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ABSTRACT: Renewable phenols have been investigated as
nucleophiles for the addition to a cationic cyclohexadienyl iron
carbonyl sca�old. Benign conditions compatible with solvents
such as ethanol and water were developed, and for the �rst
time, selective C- or O-addition could be achieved. In addition,
a novel atom-economic approach to forming the C-addition
products directly from the neutral precursor complex in a
single step using a catalytic acid is described. The formed C-
addition product could then be selectively demetalated to form
one of two di�erent product classes, a functionalized arene or a
cyclohexadiene.
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� INTRODUCTION
Biomass is becoming increasingly important as a renewable
feedstock to provide the chemicals needed for our society.1 A
variety of platform chemicals can be obtained from feedstocks,
such as lignin, which is rich in aromatic and phenolic
compounds,2,3 and cellulose, abundant in mono- and
polysaccharides.4 However, new chemical methods are needed
to connect the often oxygen-rich building blocks obtained from
biomass. Organometallic chemistry can provide tools for this
purpose, in particular if inexpensive and abundant metals, such
as iron, rather than rare transition metals, are used.5 Iron has
the ability to coordinate dienes,6,7 a feature that can be
exploited for synthetic purposes. Upon coordination, the
carbon atoms adjacent to the diene are activated for hydride
abstraction, resulting in the formation of a stable cationic iron
carbonyl dienyl cation.8,9 The cationic iron carbonyl complex
formed is bench stable, with a long shelf life, and can react with
a wide range of nucleophiles to form carbon�carbon or
carbon�heteroatom bonds.10,11 This nucleophilic coupling
with iron complexes occurs in a highly regio- and stereo-
selective manner. The regioselectivity of the initial cation
formation is governed by the substitution pattern of the diene.
Subsequent nucleophilic addition then takes place stereo-
selectively, to the opposite face of the coordinated iron
carbonyl moiety.12,13 Other advantages of this methodology

are the mild reaction conditions used, and the fact that the
tailoring of reaction conditions for each class of nucleophile is
generally not required. Applications of this method include the
synthesis of natural products, such as siculinine14 and clausine
K;15 antiviral compounds, such as oseltamivir phosphate
(Tami�u);16,17 probes for infrared spectroscopy;18 as well as
parallel synthesis applications.19 While anilines have been
widely shown to react as nucleophiles via selective C- or N-
addition,20�23 the analogous reactivity of phenols has not been
examined to the same extent.18,24 Considering also that
phenols can potentially be sourced from lignin or other
biomass sources, we have investigated their application as
nucleophiles using the cationic iron carbonyl methodology.
The reaction should ideally proceed under benign conditions
using renewable and nontoxic solvents and should be selective
for the C-addition or O-addition product. Our results from
these studies are disclosed herein.

� RESULTS AND DISCUSSION
Stable cationic iron carbonyl dienyl cations can be formed via
hydride abstraction from a neutral iron carbonyl complex
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(Scheme 1, path a). The same type of cationic structure can
also be formed by treating an iron diene complex containing a

leaving group, such as an alkoxy- or acetoxy group with an acid
(Scheme 1, path b).25 We opted for the second of these
strategies in the preparation of the initial cationic iron complex.
Once formed, the complex can react with a wide range of
nucleophiles, including alcohols,19 amines,26 amides,27 azide,16

hydride,16 carbamate,17 thiols,28 enolates26 and malonates,29

allyl silanes,30 electron rich aromatics31 and heterocycles,30

organocuprates,26 organolithium reagents,20 organozinc re-
agents,32 Grignard reagents,26 phosphines,33 phosphites,34 and
halides.35

At the outset of our investigation, we aimed to perform the
selective C- and O-addition of phenolic nucleophiles to
cationic �5 iron carbonyl cyclohexadienyl complex 1 (Scheme
2). The development of green reaction conditions was also an

important criterion. The precursor for complex 1, diene 2,
could be synthesized via a cycloaddition reaction between an
acrylate ester and furan,36 both available from biorenewable
sources (Scheme 2).37�40 Alternatively, structurally similar
dienes can also be made via biocatalytic cis-dihydroxylation of
aromatic molecules, and these have been exploited using iron
carbonyl chemistry.16,41�50

Sesamol, a component of sesame oil,51 was selected as a
model nucleophile for the optimization and preliminary
experiments indicated that it could undergo selective C- or
O-addition in good yields. Solvents were �rst evaluated,
prioritizing the use of green and sustainable solvents52 and
seeking to �nd alternatives to dichloromethane, acetonitrile,
and tetrahydrofuran, commonly used for these reactions. 2-
Methyltetrahydrofuran, accessible from the platform chemical
levulinic acid,53,54 a�orded disappointing results (Table 1,
entry 1), while ethyl acetate performed slightly better but still
a�orded relatively low yields of the C-addition product 3a
(entry 2). Using methyl ethyl ketone or methyl acetate
saturated with water gave somewhat better results, with yields
in the range of 59�67% (entries 3 and 4). However, we were
happy to �nd that the reaction proceeded rapidly in 92% yield
at room temperature using ethanol as an environmentally
benign solvent (entry 5). Water could also be used as solvent,
a�ording 3a in 75% yield (entry 6). The slightly lower yield in
this case may to some extent be due to solubility issues.

However, attempts to combine ethanol and water as the
solvent system signi�cantly reduced the yields (entry 7).
Ethanol or water were therefore found to be the solvents of
choice.

A practical feature of this reaction is that the cationic iron
carbonyl cyclohexadienyl complex 1 has a low solubility in
ethanol and initially forms a turbid light-yellow suspension. As
the starting material is consumed, the solution becomes clearer
as the product is soluble in the solvent (Figure 1). This feature
was used to monitor the ensuing reactions, which were allowed
to react for an additional 2 h after becoming transparent,
before being terminated.

Crystals of 3a, obtained by slow di�usion of water into a
solution of the compound in methanol, were subjected to X-
ray structure determination (Figure 2).

With optimized conditions in hand, a number of phenolic
molecules were used as nucleophiles (Scheme 3). Reactions
with sesamol and 2-naphthol proceeded in excellent yields
(Scheme 3, compounds 3a and 3b). Addition of dihydroum-
belliferone, prepared by hydrogenation of the natural product
umbelliferone,55 e�ected a simultaneous ring opening,
a�ording ethyl ester 3d as the product in good yield. 4-
Hexylresorcinol, used as a local anesthetic56 and topical
antiseptic,57 was also a competent nucleophile, producing 3e in
80% yield. Reaction with resorcinol, as expected, gave rise to
both monosubstitution, forming 3c, and disubstitution,
forming diastereomers 3f/3f�. However, through variation of
stoichiometry, the reaction could be tailored to selectively
a�ord either 3c or 3f/3f� in good yields. In terms of scope and
limitations, the reaction worked well for highly activated

Scheme 1. Nucleophilic Addition to Cationic Iron Carbonyl
Dienyl Complexes

Scheme 2. Synthesis of Cationic Iron Carbonyl Complex 2

Table 1. Optimization of Reaction Conditions for the C-
Addition of Sesamol to Cationic Iron Carbonyl Complex 1a

entry solvent time (h) yieldb

1 2-MeTHF 4.5 17
2 EtOAc 4.5 41
3 methyl ethyl ketone 4.5 67
4 wet MeOAcc 4.5 59
5 EtOH (>99%) 2 92
6 H2O 2 75
7 EtOH / H2O (9:1) 2 60

a1.1 equiv sesamol. bNMR yield. cSaturated with water.

Figure 1. Visual monitoring of the reaction shown in Table 1; a clear
solution indicates a completed reaction.
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phenols, such as those possessing a 1,3-alkoxy or hydroxyl
substitution pattern. However, no reaction occurred using less
activated nucleophiles, such as 1-naphthol and the naturally
occurring compounds vanillin, eugenol, and umbelliferone
(Figure 3). Somewhat surprisingly, syringol, bearing a 1,2,3-
oxygen substitution pattern also gave no reaction under these
conditions.

The reaction with sesamol was also performed in water with
more vigorous stirring (1500 rpm), whereupon a light yellow
precipitate was formed as a suspension. The crude product
could be easily isolated by �ltration and after column
chromatography, product 3a was obtained in 89% yield
(Scheme 4).

In order to switch the selectivity of the phenolic
nucleophiles from C- to O-addition, we reasoned that the
addition of a base in an aprotic solvent would favor formation
of the O-addition product, which would be reversible under
acidic conditions. Indeed, it was found that if a homogeneous
base, such as triethylamine, was added, the O-addition was
favored, and this process was subjected to further optimization
studies (Table 2). It was found that this reaction was

signi�cantly more rapid than the corresponding C-addition,
and the initial turbid suspension converted to a clear solution
in a matter of seconds. In order to suppress the formation of
the C-addition product, rapid addition of the base was found to
be important. Optimal conditions therefore involved adding
the nucleophile and base as a premixed solution to the cationic
complex in the indicated solvent with vigorous stirring.

Good yields, around 80%, were obtained for several polar
solvents (Table 2, entries 1�4). The somewhat lower yield
when using diethyl carbonate as the solvent (entry 5) could be
attributed to reduced solubility of both the starting material
and the triethylammonium hexa�uorophosphate byproduct,
which formed an adhesive precipitate along the walls of the

Figure 2. Solid state structure of 3a. Ellipsoids are represented at 50%
probability. H atoms are shown as spheres of arbitrary radius. A
molecule of solvent (MeOH) has been omitted for clarity. CCDC
#1880771.

Scheme 3. Selective C-Addition of Phenolic Nucleophiles to
Complex 1

a1.1 equiv nucleophile. b5.0 equiv nucleophile. c0.5 equiv nucleophile.

Figure 3. Naturally occurring nucleophiles that did not a�ord the C-
addition product.

Scheme 4. C-Addition Performed with Water as Solvent

Table 2. Optimization of Reaction Conditions for O-
Addition to Complex 1

entry solvent temp (°C) time (min) yielda (%)

1 dimethyl carbonate RT 2 80
2 EtOAc RT 2 80
3 MeOAc RT 2 80
4 acetone RT 2 81
5 diethyl carbonate RT 2 67
6 tert-butyl methyl ether RT 2 5
7 EtOAc 0 2 56
8 EtOAc 0 10 89

aNMR yield.
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