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The use of transition metals in organic synthesis has increased
tremendously in recent years.? The success of transition-
metal-based organic synthesis is due in part to the unique ability
of the metal to activate ligands to which it is directly bound.
Moreover, organometallic transformations are often highly chemo-,
regio-, and stereoselective processes. Recent efforts have realized
the development of expedient routes to highly functionalized
carbocyclic systems.* However, with the exception of 8-lactams,
transition-metal-based routes to nitrogen-containing heterocycles
have been explored to a lesser extent.* We have recently reported
on the preparation and study of a variety of imine complexes of
zirconocene 4.° These complexes, which can be generated and
allowed to react without isolation, regioselectively insert alkynes
to give azametallacyclopentenes 5 (Scheme I). As a part of a
program concerned with the development of new methods for
organic synthesis involving organozirconocene complexes,® we
became interested in the possibility of replacing the zirconocene
group in 5 with carbon monoxide (CO) as a possible route to
nitrogen-containing heterocycles. In this communication we report
a new synthesis of substituted pyrroles formed by reaction of the
metallacycles 5§ with carbon monoxide.

We initially anticipated that carbonylation of metallacycles §
would produce the pyrrolinones 7. However, we were surprised
to find that the reaction of 5 with CO takes an entirely different

*Dedicated to Professor Satoru Masamune on the occasion of his 60th
birthday.
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entry R R R? yield® (%) condilions®
1 CaHe H CeHs 69 A
2 CgHs H H 41 o]
3 CgHs CgHs CsHs 49 A
4 CgHs CH3 CHj 44 c
5 CeHs H CH,CH2CH3 56 A
6 CgHs H CH,OTBS 31 A
7 CaHs H SiMes 15 8
8 CaHis H CHaCHACH.CN - 48 A
9 H CH3 CHs 24 A
10 H nCeHy7 H 40 A
1 nCsH 1y CgHs CgHs 54 Ac
12 nCsHyy H CeHs 53 A
13
Q\ H CHaCHsCH3 41 c
14 CHs[N—>\ H CHaCHaCH3 68 A
CHs
/ 3 H CegHs 43 A
15
o]

“Yields are isolated yields based on 1 equiv of amine. ®Method A:
5.0 mmol of 5, 50 mL of THF, 3 equiv of NH,Cl, 1500 psi CO, room
temperature, 24 h; method B: identical with A except 500 mg of acti-
vated, degassed, 2-3 um, 4 A molecular sieves were used instead of
NH,CI; method C: identical with A except the reaction is performed
in a Fischer-Porter bottle at 80-90 psi CO at 80 °C without added
NH,Cl. °Carbonylated for 36 h using method A.

course to afford substituted pyrroles 6. Thus, when 5a (R = C¢Hs,
R! = H, R? = CH,CH,CHj,), which can be prepared and
transferred to a Fischer—Porter bottle without isolation, was
carbonylated [(CO, 90 psi), 80 °C, THF, 48 h] followed by
aqueous workup and chromatography, a 56% yield of 2-phenyl-
4-(n-propyl)pyrrole (12) was obtained.” No evidence of the
corresponding pyrrolinone was observed. The formation of the
pyrrole 12 during carbonylation of 5a represents a significant
deviation from traditional methods of pyrrole synthesis which
usually utilize carbonyl precursors.®® In contrast, the above
method employs simple, readily available starting materials—
unactivated alkynes, amines, and carbon monoxide. Moreover,
since the reaction is performed under neutral conditions, problems
associated with the presence of a reactive carbonyl functionality
are circumvented.® It is significant that the metallacycles 5 can
be prepared and converted to pyrroles without need of isolation
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since in this manner the entire reaction sequence can be performed
in essentially a one flask operation from an amine starting material.
This piecewise construction of pyrroles from smaller, readily
available materials has the advantage that one can prepare a wide
range of pyrroles using a single synthetic method.

In view of these considerations, we have studied this unique
transformation in an effort to define its scope and synthetic utility.
The results of our investigations are summarized in Table I. As
can be seen, the reaction tolerates a variety of substituents af-
fording di- and trisubstituted pyrroles. After some experimen-
tation, we have found that the reaction is best performed in the
presence of 3 equiv of solid ammonium chloride at a pressure of
1500 psi of carbon monoxide (method A) in THF at room tem-
perature.” Under these conditions, the carbonylation is usually
complete within 24 h. Although the role of the ammonium
chloride is unclear, we have observed that in the absence of the
ammonium chloride, the crude reaction mixture contains highly
colored impurities which complicate purification. Yields! range
from moderate to excellent and indicate the yield of isolated
pyrrole, based on 1 equiv of starting amine with neither isolation
nor purification of any intermediates. Lowered yields may be due
in part to oxidation of these electron-rich alkyl and aryl pyrroles.®

Table I contains a number of examples which merit discussion.
First, the reaction works for activated as well as unactivated
amines. That the reaction sequence will tolerate a variety of
functional groups is demonstrated by entries 6-8. Thus, it is
possible to prepare pyrroles containing the siloxymethyl, tri-
methylsilyl, and 3-cyanopropyl substituents. The reaction is
apparently sensitive to steric factors as is indicated by entry 7 (R?
= SiMe,). As illustrated by entry 2, it is also possible to obtain
2-substituted pyrroles when acetylene is used as the alkyne. Of
particular interest are entries 13—-15 which demonstrate that good
yields of 2,2’-heterocyclic substituted pyrroles!! can be achieved
with this methodology. Compounds of this type are of interest
both as intermediates in natural product synthesis!? and in the
preparation of new ligands for transition-metal complexes. We
are currently working to extend this work to include the prepa-
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ration of 2,3’- and 3,3’-bipyrroles.!’?

Our mechanistic rationale to account for the formation of
pyrroles 6 is shown in Scheme II. Insertion of CO into the C-Zr!4
bond would produce the metallacycle 8. That the acyl group in
8 would be »? is well precedented!® and this should increase the
electrophilicity of the acyl carbon. Migration of the nitrogen atom
from zirconium to the acyl carbon (formally a reductive elimi-
nation) would produce the zirconocene complex 9. Intermediate
9 may undergo a nitrogen-assisted ring opening®® to give the
zwitterion 9a which can abstract the silyl group to give 10.
Hydrolysis of 10 to 11 followed by prototropic rearrangement
produces the pyrrole 6. Alternatively, 9 may be hydrolyzed to
the alcohol 9b which can lose water to produce 11. Subsequent
rearrangement of 11 gives pyrrole 6. It should be noted that we
have as yet been unable to isolate or spectroscopically characterize
any of the proposed intermediates 8-10.

In summary, we have developed a convenient method for the
formation of substituted pyrroles from a primary amine, an
unactivated alkyne, and carbon monoxide. We believe that the
experimental simplicity, the generality, and the mildness of the
reaction conditions should allow the application of this metho-
dology for the preparation of a wide range of useful substituted
pyrroles. We are continuing to investigate the mechanistic details
and the use of this reaction for the formation of more complex
pyrrole systems and will report our findings in due course.
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