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ABSTRACT: When electron-deficient alkynes reacted with n*-(vinylketenimine)iron complexes, pyrroles were produced. Pyrrole
formation involved the [2+3] cycloaddition of alkyne to the ketenimine moiety, migration of the vinyl group, and decomplexation.
Either alkynes bearing two electron-withdrawing groups, or terminal alkynes with an electron-withdrawing group reacted to gener-

ate pyrroles.

n*(1,3-Diene)iron complexes are common in organometal-
lic chemistry, and particularly in organic synthesis,"* owing to
their high availability, thermal stability, and low toxicity. As
part of our continuing interest in the chemistry of the organ-
oiron compounds,’ we recently reported that treatment of n’-
(1,3-diene)iron complexes with Lewis acid in the presence of
an aromatic compound under a carbon monoxide (CO) atmos-
phere produced n*-(vinylketene)iron complexes.* Additionally,
the iron complexes of vinylketenes exhibit noteworthy syn-
thetic transformations.>® For example, electron-deficient al-
kynes add to the vinylketene complexes via insertion to yield
stable 1:1 adducts (eq. 1).” However, the particulars of the
reactivity of n*-(vinylketenimine)iron complexes,®® which are
easily prepared from the corresponding (vinylketene)iron
complexes,'® are largely unknown. Based on n*-
(vinylketene)iron complexes reactivity (eq. 1), we envisaged
that (vinylketenimine)iron complexes could be converted into
n’-allyl iron complexes through alkyne insertion. In the cur-
rent study, we explored the potential for this reactivity and
found that pyrroles were formed when (vinylketenimine)iron
complexes were treated with electron-deficient alkynes.
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(Vinylketenimine)iron complex 1a was prepared from a n*-
(vinylketene)iron complex* and diethyl N-

octylphosphoramidate, and subsequently treated with diethyl
acetylenedicarboxylate (2.0 equiv.) in toluene (eq.2), to yield a
yellow oil. Infrared and NMR spectral analysis indicated that
this oil lacked the carbonyl absorptions of the expected iron
complex 3a, but instead contained two ethoxycarbonyl groups
2a. Hydrolysis of the yellow oil yielded crystalline dicarbox-
ylic acid 4a and the structure of 2a was established by single-
crystal X-ray analysis of 4a. The molecular structure of 4a is
depicted in Figure 1. The treatment of a vinylketenimine with
dimethyl acetylenedicarboxylate is known to give 3-
aminophthalic acid dimethyl ester via [4+2] cycloaddition.'! In
our case, the [4+2] cycloaddition was suppressed by the coor-
dination of an iron carbonyl, and a nitrogen atom of the imine
added an alkyne carbon, giving a pyrrole ring. This pyrrole
formation was only achieved with the involvement of an iron
atom.
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Figure 1. An ORTEP diagram of the crystal structure of 4a (50%
probability)

This is the first documented observation of a pyrrole for-
mation using a n*-(vinylketenimine)iron complex. The reac-
tion involved the [2+3] cycloaddition of alkyne to the
ketenimine moiety (N=C(1)=C(2)), the migration of the styryl
group (from C(2) to C(1)), and the decomplexation. This novel
pyrrole formation via reaction of 1a with diethyl acetylenedi-
carboxylate was optimized through utilization of different
solvents (Table 1). All solvents examined generated the corre-
sponding pyrrole 2a in good yield, with CH;CN the most ef-
fective.

Table 1 Product yield from the reaction of 1a and diethyl
acetylenedicarboxylate under different solvent conditions. “

mesityl mesityl CO,Et
Et0,CC=CCO,E /\1/1
EtOCC=CCOEL ppy
%—Ph NN\ 7 CO,E

Vi I::e(CO)s Solvent
1a

octyl—N (l) ctyl 2a
run  Solvent Time (h)  Yield® (%)
1 Toluene 15 63
2 CHxCl, 5 75
3 CHs:CN 0.5 87
4 THF 3 70
5 DMF 1.5 72

@ Reaction conditions: 1a (1.0 equiv.), diethyl acetylenedicar-
boxylate (2.0 equiv.), at 40 °C under N». The reaction was stirred
until complete consumption of the starting material 1a. ? Isolated
yield based on 1a.

We then examined the reaction of several alkynes with the
iron complex 1a and the results are summarized in Table 2.
Pyrroles were generated when either alkynes two strong elec-
tron-withdrawing groups (runs 1 and 4), or terminal alkynes
with an electron-withdrawing group (runs 2 and 5), were used.
However, reactions in which alkynes contained an electron-
donating group (runs 3, 6-9) did not proceed, resulting in de-
composition of 1a. The regiochemistry of the products from
runs 2 and 5 (Table 2) has been confirmed by two-dimensional
(2D) NOE spectroscopy (NOESY). A cross-peak was ob-
served between the aromatic proton of the pyrrole ring, and
the methylene protons attached to pyrrole nitrogen, but not

between the aromatic proton, and the benzylic methylene pro-
tons. The observed cross-peak is consistent with a structure
containing a 2-unsubstituted pyrrole (Figure 2). Collectively,
these results indicate that the reaction probably proceeds via a
nucleophilic attack of the ketenimine nitrogen atom on the
beta carbon of an o,p-unsaturated carbonyl compound.

Table 2 Reaction between the n*-(vinylketenimine)iron
complex 1a and alkynes”

mesityl mesityl R?
o 2 Ph N—3% N2 R2

octyI—N// Fe(CO)s CHGCN )
1a octyl 2
run R! R? Conditions  Prouct Yield
(%)
1 EtOCO EtOCO 40°C,0.5h 2a 87
2 EtOCO H 40°C,3.5h 2b 80
3 EtOCO "Bu reflux, 12 h - -
4 PhCO  PhCO 40°C,3h 2¢ 75
5 PhCO H 40°C,3h 2d 87
6 PhCO "Bu reflux, 12 h - -
7 Ph H reflux, 12 h - -
8 Hexyl H reflux, 12 h - -
9 MesSi H reflux, 12 h - -

“Reaction conditions: 1a (1.0 equiv.), alkyne (2.0 equiv.) under
N,. ?Isolated yield based on 1a.
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Figure 2. Two dimensional NOE spectroscopy (NOESY) correla-
tion of 2b and 2d.

Next, n*-(vinylketenimine)iron complexes were treated with
diethyl acetylenedicarboxylate to generate pyrroles (Table 3).
The pyrrole formation was compatible with a variety of vinyl-
ketenimine complexes. The iron complex with a Ph or isopro-
pyl group as R? underwent the pyrrole formation at a lower
temperature than the complex with a bulky mesityl-CH, group
(runs 1 and 2). A higher reaction temperature was required for
the sterically hindered, less nucleophilic N-cyclohexyl or N-
phenyl ketenimine complexes (runs 6 and 7). Iron complex 1f
was subjected to treatment with an unsymmetrical alkyne
bearing both ester and ketone groups (two different electron-
withdrawing groups; eq. 3), which generated predominantly
the expected pyrrole product, which possessed a greater elec-
tron-withdrawing group at C3 (21). The structure of 2l was
confirmed by X-ray analysis (see Supporting Information),
and demonstrated that the reaction involved the nucleophilic
attack of the ketenimine nitrogen on the more electron-
deficient B carbon of the o,pf-unsaturated ketone rather than
that of the ester. This result is supported by the observed selec-
tivity of the reaction between 1a and terminal alkynes above.



Table 3 Reaction of n*~(vinylketenimine)iron complexes 1
with diethyl acetylenedicarboxylate”

- CO,E

~\ EI0,0CZCCO0EL A

;i g CHLCN N COE
r-N’  Fe(CO)s )

1 R? 2

run 1 R! R? R? Conditions Product Yield
(%)

1 1b  octyl isopropyl Ph rt,6h 2e 75

2 1lc  octyl Ph Ph rt,1h 2f 62

1d allyl  mesityl- Ph 40°C,0.5h 2g 69
CH,

4 1le allyl mesityl- H 40°C,3h 2h 61
CH,

5 1f benzyl mesityl- Ph 40°C,3.5h 2i 71
CH,

6 1g cyclhexyl mesityl- Ph 60°C,3 h 2j 82
CH,

7 1h Ph mesityl- Ph  60°C, 6 h 2k 59
CH,

@ Reaction conditions: 1 (1.0 equiv.), acetylenedicarboxylate
(2.0 equiv.) under Ny. ? Isolated yield based on 1.
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én 2l 68% (eq, 3)
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We have proposed the following mechanism for the ob-
served pyrrole formation (Scheme 1). Addition of n*
(vinylketenimine)iron complex to ethyl propiolate resulted in
formation of an enolate intermediate I, stimulated by the nu-
cleophilic nitrogen atom of the ketenimine.” Subsequent in-
tramolecular addition of enolate to the keteniminium moiety
occurred at C-2% to yield a m’-vinylcarbene intermediate
IL>'>13 Complex II then underwent a dominant 1,2-styryl
group migration,'*!'> which suppressed the 1,2-migration of the
alkyl group (R?) probably due to the coordination of a styryl
double bond to iron.

Scheme 1. Proposed reaction mechanism for pyrrole for-
mation from a n*-(vinylketenimine)iron complex
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In conclusion, this study documents organic transformation
of n*-(vinylketenimine)iron complexes for the first time. The
treatment of n*-(vinylketenimine)iron complexes with elec-
tron-deficient alkynes yielded polysubstituted pyrroles. This
reaction began with a nucleophilic attack of the ketenimine
nitrogen atom on the alkyne, and proceeded via a n’-
vinylcarbene iron complex intermediate. Future experiments
will focus on detailing the reactivity of the n*
(vinylketenimine)iron complexes and developing the reaction
using electron-deficient alkenes.
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