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1. Introduction

Pyridines are increasingly being manufactured
synthetically rather than isolated from coal tar.® It
is desirable for syntheses to be simple, selective,
flexible, and waste-free. Prominent among selective
methods for the efficient formation of multiple bonds,
rings, and stereocenters are cycloaddition reactions.?
Although in principle thermal [2 + 2 + 2] cycloaddi-
tions are symmetry-allowed,® purely thermal
[2 + 2 + 2] cycloaddditions are rare because they are
disfavored by enthalpy barriers and, more signifi-
cantly, by the decrease in entropy associated with
bringing three reactants together.* However, this
entropy problem can be overcome by using a transi-
tion metal catalyst as the site of a stepwise addition
process. This is currently one of the most convenient
approaches to pyridines.

Although metal-mediated cycloadditions of two
alkynes and a nitrile have been featured in several
reviews of cycloaddition reactions in general,® reviews
devoted specifically to pyridine synthesis have only
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mentioned cobalt-based catalysts.® It is known that
several other metals are also effective. In fact, most
catalysts capable of alkyne cyclotrimerization’ are
also capable of promoting the formation of pyridines,
including both late transition metals such as cobalt
and ruthenium and early transition metals such as
titanium and zirconium. The purpose of this review
is to survey transition-metal-mediated synthesis of
pyridines and pyridones by [2 + 2 + 2] cycloaddition
of alkynes to nitriles or isocyanates, respectively,
concentrating in particular on the advances that have
been made in the period 1994—2002.

2. [2 + 2 + 2] Cycloadditions of Alkynes to
Nitriles: Synthesis of Pyridines

2.1. Cobalt

Most work on the mechanism of [2 + 2 + 2] cyclo-
additions, including isolation of intermediate com-
plexes, has concerned CpColL,-catalyzed cyclotri-
merization of three alkyne units to form benzene (L
= CO, PRg, olefin). Making the usual assumption that
the results of this research are extrapolable to the
synthesis of pyridine, we therefore begin by present-
ing the findings of this work on benzene. It is
assumed that in the first steps of the cyclotrimeriza-
tion reaction two alkyne molecules sequentially
displace two molecules of L from the catalyst to form
complexes 1 and 2 (Scheme 1). Oxidative coupling of
the alkyne ligands in 2 would then generate the
coordinatively unsaturated cobaltacyclopentadiene 3,
which would readily coordinate to a third acetylene
to give an observed intermediate 4, that is trans-
formed into the #*-benzene complex 6. In principle,
this last step might involve either direct cycloaddition
or insertion of the coordinated alkyne into one of the
Co—C o-bonds to form cobaltacycloheptatriene 5,
which would subsequently undergo reductive elimi-
nation to leave 6. Finally, decomplexation of the
arene and coordination of a pair of acetylene mol-
ecules would regenerate 2, thus completing the
catalytic cycle.

While there is experimental evidence of the exist-
ence of complexes of types 4 and 6,8 evidence for 2
and 5 is lacking. To elucidate the path from 4 to 6, a
theoretical study has therefore been carried out:®
according to density functional theory (DFT) and
other ab initio calculations, collapse of 4 to 6 is
kinetically very easy (AH? = 0.5 kcal/mol), in keeping
with the extremely exothermic nature of this trans-
formation (AH = —81.41 kcal/mol), whereas the
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alternative path via 5 is energetically improbable due
to the symmetry-forbidden nature of the reductive
elimination converting 5 to 6. Indeed, no stationary
point corresponding to 5 could be located on the
B3LYP potential energy surface. These calculations
thus predict that the final carbon—carbon bond-
forming step in the construction of the arene is an
intramolecular metal-mediated [4+2] cycloaddition
of the cobaltacycle to the coordinated alkyne.
Unlike alkyne cyclotrimerization, successful pyri-
dine synthesis requires that alkyne and nitrile com-
bine in 2:1 ratio. Fortunately, nitriles trimerize less
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readily than alkynes in the presence of metals.'®
CpCol,-catalyzed pyridine synthesis is thought to
proceed as follows (Scheme 2).611

Oxidative coupling of two coordinated alkynes to
afford cobaltacycle 3, as in Scheme 1, raises the
oxidation number of the metal center by two, thus
favoring subsequent coordination to a nitrile rather
than an alkyne (unless the nitrile is electron-
deficient, in which case the reaction fails to give
satisfactory yields of pyridines). The resulting nitrile
complex 7 then evolves either to metallacyclohep-
tatriene 8, in which the nitrile has been inserted into
the metallacycle of 7 with its nitrogen bound to the
metal, or to the cobaltacycle intermediate 9 via a
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Diels—Alder-type reaction; in either case, reductive
elimination then yields the pyridine and regenerates
the CpCo core, which coordinates two new acetylene
units to complete the catalytic cycle.

The most widely used metal-cored catalysts for
[2 + 2 + 2] cycloadditions between alkynes and ni-
triles are Co(l) complexes of general formula XCoL.
According to the mechanism of Scheme 2, the organic
group X remains attached to the metal throughout,
while the neutral ligand L is exchanged for the
alkynes in the first steps of the catalytic cycle. Prior
to the reaction, L stabilizes the catalytic complex
[XCoL], and its nature therefore decisively influences
the “starting behavior” of the catalyst: if it stabilizes
XCoL too effectively the “catalyst” is unreactive,
while if it is too weakly stabilizing the catalyst tends
to undergo decomposition reactions and be difficult
to handle.® Examples of widely used ligands L are
ethylene, cyclooctadiene (COD), and carbonyl groups
(Scheme 3).

Scheme 3
/@_\ Co/\\\ T<0°C
N/ -2 C,H,
@—00/4'7 T=125°Corhv| + 2HC=CH /@_\ Co/\\
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@—Co(co hv

co -2 CO

Ethylene, the most labile of the three, is replaced
by alkynes even below 0 °C; COD can be displaced
thermally or photochemically;? and CO requires
photolysis, its thermal cleavage from Co being in-
complete even at 150 °C.

The ligand X influences the ability of the catalyst
to form pyridines by determining its chemoselectivity
(i.e., whether three alkynes react to form benzenes,
or two alkynes and a nitrile react to form pyridines)
and its regioselectivity (when substituted reagents
are used). When X = Cp, it has been observed that
electron donor substituents on the Cp make the
catalyst less able to promote the cocyclization of
alkynes and nitriles, whereas electron-withdrawing
substituents enhance catalytic activity but diminish
regioselectivity.®

With CpCo(COD) as catalyst, acetylene and nitriles
can be efficiently cocyclized under mild photochemical
conditions in the most environmentally benign sol-
vent, water (Scheme 4).13

Scheme 4
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/ x CpCo(CODYhu @
+ |
H H H20 N" R

N=C-R 38-85%

R = alkyl, aryl, etc.

Suitable substituents on the cyclopentadienyl ring
facilitate the solubility of the catalyst in water, and
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yields of up to 99%, with no benzene side products,
have been recorded using only the stoichiometric
amount of nitrile (Scheme 5).14

Scheme 5
CO(CH,)CH,0H
o C0CHICH,
! HO
/Co\j OH
CH,OH R A 2.5 mol%
TS HO NS
| | + n —
N 70% Ho0/CH30H N "R
CH,OH 85 °C OH

32-99%
R = alkyl, vinyl, aryl, etc.
Pendant phosphane substituents on the cyclopen-
tadienyl ring make the cobalt complex stable in

water, thus allowing the preparation of pyridine
derivatives at room temperature (Scheme 6).1%

i
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Scheme 6

When symmetrically substituted alkynes are used,
pentasubstituted pyridines are obtained in good
yields (Scheme 5). However, terminally substituted
alkynes usually afford roughly equal yields of 2,4,6-
and 2,3,6- trisubstituted products and no 2,4,5-
substituted isomer,® showing that 2,4- and 2,5-
dialkyl metallacycles 3 form much more readily than
the 3,4-dialkyl metallacycle (Scheme 7).
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The observed regioselectivity can be explained in
terms of steric and electronic factors. Sterically, it is
predicted that the bulkiest substituents on the alkyne
will be placed a to the Co in the intermediate
cobaltacycle 3a (R; > Rz, R; > R3 in Scheme 8),'7
while electronically the substituent with the largest
coefficient in the &* orbital (LUMO) of the alkyne will

Scheme 8
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o e
R4 Ry °
2a 3a
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be placed 3 to the Co (e.g., R3 = Me, R, = CO,Me).%8
The steric factor will generally override the electronic
factor;'” groups such as TMS will be placed o to the
Co. The reaction of the substituted cobaltacyclopen-
tadienes with a nitrile is regiospecific, retaining the
substitution pattern of the metallacycle and placing
the N a to the Co in the less hindered cobalt—carbon
bond_Sa,Ga,ll

The regioselectivity described above can be circum-
vented by tethering two of the three components. For
example, the use of short-chain o,w-diynes with
nitriles will afford cycloalka[c]pyridines (Scheme 9).1°

Scheme 9
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Here the regioselectivity is controlled by the chelating
nature of the alkyne component and by steric effects,
whereas chemoselectivity is apparently controlled by
electronic interactions.

However, macrocyclization of long-chain o,w-diynes
with nitriles again gives 2,3,6- and 2,4,6-substituted
pyridines (Scheme 10).%°

Scheme 10
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A cyclization strategy complementary to that of
Scheme 9, using a,w-alkynenitriles and alkynes,
allows the preparation of [b]lannelated pyridines
(Scheme 11 and Table 1).2°-22 Although cyclobutapy-

Scheme 11
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=c-H R N~ "R?
9
(GH2)n v || __Cpeo(COR
+
=N R2 hv, A A~ R
(CHahn ||
7 8 N~ TR!
n=345 10

ridines are not accessible via this route, five-, six-,
and seven-membered fused-ring systems are obtained
in moderate to excellent yields. The fact that with
asymmetric alkynes the bulky substituent is placed
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Table 1
n R? R2 yield (%)2  product ratio (9:10)
3 Me MesSi 70 >05:1
4  COOMe MesSi 82 1.1:1
4  COOMe EtsSi 78 1:1
4 COOMe i-PrsSi 67 1.7:1
4 CONEt, MesSi 87 1.4:1
4  OMe EtsSi 43 >05:1
4 H EtsSi 26 >05:1
4 Me MesSi 70 >05:1
5 Me MesSi 66 >05:1

a Combined yield 9 + 10.

next to the nitrogen implies the formation of the
cobaltacyclopentadiene 4a (Figure 1).

R1
]\
R2
Co
(CH2)ny ™,
\cgN cp
4a
RZ>R!
Figure 1.

Interestingly, when a long-chain a,w-alkynenitrile
such as 11 is reacted with a terminal alkyne under
the usual conditions, the 2,4,6-substituted pyridine
12 is obtained exclusively in 44% yield (Scheme 12).

Scheme 12
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Analysis of the intermediate metallacycles indicates
that, in the transition state affording this product,
steric interactions and conformational strain are
much less than in those of competing reaction paths.?

The above a,w-alkynenitrile plus alkyne methodol-
ogy has been successfully applied to the synthesis of
ergot alkaloids such as lysergene and LSD (Scheme
13).%2

Scheme 13
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Scheme 14
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Table 2
n R yield (%) product ratio (15:16)
1 H 15 2.75:1
1 MesSi 61 1:1.2
1 CH,OH 19 4:1
2 H 18 11
2 MesSi 76 1:1.5

@ Combined yield 15 + 16.

This methodology has also been applied to the
synthesis of annelated 3-substituted bipyridines by
cocyclization of a,w-alkynenitriles with 2-ethynylpy-
ridines (Scheme 14 and Table 2).2 In the case of
2-(trimethylsilylethynyl)pyridine (14, R = TMS), a
1:1.2 mixture of 2,2'-bipyridine 15 and 3,2'-bipyridine
16 is obtained, indicating an approximate balance
between steric and electronic influences on the re-
giochemistry of the final cycloaddition. With R = CH,-
OH in the ethynylpyridine, the 15:16 ratio is 4:1.

3,3'-Substituted 2,2'-bipyridines are obtained in
good yield by reaction of two o,w-alkynenitrile mol-
ecules with a conjugated 1,3-diyne (Scheme 15 and
Table 3).%

Scheme 15
R
= CpCo(CO
L= I cococon, w8
T aw R
=
R |
N X
13 17 | ~
R™°N
19
Table 3
1,3-diyne R yield (%)*  product ratio (18:19)
17a Me 48 1.7:1
17b CH,OH 9 1:0
17c CH,OMe 63 271
17d CH,0SiEt; 45 4:1
17e COOMe 18 141

@ Combined yield 18 + 19.

However, when the diyne substituent is the bulky
TMS, only one cycloaddition takes place, probably
because of steric hindrance by the group at position
3 of the pyridine ring (Scheme 16). Pyridine 20 is
obtained in good yield, but neither the 2,2'-bipyridine
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Scheme 16
T™S
™S
— I cpeorcoy, 7
2 + _— S
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7% T™S
T™S
13 17f 20

nor the 3,3'-bipyridine 21 (Figure 2), nor what would
be its immediate precursor, pyridine 20a (Figure 2),

is observed.
N _TMS
P T™MS O
= Z x A
| .
NS
N ™S TMS N
20a 21
Figure 2.

The reaction shown in Scheme 17 highlights a
common feature of all the above cycloadditions using

Scheme 17
I\Ille
N\Me
— Il CpCo(CO),
2 C=N * toluene A, hv
49%
13

1,3-diynes: their high regioselectivity in the initial
cyclization. In keeping with this, ab initio calcula-
tions?* on the intermediate metallacycles 22 and 23
show that in both cases it is energetically favorable
for the triple bond to be o to the cobalt (Figure 3).
Assuming that both electronic and steric factors are
operative in 22 and only electronic factors in 23, and
that electronic and steric factors have opposite re-
giodirective influences, it would appear that the
electronic factor is responsible for the observed re-
gioselectivity, in contradiction with the tendency
noted above (Scheme 8 and discussion thereof).

Total regioselectivity can be achieved using a pair-
donating diyne substituent to direct the second
cycloaddition. When the amine derivative 24 was
used, only the 2,2'-bipyridine 25 was obtained, and
in reasonably good yield (49%). It is thought that
coordination of the cobalt by the nitrogen (complex
26) is responsible for the regioselectivity of the second
cycloaddition (Scheme 17).2°

The chemoselectivity of the reaction with 1,3-
diynes has been examined using the asymmetric 1,3-
diynes 27 (Scheme 18 and Table 4).?> In the case of
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SiH3
N
Co_ T=siH,
czN
22a
Energy®l: — 789.746989 Energy/l: - 789.740070
AE [kcal mol™]: 4.342

H
H
/) =~ H
Co ==—H
C’;f\r Cp CEN
23a 23b

Energylel: — 779.577156 Energyl®): -779.567971
AE [kcal mol™]: 5.764

[a] 1 hartree = 627.5 kcal mol™!

Figure 3.
Scheme 18
R2
— Il CpCo(CO),
2 + —
C=N | | A, hv
R1
13 27
L VN
T™S
30
Table 4
products
1,3-diyne R? R? (yield, %)@ product ratio
27a  TMS CH,0SiEt; 28 +29+30 1.3:1:1.8°
(61%)
27b =—TMS TMS 28 +29 1:2.1¢
(31%)

a Combined yield of the mixture. ® 28:29:30. ¢ 28:29.

27a, the first cycloaddition chemoselectively involves
the CH,OTES-substituted ethyne, placing the CH»-
OTES group j to the cobalt in the cobaltacyclopen-
tadiene intermediate. In the case of 27b, the initial
cycloaddition is likely to have occurred at the central
triple bond; further cycloadditions to the ethyne
bonds ortho and meta to the pyridine nitrogen give
28 and 29, respectively.

Terpyridines can be obtained by cobalt-catalyzed
[2 + 2 + 2] cycloaddition between 5-hexynenitrile (13,
n =1) and the 1,6-diethynylpyridine 31 (Scheme 19).
Although all three possible regioisomers of the terpy-
ridine are produced, their combined yield is good
(64%). Of the three, it is the 2,2":6',2"-terpyridine that
has the lowest yield (8%); this is due to the lack of
reactivity of its 2,2'-bipyridine precursor, which is
also isolated (in 21% yield).?3

A remarkable Co-catalyzed double cocyclization
between bis-o,w-alkynenitriles and alkynes affords

Varela and Saa

Scheme 19

8%

C=N
13
+
Scheme 20
\ .
= 'n I CpCo(CO),
-C C
N~ S R2 A, hv
32n=1 33
n=2
Table 5
n R? R? yield of 34 (%)
1 H H 32
1 TMS TMS 33
1 Ph Ph 9
1 CO;Me CO;Me 7
1 TMS =—TMS 8
2 TMS TMS 32
2 TMS =—TMS 6

spiropyridines, a novel series of C,-symmetric ligands
(Scheme 20 and Table 5).26 The relatively low yields
of these cycloadditions may be due to the starting
malononitriles being electron-poor.

Optically active pyridines can be obtained by co-
balt(l)-catalyzed [2 + 2 + 2] cycloaddition of acetylene
to optically active nitriles, as in the preparation of
PYDIPHOS (Scheme 21).%7:%8

Scheme 21
Q><O CpCo(COD) o O
/ acetylene 14 atm
NC OR toluene 120 °C - N OR
24h N
91% l

PYDIPHOS
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Optically active bipyridines can be synthesized by
cycloaddition of acetylene to chiral cyanopyridines
(Scheme 22).28

Scheme 22

CpCo(COD)

acetylene 14 atm
toluene 120 °C
24 h
75%

2.2. Rhodium

The [2 + 2 + 2] cycloaddition of alkynes and ni-
triles can also be carried out efficiently by half-
sandwich rhodium(l) complexes of the type [RhC-
p'Ln]. Intriguingly, the dependence of efficiency and
selectivity on the electronic properties of substituents
on the cyclopentadienyl ring is the reverse of that
observed with Co(l): increasing the electron-with-
drawing power of the substituents on the Cp' ring
reduces reactivity at low temperatures but somewhat
increases chemoselectivity (favoring the formation of
pyridines rather than benzenes) and regioselectivity
(reducing the percentage of the 2,4,6-isomer) (Scheme
23 and Table 6).%°

Scheme 23
R1
X
|
R N7 Et
+
1 R1
- E‘ [Rh(n®-CsHaR)(n*C2Ha)e] |
i 130 °C, 3h RN Et
+
R1
A
RITNZ ORI
Table 6
R! = Bu?

R T=100"°C T=130°C
NMe, 26.3 (41.1) 21.3(34.5)
Bu 28.3 (10.6) 67.8 (21.6)
Me 18.4 (7.6) 62.3 (19.6)
H 6.6 (3.3) 64.5 (18.7)
Cl 8.3(7.3) 32.2(20.0)
CF; 9.0 (9.2) 65.7 (15.5)
COOMe 18.8 (5.6) 67.7 (19.4)

a Combined yields of pyridine derivatives, with yields of
benzene derivatives in parentheses.

2.3. Iron

The basic cyclotrimerization for obtention of py-
ridines was first observed in 1876 by Sir Willian

Chemical Reviews, 2003, Vol. 103, No. 9 3793

Ramsay, who led acetylene and hydrogen cyanide
through a red-hot iron tube and obtained small
amounts of pyridine.®° From this pioneering work to
much more recently, it is known that arene—iron
complexes are isoelectronic to CpCo species and
exhibit the same principal reaction pattern for the
formation of substituted pyridine derivatives; how-
ever, the turnover numbers (TON) observed are
smaller than those for the CpCo-based systems.3! In
this case, like Cp, the arene ligands should remain
m-complexed to the iron throughout the catalytic
cycle; however, loss of the arene is much more likely
than loss of Cp. In contrast, good stability is observed
in the case of iron-coordinated P-heterocycles. Thus,
when 3-methoxy-1-propyne was reacted with buty-
ronitrile in a toluene solution of an iron-coordinated
P-heterocycle, both pyridine and benzene compounds
were formed (Scheme 24).%?

Scheme 24
— s,
Fe
A
R? Il?z < \_(j
It + i
N
H 20 °C, 48-96 h

R'= CH,OCHS3; R? = nC3H;

R R
R R?
0 0, O O
RIVON"DRZ RIVONT R R! R! R R

It is observed that the symmetric 2,4,6-substituted
pyridine derivative is preferred over the 2,3,6-deriva-
tive, but the symmetric 1,3,5-benzene derivative is
produced in lower yield than the asymmetric 1,2,5-
substituted benzene derivative. Several experiments
were performed modifying the amounts of catalyst,
alkyne, and nitrile, and the best values obtained in
this series of experiments were the following: TON
for pyridine formation, 160; alkyne consumption,
95%; and chemoselectivity, 0.69 (Table 7).

2.4. Ruthenium

Itoh et al. recently showed that a neutral complex
of Ru(ll), Cp*Ru(COD)CI, is able to catalyze the
[2 + 2 + 2] cycloaddition of 1,6-diynes to alkenes,3?
to alkynes,®? and to nitriles activated by an electron-
withdrawing group,®* although it fails to promote
reaction with simple nitriles such acetonitrile or
benzonitrile (Scheme 25 and Table 8).

To establish the regiochemistry of this process,
asymmetric 1,6-diynes were reacted with ethyl cy-
anoacetate, which afforded 2,3,4,6- and 2,3,4,5-
substituted pyridines in proportions depending on the
nature of the alkyne substituents (Scheme 26).34
Substitution on the diyne also affected reactivity,
which was less with alkyl and aryl substituents than
with electron-withdrawing substituents.

The observed regiochemistry is probably due to the
electron-withdrawing group on the nitrile reducing
the antibonding orbital contribution to the C—N
triple bond, which results in the catalytic cycle
starting with the capture of nitrile by the catalyst
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Table 7
amount alkyne nitrile alkyne
of cat. (mmol) (mmol) pyridines? benzenes? chemoselectivity® comsumption (%)
0.003 5.92 23.0 99 145 0.69 32
0.003 5.92 57.4 160 326 0.49 66
0.003 1.92 51.7 41 174 0.24 95

a 1n moles of product per mole of catalyst = TON. P TON (pyridines): TON (benzenes).

Scheme 25
EW )
a— & Cat. Cp'Ru(COD)CI A N
X — TN CICH,CH,Cl ~ EWG
35 36 37
Table 8
catalyst
X ewg (mol%) T (°C)* t(h) vyield of 37 (%)
C(CO:Me), CO;Et 2 60 0.5 83
C(CO,Me), COPh 2 60 0.5 84
C(CO.Me), COMe 10 80 1 90
C(CO,Me), Ts 10 80 24 31
C(CO;Me), CCl; 10 60 24 44
C(CO;Me), CsFs 5 60 1 67
NTs COzEt 2 60 0.5 75
(0] CO.Et 2 60 2 49
Scheme 26
MeO,C 2 N
|
CO,Et MO0 Mgkt
MeO,C =R ||| Cat. Cp'Ru(COD)CI 40
AP RUAPA +
Meozcg "N CICH,CH,ClI
28 3 MeO,C 2N CO2Et
MeO,C N

4
R =Me: 5mol%, 60°C, 2h; 78% (40a:41a = 88:12)
R = Ph: 20mol%, 60°C, 6h; 50% (40b:41b = 100:0)
R =COsMe: 5%, r. t., 1h; 78% (40c:41c = 13:87)

Scheme 27
Et0,C__N
r . = R Et0,c.__N__R
ol <~y S
CIBu-NCCOZEt / ~
X
* H 42a X
Cpy N B0,y 43a
Ru—u =N EtO,C N
a < Ru_, \
CO,Et MeO,C /// Me0,C ™
X X
42b 43b

and its subsequent oxidative cyclization with one of
the triple bonds of the diyne (Scheme 27).3* In the
case of alkyl- or aryl-substituted diynes, reaction with
the sterically less hindered alkyne moiety will be
favored in this cyclization, giving 42a, whereas
reaction with the terminally substituted alkyne
moiety, giving 42b, is favored if the electron-
withdrawing nature of the substituent makes this
triple bond electron-deficient and so capable of ac-
commodating the Ru d electron. In both cases,
subsequent intramolecular alkyne insertion and re-
ductive elimination afford the corresponding pyri-
dine, 43a or 43b, as the major isomer.

Cp*Ru(COD)CI is also able to catalyze cycloaddi-
tion of 1,6-diynes to dicyanides under mild conditions
(Scheme 28 and Table 9). It is noteworthy that unlike

Scheme 28
R1
=
x N 'N CN
7
RZ
— R CN ¢ . 46
S i at. Cp’'Ru(COD)CI
X + Z +
\;RZ bN CICH,CH,CI )
o R
45
Z.
44a X=(COyMe),, R1'=R2=H X Z | CN
b X=(COzMe)2, R1=R2= Me ~ _N
¢ X=(CO,Me),, R'=Me, R?= H 2
d X=(CO,Me),, R'=Ph, R?= H NC\M,nCN o
e X=(CO,Me),, R'=TMS, R%=H .
f X=(CO,Me),, R'=CO,Me, R?= H :Sa n:1
= 1 2_ 5b n=2
g X=0. R =Me, R°=H 45¢ n=3
h X=NTs, R'=Me, R>=H oN
: :CN
45d
(,:/,{ NC/\/CN
Z‘ (Rl 45e
¢/
°N
48
Table 9

catalyst (mol %)/  yield product ratio

diyne/dicyanide temp (°C)?/time (h) (%) (46:47)
44al45a 2/rt/2.5 95 -
44b/45a 5/80/20 70 -
44c/4A5a 2/60/5 97 95:5
44d/45a 10/60/24 78 100:0
44e/45a 5/60/5.5 92 100:0
44f/45a 5/rt/24 80 100:0
44g/45a 2/60/16 97 95:5
44h/45a 2/60/0.5 95 100:0
44c/45b 2/60/1.5 73 100:0
44c/45c 5/rt/22 46 100:0
44c/45d 2/60/2.5 88 100:0
44c/45e 2/60/7 88 100:0

2rt = room temperature.

Co(l) catalysts, which cocyclize dicyanides with
alkynes to give dipyridines,® Ru(ll) promotes reaction
of only one of the two cyano groups in 45, the other
remaining intact after the complete conversion of the
diyne (Scheme 28).35> When only one of the diyne
termini is substituted, the 2,3,4,6-substituted product
46 is obtained exclusively, or almost so.

Double cocyclization has worked very nicely on
1,6,8,13-tetrayne 49 (a bis-1,6-diyne), giving the
bipyridine 50 in excellent yield (Scheme 29).%°
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Scheme 29
NG
= CN  cp’Ru(COD)CI (10 mol%) N~
== o G o
X 3ea orr s __cn
49 44a X = C(CO,Me), 50

The origin of the significant chemoselectivity of the
reaction with dicyanides has not yet been clarified,
but a possible explanation is that »*-chelation of the
Ru by the two cyano groups (48 in Scheme 28)
suppresses the cyclotrimerization of the diyne and
facilitates the insertion of the C—N triple bond into
the ruthenacyclopentadiene intermediate. It appears
that an Ru(ll) catalyst bearing Cp* is necessary for
this: the Ru(lll) complex [Cp*RuCl,],, which is as
efficient as Cp*Ru(COD)CI for cycloaddition of 1,6-
diynes to alkynes or heterocycloalkynes, was found
to be less effective for the synthesis of pyridines; the
Ru(ll) complex RuCl,(COD)(CH3;CN), gives no cy-
cloadduct at all; and the Ru(0) complex (CsMeg)Ru-
(COD) is also unable to catalyze the reaction, despite
having a planar hexamethylbenzene ligand.®®

2.5. Titanium

It has recently been found that pyridine-forming
[2 + 2 + 2] cycloaddition of alkynes to nitriles can be
promoted not only by late transition metals such as
cobalt and ruthenium, but also by early transition
metals, notably Ti and Zr (the latter in combination
with Ni or Cu). Although stoichiometric amounts of
these metals are required (whereas the late transi-
tion metals usually act catalytically), these metals
have the advantage of being able to assemble py-
ridines from a nitrile and two different asymmetric
acetylenes. Following the formation of a dialkoxyti-
tanacyclopentadiene from the acetylenes and the
divalent titanium alkoxide (»?-propene)Ti(O-i-Pr),
(generated in situ from Ti(O-i-Pr), and i-PrMgCl),3¢
addition of a third alkyne gives a single aryltitanium
compound,® and addition of a nitrile gives a single
metalated pyridine such as 54, which is easily de-
metalated by hydrolytic or deuteriolytic workup (in
the latter case the production of a single highly
deuterated pyridine confirms that the pyridyltita-
nium is formed before workup) (Scheme 30 and Table
10). Functionalization of the pyridine at position 6
is facilitated by iodination of the metalated pyridine
54, which is easily achieved by treatment with I..

Alkoxyacetonitriles can be used as well as sulfonyl
nitriles, the addition of a-methoxyacetonitrile to the
titanacyclopentadiene, followed by aqueous workup,
giving pyridinecarbaldehyde 59 as a single isomer
(Scheme 31 and Table 11).%8 In this case, however,
deuteriolysis of the reaction mixture deuterates the
aldehyde carbon, suggesting that the intermediate
titanacycle 57 (the analogue of 52) evolves to alde-
hyde 59 via the n?-carbonyltitanium complex 58.
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Scheme 30
C(O)NEt,
= 50,70 R TiXa
R2
C(O)NEty » C(O)NEt, )
| Il Ti(O-i-Pr)4/2 i-PrMgClI _ TolSO,C=N
+ . . —_—
| ‘ (1.25 eq) <~ TI(O-i-Pr); (1.2 eq.)
R R2 -50°C da
51
(i—PrO)zTiMC(O)NEtz Et;hf(o)c
1 =
R ZL(N Q @Ti(O-i—Pr)z —_—
2
R? 50,Tol 1 (so,Tol
52 53
C(O)NEty C(O)NEt,
R! S H* (D*orly) R )
7 TiXg 7 HD or ly)
R? R?
54 55
X3= (O-f—Pr)z(OQSTO|)
Table 10
R R? yield of 55 (%) D (%)
CeHis CeHis 63 96
C5H13 BnO(CH2)2 68 98
CeHis Ph 70 97
CeHu1s SiMes 55 97
Ph Ph 67 96
a Percentage of 55 bearing deuterium.
Scheme 31
C(O)NEt, oot C(O)NEt,
. Ti(O-i-Pr)4/2 i-PrMgCl “8M13~__
| | |“ (125 eq) . Ti(O--Pr)z
CeHig R -50°C Rl
56
o]
Et,N_ />
CN (FPrO),T, COONEt, THO-+Pr)
RZJ\OR3 C6H13 7 ><N 613~ ~ IN
. x R2
(0.7 eq.) R? R2
-30°C OR3 R! ORS
57 58
O+_H(D)
B ————— > R2
R' OR®
59
Table 11
R R? R? yield (%)
CeHis H Me 84
MesSi H Me 65
Ph H Me 51
CeHis H Bn 90
CeHis CgH17 Me 71
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2.6. Zirconium/Nickel and Zirconium/Copper

By contrast with the titanium-mediated reaction,
the zirconium-mediated preparation of pyridine de-
rivatives from two different alkynes and a nitrile
involves first the coupling of one alkyne and a nitrile
to give an azazirconacyclopentadiene, and then reac-
tion with the second alkyne in the presence of NiCl,-
(PPh3), or CuCl (Schemes 31—34).%° The azazircon-
acyclopentadiene intermediates 60 can easily be
isolated in good yield following preparation using the
Negishi reagent,*%4! as in Scheme 32.

Scheme 32
R1
.
R'—=—R"]  Cp,zEt, )jR RZ—=R2
+ CpyzZr —_—
R—CN P2 = < NiClo(PPhs)
60
R2 R R?
< R! RZ_AR'
[+~ cppzel I |
R2 N" R RZTONT R

Note that the first alkyne always couples to the
carbon of the nitrile, and the second to its nitrogen
(Scheme 33).3942

Scheme 33
Et Pr
i) CpoZrEt Pr Et Et Pr
E= g ) CPeZrEl [ S
ii) PhCN P no P
iiiy pr—=—pr Pr~ N~ "Ph Et” "N~ "Ph
NiCly(PPhg); a single isomer
57%
Pr Et
i) CpoZrEt, Et Pr Pr. Et
Pr———=Fr —-) P2cT=2 A N
ii) PhCN » o
i)y Et———Ft Et N Ph Pr N Ph
NiClx(PPh3)2 a single isomer

49%

Although the mechanism of the second addition is
not yet clear, it is plausible that when NiCl,(PPhj3),
is used it reacts with azazirconacyclopentadienes 61
to form the azanickelacyclopentadienes 62 (Scheme
34); the latter have not yet been observed, but the
formation of Cp,ZrCl, has been detected.”® The
second alkyne might be inserted either into the Ni—C
bond of 62, affording 63, or into the Ni—N bond,
affording 64. Reductive elimination of NiL, could
then afford the substituted pyridine 65.42

If the second alkyne is asymmetric, its addition is
regioselective. For example, reaction of propargyl
bromide with azazirconacyclopentadienes in the pres-
ence of CuCl affords tetrasubstituted pyridines in
which the methyl group is always adjacent to the
nitrogen, regardless of whether the other substitu-
ents are alkyl or aryl in nature (Scheme 35).% In this
case, the reaction mechanism probably involves
selective transmetalation of the sp? C from Zr to Cu,
followed by addition of the alkenylcopper species to
the propargyl bromide and of the nitrogen to the
resulting allene.

Varela and Saa

Scheme 34
R R
R . R
= NIX2L2 =
- ZCp2 — NiL,
R™ N ) R” N
61 Cp,ZiCly 62
R
R R
R——R -NiL, B R
RN R
R
RW)\<R 65
L . N|7/<NiL2
4 R
64
Scheme 35
2 R2 Br
R! R R! D =/
cucl u
ﬁZGCz ( " cucl
RSN 50°C RN 50 °C
60 M
R2
R2 1 R2
1 =z R~
RN T
X .M RN
RN “m R3 SN “Me
66

M= ZrCICp, or Cu

When both alkynes are asymmetric, addition of the
first is regioselective if one of its substituents is a
trialkylsilyl group, which takes up the o position in
the azazirconacycles and hence position 4 of the final
pyridine (entries 3—5 in Table 12).

2.7. Tantalum

Tantalum—alkyne complexes prepared from inter-
nal acetylenes and low-valency tantalum (TaCls/Zn)
in DME and benzene react with terminal alkyneni-
triles in the presence of THF and pyridine to give
tetrasubstituted pyridine derivatives in good to excel-
lent yields (Scheme 36).44

Scheme 36

a) TaCls (1.2 eq), Zn (1.8 eq), DME, PhH
50°C,2h

n-CsHq4
b) THF, pyridine n-CsHis

N
! CLI
C=N X
n-C5H11 C) n'C5H11
— 73%

50°C,2h
d) NaOH, H,0

3. [2 + 2 + 2] Cycloadditions of Alkynes to
Isocyanates: Synthesis of Pyridones

3.1. Cobalt

Just as Co(l)-catalyzed [2 + 2 + 2] cycloaddition of
alkynes to nitriles affords pyridines, application of
this approach to isocyanates is an efficient method
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Table 12
Entry 15t Alkyne Nitrile Product Yield (%)
Pr
I Pr—=——Pr N Pr A H 81
|
(p-t-BuCgHy) N~ "Me
Et
2 Et—=——Ft ©/ ON Eta_AH 77
P
Ph” N” "Me
SiMea
3 MegSi—==—Bu ~CN Bu._Et 62
| l
N
Z S N” > Ph
N
SiMe3
4 Me3Si—==—Bu ©/CN Bu M 46
P
Ph” N7 “Me
SiEts
5 EtsSi—=—Bu ~CN Buf\IH 81
P
Et” N “Me
a Second alkyne: propargyl bromide. ® Second alkyne: 1-phenyl-1-butyne.
for the construction of substituted 2-pyridone rings. Scheme 38
As in the case of pyridine synthesis, the reaction o
seems to proceed via cobaltacyclopentadienes 3 (\o o Pr CpCo(CO) P
(Scheme 1), reaction of isolated cobaltacyclopenta- © t— |l _peotP | N |
dienes and isocyanates affording the corresponding N=C=0 hv, A ™S
. 45 . - . TMS 60%
pyridones.* Problems of regioselectivity can be cir- o
cumvented by tethering, in this case by the use of
w-alkynyl isocyanates (Scheme 37).52:46
0 Pr
Scheme 37 |
X X
X R! 1 2
— CpCo(CO), AR AR
é T N + Un
hv, A RZ R1
N=C=0 g2
o]
M\ P :
X=0,0__0 R and R2 = alkyl, ketal, Si(CH3)3, CH,OR
camptothecin
Good chemo- and regioselectivity are observed, the
latter favoring placement of the bulky substituent Scheme 39
(particularly trimethylsilyl) o to the carbonyl group .
(see section 2.1). The resulting pyridones can easily — i . R
. . : = 5 mol% Cp'Ru(COD)CI
be further functionalized, and this strategy has been X + (.N\l mol* Cp Ru(COD) : N
elegantly applied to the total synthesis of the anti- —= g DCE, reflux 0
tumor agent camptothecin (Scheme 38).5246
67 68 69

3.2. Ruthenium

The Ru(ll) complex Cp*Ru(COD)CI effectively cata-
lyzes the formation of bicyclic pyridones by [2 + 2 + 2]
cycloaddition of 1,6-diynes to aryl or alkyl isocyanates
(Scheme 39 and Table 13).#7

The mechanism of these reactions may include
either ruthenacyclopentadiene or azaruthenacyclo-
pentenone intermediates (70% and 71, respectively).
Both are assumed to evolve to the bicyclic pyridones
69 via intermediates 72 and reductive elimination
of [Cp*RuCl] (Scheme 40).
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Table 13
67 68 69 (%)
o = .
N 0, Z>N O
MeO,C — M
2 ¢ O MeOQC@O
o]
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- » iy
[— 1
MeO,C = g MeO,C XX
87
MeO,C — h‘@ Me020><:(:1/\©
Me020><:: g MeO,C o
93
MeO,C — /O MeOLC O
e =
Me020: :: N 2 ><:(:’L
9 Me020 A (o)
o]
85
- - X -
= ('C5 P
62
= g e
o e
; o
58
— g g
TsN N Z >N
e N TSN@&
- ; o
82
Scheme 40 cloaddition of alkynes to isocyanates via azanickela-

X
O\\

X + N cp'RucoDpc = NR| L dor ST
_— C X | IRy L[Ru]
— 6 o N

70 71

R

/Rl r

— XA MR epruen TN
NS0

(0]

67 68

69
72

3.3. Zirconium/Nickel

Hoberg et al. have shown that the Ni(0) complex
Ni(COD), effectively catalyzes the [2 + 2 + 2] cy-

cyclopentadiene intermediates.*® Takahashi et al.
recently developed a method for the synthesis of
pyridones from two alkynes and one isocyanate using
a combination of Zr and Ni complexes. As in their
similar synthesis of pyridines, the method starts with
the formation of a zirconacyclopentadiene followed
by incorporation of the N=C unit to give an azazir-
conacycle, in this case the azazirconacyclopentenone
73 (or possibly an equilibrium mixture of 73a and
oxazirconacycle 73b) (Scheme 41 and Table 14).
Reaction of 73 with the second alkyne in the presence
of NiClx(PPhs), then gives the corresponding pyri-
done, 75, as a single isomer via the azanickelacyclo-
pentenone intermediate 74.3°8 It is noteworthy that
when the first or second alkyne was asymmetrically
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Scheme 41

szZI’EtZ

R'——R2 R2 PhN=C=0
-78t0 0 °C CpZngj 50 °C

R R 1
S NiCly(PPhs) ~
Cpazr{ CpaZr et (Phsp)zNi\)I
¢} N

N (O °

! N 50 °C N"So

Ph Ph Ph

73a 73b 74
R1

R3 — R4 RafIRz
|
Ph
75

substituted, only one regioisomer was obtained. The
reaction may also be carried out with electron-
deficient alkynes such as DMAD, although the yield
of the product is rather low.

4. Miscellaneous

Lithiation of 1-iodo-1,3-dienes or dilithiation of 1,4-
diiodo-1,3-dienes, followed by treatment with a ni-
trile, affords pyridines in high yield. Although these
methods are not formally [2 + 2 + 2] cycloadditions,
the fact that their starting materials may be obtained
by iodinolysis of metallacyclopentadiene intermedi-
ates has led us to include them in this review.

Lithiation of 1-iodo-1,3-dienes with 2 equiv of
t-BuL.i affords monolithio compounds such as 76 in

Table 14
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Scheme 42
1) p-ToICN Pr Tol Pr
78 °C P~ S Pr - Tol
i + |
15 min o S__H NH o SN
Pr 2) aq. NaHCO; r r
Pr Pr
Pr X
Z L 77 (64%) 78 (<5%)
H
P 1) p-ToICN I
p-To Pr. Tol
76Pr -78°Ctor. t. Z |
2) aq. NaHCO3 P NN
Pr
78 (98%)

guantitative yield. Treatment of 76 with p-TolCN at
—78 °C for 15 min, followed by hydrolysis, gives the
linear imine 77 in 64% isolated yield, along with <5%
of the pyridine derivative 78; but, if the reaction is
allowed to reach room temperature before quenching,
pyridine 78 is obtained as the only product in 98%
yield (Scheme 42). Other pyridines prepared in this
way are listed in Table 15.4°

Pyridine derivatives are also formed in high iso-
lated yields when 1,4-dilithio-1,3-dienes such as 79,
generated in situ by lithiation of the corresponding
1,4-diiodo-1,3-dienes, are treated with nitriles in the
presence of HMPA. When 2-cyanopyridine is used,
2,2'-bipyridines are obtained in good to excellent
yields (Scheme 43 and Table 16).° Substituted 1,3,5-
triazines,® the cyclotrimerization products of nitriles,
were formed as byproducts in these reactions.

5. Conclusions

The use of transition metals to promote [2 + 2 + 2]
cycloadditions is a powerful method for pyridine

1st Alkyne 2nd Alkyne

75 Yield (%)

Ph—=——~Ph Ph——=——-~Ph

Ph——=———-~FPh Pr————~"Pr

Ph—=——Fh Ph——=—=—Me

Ph———Me Ph—=—=—~Ph

Ph—==—FPh MeO,C—==—CO,Me

Ph
67

N
N

65

3
?Z\}
3

Z
[0]
0 el
o e

Ph

Ph COzMe 20

=

ol

07 N" >COoMe

Ph




3800 Chemical Reviews, 2003, Vol. 103, No. 9

Varela and Saa

Table 15
Monolithio Nitrile Product Yield (%)
compound
Pr Pr. Pr
Pr: . —
Z Li p-TO]CN Pr \ / Me 87
P xH N
r Pr
Pr
Pr Pr Pr
Pr . -
T CHCN P ) 77
P x_H N
r Pr
Pr
Bu Bu
Al CHCN \_/ 85
xH N
Bu
Bu
SiMe SiMeg
A CHCN %_@ 75
xH N
SiMe3
Scheme 43 review clearly demonstrate that highly regioselective
1) HMPA (2 equiv.) pyridine synthesis can be e_ff_iciently perform_ed using
= rt,05h A R both late and early transition metals (by intramo-
o Li 2) RCN (4 equiv.) SN lecular reactions in the former case and intermolecu-
r.t,th lar reactions in the latter). The broad scope and
79 78 synthetic importance of this methodology has been

synthesis that induces the occurrence of otherwise
impossible reactions. The reactions described in this

Table 16

demonstrated by its having allowed the unproblem-
atic synthesis of natural products and of a wide
variety of polysubstituted pyridine rings of great
utility in basic and applied chemistry.

Dilithio compound Nitrile

Product Yield (%)

Pr
Pr

A

Li p-TolCN
NP

Pr
Pr

Pr Li CHCN
- Li

N\

Pr

Bu
Z L
L

Y/
o
z

Bu

SiMe3
Z L
oL

A /
o
z

SiMea

Pr, Pr
63

Pr \ 7 Me

Pr 62

69

- — 83
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7. Note Added after ASAP Posting

After this review was posted ASAP on 07/23/2003,
the authors were directed to an addition and correc-
tion to ref 20, in which it was reported that the
product of the reaction shown in Scheme 12 is
actually a 1:1:1 mixture of three regioisomers. The
erratum has been cited in ref 20, and the updated
version was posted on 07/28/2003.
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