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Abstract: The first total synthesis of the dimeric berberine
alkaloid ilicifoline (ilicifoline B) is reported. Its carbon
skeleton is constructed from ferulic acid, veratrole, and
methanol. The synthesis reported herein employs starting
materials solely derived from wood. The natural product is
thus constructed entirely from renewable resources. The same
strategy is applied to a formal total synthesis of morphinan
alkaloids. The use of wood-derived building blocks (xylo-
chemicals) instead of the conventional petrochemicals repre-
sents a sustainable alternative to classical synthetic approaches.

Our current chemical infrastructure relies heavily on
petroleum starting materials that required millions of years
to produce under conditions that are not easily accessible in
laboratory or industrial settings. Additionally, these materials
must be extracted from underground deposits, and their use
creates a carbon imbalance in our ecosystem. For these and
other reasons, an alternative, sustainable chemical infra-
structure must be developed that obviates the need to rely on
non-renewable resources and prevents imbalances in the
biosphere while remaining cost effective. Attention is
increasingly turning to the use of biomass as a raw material
for energy and chemical production.[1] Many of these
sustainability concepts have their origins in the principles
set forth in the Rio Declaration on Environment and
Development from The United Nations Conference on
Environment and Development in 1992.[2] Implementation
of these sustainability concepts requires several key chemical
issues to be addressed. First, renewable raw materials must
provide sources of chemical building blocks, intermediates,
and reagents. Second, to the greatest extent possible, chemical
functionality found in naturally occurring renewable chemical
building blocks (functional groups, chirality,[3] heteroatoms,
etc.) should be employed and maintained rather than
destroyed and rebuilt. Third, chemical reagents and catalysts
need to be designed to take advantage of the chemistry and
functionality in renewable biomass. Fourth, and finally,

chemical transformations, modifications, solvents, and syn-
theses should be designed such that they can be operated and
utilized in an efficient continuous production mode rather
than as batch processes. These four tasks represent “grand
challenges” in chemistry as we seek to move towards
a sustainable chemical infrastructure. We propose to do this
by relying directly on wood as a starting resource.[4] Herein,
we report results that demonstrate the first stages of this
approach (xylochemistry): a sequence in which a natural
product is produced, the carbon atoms of which are entirely
derived from wood-based chemicals.

The target of the synthesis reported herein is ilicifoline,
a dimeric berberine-type alkaloid first isolated from Berberis
ilicifolia, a Patagonian shrub, by Fajardo et al. in 1996.[5] This
name was proposed earlier by Itokawa et al. for a triterpene
isolated from Maytenus ilicifolia, a shrubby tree endemic to
southern Brazil and environs.[6] The subject of this report will
therefore be referred to as ilicifoline B (1).[7] Its monomer, 8-
oxopseudopalmatine (2), is also a natural product and was
isolated from Guatteria hispida by Costa et al.[8] Isoquinolone
2 exhibits stronger cytotoxic activity towards MDA-MB-231
cells than its direct biosynthetic precursor, pseudopalmatine
(3), which can be isolated from Stephania suberosa.[9]

Scheme 1 depicts the first total synthesis of ilicifoline B.
Ferulic acid (4) can be isolated from numerous types of

biomass, including rice bran,[10] wheat leaves,[11] vines,[12] or the
wood of various trees.[13] O-Methylation at the phenolic
hydroxy group with dimethyl sulfate (available by reacting
wood alcohol with oleum)[14] produces 3,4-dimethoxycin-
namic acid (5), which is hydrogenated to acid 6 and trans-
formed into an intermediate isocyanate by Curtius rearrange-
ment of the azide (generated in situ). Subsequent reduction to
N-formylhomoveratrylamine (7) by sodium borohydride is
accomplished in the same reaction vessel as part of a one-pot
reaction.[15]

Bischler–Napieralski cyclization to 6,7-dimethoxy-3,4-
dihydroisoquinoline (8) and addition of HCN[16] furnishes a-
aminonitrile 9.[17] Veratrole (10), a pyrolysis product of
wood,[18] undergoes double bromomethylation with formal-
dehyde (also derived from wood)[19] and HBr to produce the
dibromide, 11. Compounds 9 and 11 directly produce the
berberine alkaloid pseudopalmatine (3) in a cascade involving
spirocyclization, a-deprotonation, Stevens rearrangement,
dehydrocyanation, and oxidation.[20] Aerial oxidation in
alkaline solution, possibly through the carbene, produces
lactam 2, which is subsequently dimerized with PIFA/
BF3·OEt2

[21] to ilicifoline B.
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With regard to the intermediacy of an N-heterocyclic
carbene in the transformation 3!2, deprotonation of the sp2

center in 3 alpha to the iminium group would produce
a carbene/carbeneoid intermediate. Preliminary kinetic acid-
ity studies show that this position is indeed the most acidic.

We previously reported an enantioselective synthesis of
morphine alkaloids,[22] which can be updated by using the
xylochemical principles herein to afford a short and efficient
wood-based alternate approach to the synthesis. Starting from
methyl ferulate, which is found in the bark of pine trees[23] or
obtained by methanolysis of wood, a two-step, one-pot
reduction gives methyl 3-(3-methoxyphenyl)propanoate. Sub-
sequently, saponification, Curtius rearrangement, and reduc-
tion produces a formamide that can be cyclized to 6-methoxy-
3,4-dihydroisoquinoline (see page S51 of the Supporting
Information).

From this stage on, the synthesis proceeds as reported
earlier, with methyl gallate, another well-known wood
component,[24] as the precursor of the morphine A-ring. In
the xylochemical version of the synthesis, the required methyl
chloroformate can be prepared from carbon monoxide
(abundantly available through the pyrolysis of wood, in the
form of wood gas), chlorine, and methanol, while iodo-
methane can be obtained from wood alcohol and HI. The
most efficient classical asymmetric synthesis of the morphin-

ans are TrostÏs synthesis of codeine[25] (14 linear steps, 3.7%
overall yield, 94 % ee by asymmetric catalysis) and Fukuya-
maÏs synthesis of morphine[26] (18 linear steps, 4.8% overall
yield, 99% ee by enzymatic resolution).[27] By comparison, our
xylochemical approach provides dihydrocodeine in an overall
yield of 11.2%, with 95% ee over 15 linear steps starting from
methyl ferulate, thus demonstrating that avoiding petrochem-
ical building blocks is not necessarily associated with reduced
efficiency.

The implementation of a wood-based chemical economy
represents a formidable challenge for the 21st century. New
chemistry needs to be developed for the transformation and
manipulation of wood-based intermediates. These challenges
present opportunities in the areas of catalysis, functional-
group transformations, synthesis, and atom origin. In this
report, we have demonstrated a first step towards this last
area. In these syntheses, all of the carbon atoms (and the vast
majority of other atoms) are directly derived from a sustain-
able chemical source, wood. The oxygen functionality and
substitution patterns on the starting aromatic residues have
been preserved. The early implementation of the xylochem-
ical approach illustrated herein relies on transformations,
reagents, and procedures designed for use with petrochemical
starting resources. A considerable opportunity exists to adjust
retrosynthetic analysis and synthetic methods to fit a sustain-
able xylochemical approach and to eventually replace all
petrochemicals involved in transformations and purifications
with wood-based resources.
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