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Herein is described the first iron-mediated catalytic [4 + 1]
cycloaddition involving both carbon—carbon and carbon—-oxygen
bond formation. Transition-metal-mediated synthesis of 5-mem-
bered carbocyclic rings has been accomplished by [3 + 2],!
Pauson—-Khand [2 + 2 + 1],2and [4 + 1]3 cycloaddition. Trans-
ition-metal-mediated synthesis of a-methylene-vy-butyrolactones
has been demonstrated previously.* Assembly of furans® and
pyrones® has been accomplished by transition-metal-mediated
carbon-oxygen bond formation. However, iron carbonyls are
not known to facilitate catalytic carbon—oxygen bond formation,’
and aldehyde oxygens are typically viewed as o-donor ligands.
Our discovery of this new [4 + 1] cycloaddition came when 1 was
treated with 10 mol % Fe(CO)s and 64 mM CO in THF (eq 1)8
under fluorescent light, affording 7 in high yield.® Typically,
reactions of Fe(CO)s require elevated temperatures or UV
photochemical activation. It is surprising that 1-6 react under
such mild conditions. Benzene, acetonitrile, and CH,Cl; could
also be used as solvent in the cyclization. Both allenyl ketones
and aldehydes react cleanly under these conditions to give the
alkylidene-vy-butenolides as the only products. Inanalogy to our
previous work on diallenes,3 these reactions show selectivity in
alkylidene bond formation consistent with a w-facial preference
ofiron coordination. Goodselectivity (83/17 E/Z) of alkylidene
bond isomers can be achieved for both ketones and aldehydes
when the terminal allene substituents are terz-butyl and methyl
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Figure 1. X-ray crystal structure analysis ORTEP view of 13. Selected
bond distances (A): Fel-Fe2 2.615, Fel-C15 2.024, Fel-O7 1.993,
Fe2-C16 2.117, Fe2-C15 1.958, Fe2—-C14 3.367, C18-07 1.259, C16-
Cl18 1.426, C15-C16 1.459, C14-C15 1.409.
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groups (1-3). These molecules would be difficult to prepare by
other synthetic methods.

Iron clusters do not facilitate this [4 + 1] cycloaddition reaction.
Treatment of 1 with Fe,(CQO), in pentane gave an excellent yield
(90%) of the air-stable dinuclear cluster 13° (ORTEP diagram,
Figure 1). It will be noted that only one of the two possible
alkylidene bond isomers was isolated, again consistent with
coordination of iron showing selectivity in binding. Exposure of
13 to the reaction conditions outline by eq 1 failed to produce 7,
eliminating 13 from consideration as the active cycloaddition
mediator. On treatment of 1 with Fe3(CO);, (10 mol %), 13
(7%) was formed slowly with a concomitant equivalent of the
active catalyst Fe(CO)s, resulting in slow formation of 7. As was
seen for diallenes, these results are consistent with mononuclear
iron acting as the catalyst.l® No butenolide formation was
observed after 36 h in the dark at 60 °C.

To gain further insight into this reaction, the influences of CO
pressure, solvent polarity/coordination (Figure 2), and temper-
ature were studied. In the w-ligand solvent C4Dg, CO pressure
had a negligible impact on the initial rates of reaction. The
observed depression in the rate of formation of 7 at lower CO
pressure was due to slow formation of the catalytically inactive
complex 13. Polarity of the solvent had a greater effect. CDs-
CN as solvent caused a significant decrease in the rate of reaction,
possibly due to its ability to serve as a g-donor ligand. No
formation of 13 was observed in CD3;CN. The relatively
noncoordinating solvent CD,Cl, caused a decrease of ca. 4-fold

(10) Control experiments under identical reaction conditions in the absence
of Fe(CO)s gave no reaction.
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Figure 2. Effect of solvation and CO concentration on the rate of [4 +
1] cycloaddition of 1 under continuous irradiation.

in the rate. Cooling the reaction vessel to —~78 °C (toluene-ds)
slowed the reaction of 1 considerably, suggesting that a thermal
step subsequent to photochemical activation can be made rate
determining.

We studied the effect of more intense UV /vis sources on this
reaction.® Iron pentacarbonyl has a weak UV /vis absorption (A
= 350 nm, ¢ = 209). When the reaction solution [Fe(CO)s 10
mol %, 16 mM CO] containing 5 was irradiated at 350 nm, § was
converted to 11 (86%) in 10 min, consistent with photochemical
excitation being important in the cycloaddition mechanism.
Surprisingly, irradiation of 5§ at higher energy (254 nm) gave
incomplete conversion to 11 (50%) and considerable decomposition
after prolonged irradiation. Because this reaction may be
promoted by ambient fluorescent light to give excellent yields,
it was of interest to investigate the relative quantum yield at 350
nm.® Employing an actinometer in an identical NMR tube,
concentration and solvent (C¢Dy) initial rates of reaction gave a
quantumyield > 1, consistent with a photochemical chain reaction.
This result explains why these reactions can be facilitated by
ambient fluorescent light.

Solvation/coordination has a significant effect on the rate of
reaction. Only in benzene is the observed chemistry due to a
photochemically initiated chain reaction. A proposed mechanism
in benzene solvent that is consistent with the results discussed
above and published photochemistry!! of Fe(CQ)s is given by
Scheme I.

Photochemical activation of Fe(CO)s gives substitution of CO
with solvent to form ML. In the presence of the allene substrate
(e.g., 1), Lis displaced to give the n2-complex A that is in equil-
ibrium with the metallocycle B. These proposed intermediates
have precedent in the closely related vinyl ketone,!2 vinyl amide,!?
and allenyl ester!4 iron carbonyl complexes. The lack of CO

(11) Poliakoff, M. Chem. Soc. Rev. 1978, 7, 527 and references cited therein.

(12) (a) Thomas, S. E. J. Chem. Soc., Chem. Commun. 1987, 226. (b)
Thomas, S. E.; Tustin, G. J.; Ibbotson, A. Tetrahedron 1992, 48, 7629.

(13) Pouilhes, A.; Thomas, S. E. Tetrahedron Lett. 1989, 30, 2285.

(14) Trifonov, L, S.; Orahovats, A. S. Heimgartener, H. Helv. Chim. Acta
1990, 73, 1734.

Communications to the Editor

Scheme I
M(CO)
n» ~
Lllco ¢ 0
\7& 1
E-7 c",M (s]
- A L ML
J
0 l/M
) d "
L = CeH

dependence for the reaction in benzene rules out rate-determining
formation of coordinatively unsaturated intermediates. StepB
to C cannot be rate determining because it would be aided by CO.
Consistent with Scheme I, the coordinating solvent CH3;CN
stabilizes ML, reducing its catalytic efficiency, perhaps requiring
photochemical activation to allow substitution by the allene
substrate.!! Similarly, CH,Cl, may not bind to the iron
competitively relative to CO, resulting in formation of Fe(CO)s
concomitant with product formation. Higher energy irradiation
(254 nm) would produce a greater concentration of ML that
could attack A or its isomer B to give the catalytically inactive
13 (Scheme I).

In summary, we have found that allenyl ketones and aldehydes
can undergo iron-catalyzed [4 + 1] cycloaddition with carbon
monoxide to give a-alkylidenebutenolides. Good control of
alkylidene bond stereochemistry was achieved when the terminal
allene substituents were methyl and fer¢-butyl groups. Reactions
could be performed in a wide variety of solvents, lending to the
flexibility of the method. The fastest reaction rates were observed
in benzene, and relative quantum yield experiments suggest a
photochemicallyinitiated catalytic [4 + 1] cycloaddition reaction
in this solvent. To avoid formation of the catalytically inactive
dinuclear cluster 13,lower energy irradiation was preferred, giving
significantly higher yields of cycloaddition products.
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