scope of the reaction with 1,6-
diynes, we turned our attention to the ability of the
Ru(ll) complex to catalyze the complete intermolecular
[2 + 2 + 2] cocyclization of two asymmetric alkynes and
a nitrile. At the outset we anticipate that at least one of
the partners must be electron-deficient.?* However, al-
though cocyclization proceeded smoothly in high yield
when methyl propiolate (11a) was reacted with a nitrile
bearing an electron-withdrawing group, such as 3x—z
(Scheme 4),%2 and also occurred when 11b was reacted
with 3x, reaction of 11a with malononitrile (3r) gave only
unreacted 3r together with a quantitative combined yield
of the benzene derivatives 16 and 17, produced by
trimerization of the alkyne. On the other hand, simple
alkynes such as n-hexyne and (trimethylsilyl)acetylene
gave no cocyclized products with electron-poor nitriles 3x
and 3z, respectively.?® It therefore seems that both
partners must be electron-poor for cocyclization to
pyridines 13.

The above examples suggest that with electron-poor
alkynes electron-poor nitriles behave in the same way
as with 1,6-diynes, splitting the dinuclear complex 6 to
form a mononuclear complex (9) that evolves to the final
pyridines via an azaruthenacycle (in this case 12; Scheme
4).24 By contrast, it appears that preferential coordination
of an electron-poor alkyne such as 11a excludes malono-
nitrile from the Ru coordination sphere, giving a complex
that evolves to benzenes via ruthenacycles 15.

To sum up, the combination of [Cp*Ru(CH3;CN);3]PFg
and Et4NCl efficiently catalyzes [2 + 2 + 2] cocyclization
between 1,6-diynes and dinitriles or electron-deficient
nitriles, both of which appear able to split the dimer
[Cp*Ru(CH3CN)CI],. With electron-deficient nitriles, the
reaction seems likely to proceed via an azaruthenacyclo-
pentadiene intermediate, and with dinitriles via a ruth-
enacyclopentadiene. 2,3,6-Trisubstituted pyridines can be

(21) Ru(ll)-catalyzed trimerization of n-hexyne failed, whereas
methyl propiolate gave an almost quantitative yield of a mixture of
isomeric 1,2,4- and 1,3,5-benzene derivatives. Moreover, as described
above, only electron-poor nitriles and dinitriles have been able to
participate in Ru(ll)-catalyzed [2 + 2 + 2] cycloadditions with 1,6-
diynes.

(22) Traces of the 2,3,5-substituted pyridines (less than 3%) were
also dedtected. The two pyridines are easily separated by chromatog-
raphy. See the Supporting Information.

(23) Starting nitriles were quantitatively recovered.

(24) Methyl cyanoformate (3x) also undergoes cocyclization with 1,6-
diyne 2a (giving the corresponding pyridine in quite good yield, see
ref 10) but not with 2,2-dibut-2-ynyl malonic acid dimethyl ester,
failure in this case probably being due to the location of the methyl o
to the ruthenium in the ruthenacyle intermediate corresponding to
10.
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11 b R'=CF; ay R'=CO,Me, R?= Ts (83%)
3x R2 =CO,Me az R'=CO,Me, R%= CCl; (89%)
3y R2=Ts bx R'=CF3, R%= CO,Me (20%)?
3zR%=CCl,
M
L ¢ . COZMe COzMe CO,Me
11a LRG COMe 11a Cp\ / COzMe
0 2l st
H COzMe COMe MeO,C CO,Me
14

synthesized in good-to-excellent yields by Ru(ll)-catalyzed
[2 + 2 + 2] cocyclization of asymmetric alkynes with
nitriles so long as both alkyne and nitrile are electron-
deficient.
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