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Fe(0) was investigated as a cost-effective, environmentally friendly alternative to Cr(II) for the olefination
of carbonyls by activated polyhalides. In many instances, Fe(0) was equivalent or superior to Cr(II).
Notably, Fe(0), but not Cr(II), proved compatible with a wide range of functionality, inter alia, unprotected
phenol, aryl nitro, carboxylic acid, and alkyl nitrile. A surprising reversal of stereoselectivity for aldehydes
versus ketones was observed using both metals. The resultantR-halo-R,â-unsaturated orR,â-unsaturated
carboxylic acids, esters, and nitriles are common structural elements in numerous compounds of interest
as well as key intermediates in the preparation of other functionality.

Introduction

Recent publications from these1 and other laboratories2 have
elucidated the rich mechanistic and synthetic versatility of
organochromium reagents. The efficacy of these transformations
and, in many cases, their unprecedented stereo- and/or chemose-
lectivities have accordingly attracted wide attention from the
chemical community. However, restrictions upon the use of toxic
heavy metals for organic synthesis have highlighted the urgent

need for wide-ranging surveys of the reactivity and stereose-
lectivity of more benign metals and eco-friendly protocols.3

Since iron and its derivatives satisfy many of the desired criteria,
inter alia, minimal toxicity, ease of handling, good stability,
commercial availability in various forms, and relatively low
costs, it was singled out for further evaluation. While the utility
of polyvalent and complexed zerovalent iron for C-C coupling
has been cogently demonstrated,4,5 surprisingly few studies have
exploited iron in its elemental (solid) form. Herein, we describe
a comparative study of elemental Fe(0)- versus Cr(II)-driven
condensations of activated polyhalides (Scheme 1) and the
surprising reversal of stereoselectivity for aldehydes versus
ketones. The resultantR-halo-R,â-unsaturated orR,â-unsaturated
carboxylic acids, esters, and nitriles are common structural
elements in numerous compounds of interest as well as key
intermediates in the preparation of other functionality.6,7
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Results and Discussion

It was anticipated that Cr(II) and Fe(0) would mediate many
of the same transformations since they have similar reduction
potentials (-0.41 and-0.45 V vs SHE, respectively).8 On the
other hand, the disparities (e.g., geometry, aggregation, and
Lewis acidity) manifested by organoiron reagents9 and compa-
rable organochromium species8 augured for useful variances in
stereoselectivity and/or functional group compatibility.

The former prediction was confirmed during condensations
of benzaldehyde1 and 4-dimethylaminobenzaldehyde4 with
methyl trichloroacetate2 in THF using Fe powder at 23-60
°C overnight or, as previously reported,1d using CrCl2 at room
temperature for 1-2 h. The yields andZ-stereoselectivities for
R-chloroacrylates3 and 5 were outstanding and essentially
equivalent for both reagents (Table 1, entries 1 and 2,
respectively). As expected, Rieke iron exhibited higher reactivity
than commercial Fe(0) powder.10,11All of the starting materials
were consumed after just 1 h atroom temperature, but complex
product mixtures ofR-chloroacrylate, dehalogenated acrylate,
dichlorohydrin, and uncharacterized compounds were obtained.

A determination of the scope of the condensation also
revealed some significant differences between the metal reduc-
tants. Under the influence of Fe(0) powder, phenol6 and nitro
8 afforded7 (entry 3) and9 (entry 4), respectively, in good
yields and stereocontrol (Z/E > 99:1). The lack of competitive
aryl nitro reduction under these conditions is noteworthy.12 In
contrast,6 and8 did not react with CrCl2, even under forcing
conditions (refluxing THF, 12 h), and could be recovered
unchanged. Heterocyclic aldehydes were well tolerated as seen
in the smooth conversions of indole10, furan12, and thiophene
14 into the corresponding adducts11 (entry 5),1d 13 (entry 6),
and15 (entry 7). In this series, chromium displayed the superior
Z-stereoselectivity, whereas iron gave somewhat better yields,
except with indole10. Conjugated and aliphatic aldehydes
behaved analogously, for example,16f17 (entry 8) and18f19
(entry 9), with CrCl2 providing nominally better yields and
conspicuously betterZ/E ratios. Interestingly, the presence of
catalytic CrCl2 (20 mol %) under the usual Fe(0) reaction
conditions [Fe(0) (8 equiv), THF, 55°C, 14 h] was sufficient

to impart chromium’s stereoselectivity,13 for instance,16f17
(86%,Z/E > 99:1).

The range of suitable polyhalogenated substrates encompassed
ethyl dichlorofluoroacetate20, methyl tribromoacetate22,
tribromoacetic acid24, ethyl dibromoacetate26, trichloroaceto-
nitrile 28, and methyl 2,2-dichloro-2-methoxyacetate31. These
provided access to (Z)-R-fluoroacrylate21 (entry 10), (Z)-R-
bromoacrylate23 (entry 11),14 (Z)-R-bromoacrylic acid25 (entry
12), (E)-acrylate 27 (entry 13),15 R-chloro-R,â-unsaturated
nitriles 29/30 (entries 14 and 15), and (Z)-R-methoxyacrylate
32 (entry 16) in good to excellent yields. While the yields and
stereoselectivities were broadly similar, the superior functional
group compatibility of Fe(0) is patently evident in entries 12
and 15; only in entry 16 was the result with Fe(0) unsatisfactory.

It was also gratifying to discover that a wide variety of
ketones were suitable condensation partners for trichloroacetates
(Table 2).16 Tetra-substituted olefins were generated in good
yields from aryl ketones33and35 (entries 1 and 2), conjugated
ketones37, 39, and41 (entries 3, 4 and 5), and aliphatic methyl
ketones43and45 (entries 6 and 7). Despite reports that benzyl
ethers are cleaved under some circumstances by iron and
chromium salts,17 we observed no evidence of this during the
reactions of35.18 One should also note that while Cr(II)-
mediated condensations typically gave somewhat better yields,
for the sensitive cyclic ketone41, Fe(0) was more efficacious
(entry 5). As might be anticipated, theE/Z ratio of the products
varied in accordance with the steric differential of the opposing
ketone appendages. The most noteworthy and unexpected result
was the moderate to highE-selectivity observed for all of the
Fe(0) reactions and all but one of the Cr(II) reactions. This is
in stark contrast to theZ-stereoselectivity characteristic of
aldehydes (Table 1).19,20Furthermore, inspection of the data in
Table 2 reveals Fe(0) was consistently more stereoselective than
Cr(II).
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SCHEME 1

Fe(0)-Mediated Synthesis of Olefins from Carbonyls
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While the details have not been elucidated, it appears that
Fe(0)-mediated condensations of aldehydes follow the same
reaction pathway proposed for analogous chromium(II) olefin-
ations,1d,15 that is, initial one-electron transfer at the metal
interface resulting in rupture of a C-X bond,21 further reduction
of the nascent 2,2-dihaloacetate radical, and generation of a
metal-enolate complex. Whether the electron transfers are
innersphere or outersphere is not settled. Addition of the organo-

metallic species to the carbonyl is rapid and results in a Refor-
matsky-type adduct (Figure 1).22 Subsequent reductive, anti-
periplanar E2 elimination preferentially affords theZ-olefin. This
stereochemical outcome likely reflects the predominance of
conformerA versus the more sterically hindered conformerB.

For ketones, we propose an early and crucial change in
mechanism to explain the divergence in stereochemistry. Since
reduction of the carbon-halogen bond of the comparatively
more congested Reformatsky-type ketone adduct47 is slower
(Figure 2), electron transfer occurs through the carbonyl to
generate metal enolate48. It is likely that chelation plays an
important role in determining the conformation of48. Subse-
quent elimination occurs preferentially via conformationC
which minimizes the steric interaction between the halide and

(19) The stereochemical assignments of adducts34, 36, 38, 40, 44, and
46 were confirmed by LiAlH4 reduction (Et2O, 0 °C, 20 min) of the ester
and 2D nOe analysis of the resultant primary alcohols; comparable treatment
of 42 gave an unstable product, so its stereochemistry could not be
established.
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literature data (Takai, K.; Hotta, Y.; Oshima, K.; Nozaki, H.Bull. Chem.
Soc. Jpn.1980, 53, 1698) but now must be revised as (E)-34 based upon
the above nOe experiments.
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Heathcock, C. H., Ed.; Elsevier: Amsterdam, 1991; Vol. 2, p 277. (b)
Fürstner, A.Synthesis1989, 571.

TABLE 1. Fe(0)- versus Cr(II)-Mediated r-Halo-olefination of Aldehydes

a Fe powder (10 equiv), THF, 55-60 °C, 14 h.b CrCl2 (6 equiv), THF, 23°C, 1-2 h. c Isolated yield after SiO2 chromatographic purification.Z/E ratio
determined by1H NMR and/or GC.d 23 °C, 4 h.e Warmed to reflux.f 35% of10 recovered.g Required 8 equiv of CrCl2 and 1.5 equiv of2. h 23 °C. i 15%
dehalogenated adduct isolated.j 20% dehalogenated adduct isolated.k 90 °C. l Stereochemistry determined by nOe.
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the RL appendage as well as maximizes overlap of the electron-
rich sp3-hybridized oxygens (i.e., MeO- and XnMO-) with the
p-orbitals of the enolate CdC.

In concert with this hypothesis, theE-stereoselectivity
observed with ketones is also realized using dichlorohydrins
obtained from ketones. For example, the addition of methyl
trichloroacetate2 to benzylacetone45 using only 2 equiv of
CrCl2 at 0°C for 1.5 h or 4 equiv of Fe(0) at room temperature
gave methyl 2,2-dichloro-3-hydroxy-3-methyl-5-phenylpen-
tanoate (36-40%) and methyl 2-chloro-3-methyl-5-phenylpent-

2-enoate (12-15%, Z/E ) 1:2) (Scheme 2). Exposure of the
former adduct to the chromium reaction conditions used in Table
2 led to methyl 2-chloro-3-methyl-5-phenylpent-2-enoate46
(Z/E ) 1:3).

Conclusion

This contribution affords new insights into organoiron
chemistry. Fe(0) was found to be an effective reductant for
carbonyl-polyhalide condensations giving rise to tri- and tetra-
substituted olefins. Yields and stereoselectivities are good to
excellent and, in some cases, especially ketones, superior to
those achieved with CrCl2. Fe(0) displayed excellent compat-
ibility with a wide range of functionality, and we anticipate that
these Fe-mediated olefinations will find broad utility.

Experimental Section

Fe(0) Condensations.Polyhalide (1.1 mmol) and aldehyde or
ketone (1 mmol) in anhydrous THF (2 mL) were added to a stirring,
room temperature suspension of Fe powder (10 mmol; Aldrich,
-325 mesh) in anhydrous THF (8 mL) under an argon atmosphere.
The mixture was warmed to 23-60 °C for 4-14 h, then cooled to
room temperature, quenched with water, filtered, and the filtrate
was extracted three times with ether. The combined ethereal extracts
were washed with brine, dried over anhydrous Na2SO4, and
evaporated to dryness under reduced pressure. Purification of the
residue via SiO2 column chromatography furnished the adduct in
the indicated yield (Tables 1 and 2).

TABLE 2. Fe(0)- versus Cr(II)-Mediated r-Chloro-olefination of Ketones

a Fe powder (10 equiv), THF, 55-60 °C, 14 h.b CrCl2 (6 equiv), THF, 23°C, 1-2 h. c Isolated yield after SiO2 chromatographic purification.Z/E ratio
determined by1H NMR and/or GC.d Required 8 equiv of CrCl2 and 1.5 equiv of2. e Stereochemistry unassigned.f 40 °C, 12 h.

FIGURE 1. Reformatsky intermediate derived from aldehydes.

FIGURE 2. Reformatsky intermediate derived from ketones.

SCHEME 2

Fe(0)-Mediated Synthesis of Olefins from Carbonyls

J. Org. Chem, Vol. 71, No. 21, 2006 8181



Fe(0)/Catalytic CrCl2 Condensations.Conducted as described
above using Fe powder (8 mmol; Aldrich,-325 mesh) and CrCl2

(0.20 mmol; Strem Chemicals).
CrCl 2 Condensations.Conducted as described above using

CrCl2 (6 mmol; Strem Chemicals) at 23°C for 1-2 h.
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