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number of synthetic steps; it is therefore likehatt a

] ) ) ) ) biomimetic reaction will provide a superior pathway
_S'n%‘% ‘the historical synthesis of tropinone bypgyever, the mechanisms and the factors that affeet

Robinson® in 1917, exactly a century ago, biomimetic ggjeciivity of the oxidative polymerization processthat

syntheses have been recognized as highly effieiedfvery [ oquce phlorotannins in algae are still unkndiviwe

often, as the only possible route to complex na&turaherefore sought to probe this important process by

products’” The success of biomimetic strategies depe”daeveloping a catalytic system that will serve asaalel.

1. Introduction

mainly on an in-depth mechanistic understandingthaf
natural processes and on the ability of the syittlodtemist
to develop highly selective conditions that imitatiee
reactions in nature. Of particular interest to @sehis the
oxidative coupling of phenols, an important biokadi
process that provides plants and algae with ablelimethod
for preparing diverse chemical architectures framited
number of phenolic units with minimum energy loss.
Although these transformations involve the generatdf
highly reactive radical species, in many casess#lectivity
of these processes is enzymatically controlled, ctvhi
enables highly efficient and stereospecific tramsfitions
that produce a single stereoisorfiér.

In the laboratory setting, oxidative phenol-pheant
phenol-arene coupling reactions, whether via
electrochemical  techniqué$®  hypervalent iodine
chemistry’*®* inorganic peroxo compouns or metal
catalysis;®** offer atom- and step-economic methods for
preparing biaryls with good control over their cleepregio-
and stereoselectivity. Recently, our group devedoe
system for selective oxidative coupling of phenbls a
catalytic amount of Fegin 1,1,1,3,3,3-hexafluoropropan-2-
ol (HFIP)****8in the presence ¢fBuOQ:-Bu. Under these
general conditions, the selective oxidation of pieryields
phenoxyl radicals that, in turn, react with nucleiip
arenes or second phenolic coupling partners viacakd

In the synthesis of complex phenols, it is not gisva nclegphile coupling or radical-anion coupling maaisms,

realized that the main advantage of
transformations is the extension beyond naturatiyets to
access new materials that are still unreachableooymon
synthetic tools. Phlorotannin&™ for example, is a
structurally diverse group of polyphenols, for whic
selective syntheses are still to be developed (BigThese
compounds, which consist of oligomeric and polymeri
phloroglucinol units, are produced in the cell waif brown
algae, and as such play a role in UV protection defénse
against herbivore¥. In some cultures, brown algae
constitute a part of the human dfeand of traditional
medicine$' and are currently held to play extensive
biological roles>!**® exhibiting anti-allergi¢,** anti-
oxidation!® and anti HIV-1° activities.
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HO f OH
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RO
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R = Ac (isolated form)

tetrafucol A
[fucol]

pentaphlorethol A
[phloroethol]

phlorofucofuroeckol A
[eckol]

Fig. 1. Selected phlorotannins produced by oxidative oligozation of
phloroglucinol.

The phlorotannins are classified according to their

coupling modes, namely, AAr or Ar—-O-Ar. A crude
extract of algal powder consists of phlorogluciohda
mixtures of phenolic oligomers that have been cordd
via biaryl bonds (fucols), diaryl ethers (phlord#&)oor
dibenzodioxin linkages (eckol8). In general, these
compounds are sensitive under oxidation, basic aoid-
catalyzed conditions and therefore have been ebla
their polyacetylated form (Fig. 1). It is therefarecessary to
develop reliable synthetic methods for
phlorotannins for biological studies. In view of eth
complexity of these compounds, it is to be expedtet

bioinspiredggpectivel

yAQ,40,50-54
As in the case in biological systems, the laboyator

synthesized product of oxidative coupling reactionay

often preserve its phenolic unit(s), which exposéisto

further oxidations. In most cases, these oxidatiomluce

. undesirable quinone or catechol side productsafiatt the

overall efficiency of the process. However, undenditions
that favor coupling, this process can be exploitedan
efficient synthetic tool for preparing complex pbéa
frameworks in a single operation.

& o
OH R1 R2
R R?
—AFe") > ara
selectivity
t-BuOOt-Bu

R'=R?=H, Me, OMe

lR1=H

ortho
selectivity

t-BuOOt-Bu

meta
selectivity

OH

via dienone-phenol

@ rearrangement

Selected examples:

from 3,5-dimethylphenol

from 2,6-dimethylphenol

from 2,6-dimethoxyphenol

preparing

Scheme 1. ortho-Directed consecutive oxidative cross-coupling of
phenols and arenes by iron catalysis.

synthetic approaches based on common cross-coupling

chemistry™?* will not be facile and will require large
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To accommodate this reactivity in target-orientedfor the production of each of the reaction interiatss.

synthesis, it is necessary to characterize theoffacthat
determine the chemo- and regioselectivity in eathhe
oxidative coupling steps. To this end, a structekectivity
relationship study (that included EPR spectroscaog
kinetic studies) was performed by our group (Schdnyré
That study revealed that the first step in the eounsve
reaction between substituted phenols and nucldopdriéne
is parasselective, while the selectivity in the following
coupling steps is controlled by the identity of tbeho-
substituents (R = H, Me or OMe, Schemé’1Yo further
study the factors that control the selectivityrion-catalyzed
consecutive oxidative arylation of phenols, we sat to
examine the reactivity of biphenols that have eitheo
identical or two different phenolic units. Successfoupling
of these biphenols opens the door for the pre maratf
larger and more complex natural and unnatural pylya

In this article, the iron-catalyzed consecutivedative
arylation of biphenols with phloroglucinol trimethgther
(2, Scheme 2) is reported. This sequential reactioniges
a highly selective method for preparing complexypo}ls
that are not accessible by other means. In viewowf
previous observations that the phenalitho-groups control
the regioselectivity and the chemoselectivity dgrithe
coupling steps, the scope of the reaction was eneanfor
the preparation of protected phlorotannins and wmah
polyaryls. The power of this technology, which eacealed
in obtaining multiple €C and C-O bonds in a single event,
was evaluated for the preparation of polydfylvia one-pot
oxidative phenol-phenol
reactions (scheme 3).

2. Results and discussion

One of the difficulties in developing multi-step
processes relies in the ability to identify seleettonditions

OH MeO.

MeO I OMe
MeO. l OMe

OMe

Consecutive oxidative
phenol-arene coupling

Conditions
—

phenol-phenol | t-BuOOt-Bu
coupling TFE, rt, 46 h
H

ge OH
HO O
® '
MeO onave

unsym-Mey-difucol (6b), 22%

Mes-difucol (3), 51%

oxidative FeCl3 (5 mol %)
[2 (1.2 equiv), TFE, 24 h]

MeO
MeO.

OMe

OMe Conditions

(o)

OH
sym-Meg-difucol (6a), 33%

Me-fucol (7), 30%
[FeCl3 (5 mol %), 22 h]

Mejo-tetrafucol A (8), 36%
[22 h]

Consecutive oxidative
phenol-arene coupling

9, 25%
[t+-BUOOH, 1.5 h]

This is not a trivial challenge, as any change ne of the
reaction parameters affects the kinetic profileath of the
coupling steps in a different manner. Therefore,inittated
the study by developing the tools that would aid tas
identify the conditions for selective synthesis e#ch
phenolic oligomer that is formed during the stagéghe
oxidative coupling. To achieve this objective, tkimetic
profiles of the consecutive oxidative arylation eestudied

by HPLC, and the oxidation potentials of the phéanol
intermediates were measured by cyclic voltammetiyis
information was used to follow the progress of each
arylation step as function of time under differeanditions.
With this data in hand, we were able to identifye th
particular conditions for preparing each phenogater
with a high degree of selectivity. For example, the
consecutive oxidative cross-coupling between
dimethoxyphenol a) and 1,3,5-trimethoxybenzeng)(the
phenolic components have relatively high #alues (0.61 V

— 0.82 V; Table 1§? Therefore, the rates of the oxidative
coupling are relatively slow and selective condisiofor
preparing all three possible fucol oligome8s5 were
identified (Scheme 2). Our kinetic studies impligtzht in
2,2,2-trifluoroethanol (TFE) the first arylationegt is the
rate-determining step, and therefore the conceaotrabf
Mes-difucol 3 was expected to increase at the beginning of
the reaction (Fig. 2A). Indeed, when the reacti@s warried
out inSlTFE R (1.2 equiv)], arylphend® was isolated in 51%
yield.

3,5-

and biphenol-arene coupling

OMe OMe

Meg-fucol (4), 46%
[2 (2.1 equiv), 4 h]

Me-tetrafucol B (5), 48%
[FeCl3 (15 mol %), 2 (5 equiv),24 h]

Consecutive oxidative phenol-
arene coupling conditions

OMe

2 (1.2-5 equiv)
MeO OMe
FeCl3 (15 mol %),
t-BuOOt-Bu (1.5-5 equiv), HFIP, rt

Me44-hexafucol B (10), 10 %
[FeCl3 (20 mol %), 11 days]

Scheme 2. Biomimetic oxidative oligomerization of protectkdcol natural products. Conditions: phedalor biphenoba (1 equiv), aren@
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(1.2-7 equiv), FeGI(15 mol %) t-BuOCt-Bu (1.5-7 equiv), HFIP or TFE (0.5 M), room temgiteire.

Table 1. Oxidation potentials of selected compounds in HFIP.

Entry Compound K[V]?
1 la 0.69
2 0.61
3 0.73
4 5 0.82
5 6a 0.57
6 6b 0.62
7 0.57
8 0.71
9 0.71
®Cyclic voltammetry conditions: Phenol (3 mM), suppw

electrolyte: tetrabutylammonium hexafluorophosph&€® mM) in
HFIP (5 mL) vs. Ag/0.01 M AgN®in 0.1 M TBAP/CHCN, 50 mV §
1

The importance of HFIP
reactions of phenols has been studied by number
groups;®?7:348229335657 including  our groupr®*° who
demonstrated that HFIP has a significant acceteraffect

in iron-catalyzed cross-dehydrogenative couplinddQ}

reactiond’® of phenols. Indeed, when the above reactio

was carried out in HFIP (Fig. 2B), complete constiampof

in oxidative coupling

consecutive oxidative arylation of symmetrical t@pbl 6a
with arene2 was much more selective, and four §, 9 and
10, Scheme 2) out of the five possible oligomericdorads
were identified by HPLC and later isolated. The ekio
profile of this reaction suggested that the slowptimg
steps are the second and the third arylations lendinetics
of the subsequent steps became much slower as the
molecular structure grew (Fig. 2D). This observatiwas
supported by the oxidation potential values of pojis 6a,

7, 8 and 9 (Table 1, entries 5, 7-9). On the basis of the
kinetic profile, we were able to identify differecdnditions
for obtaining oligomers7-10, yet in only moderate
selectivity. When the iron-catalysed consecutivédative
cross-coupling of biphendda was performed with a low
loading of catalyst (5 mol %), Mducol (7) was isolated in
only 30% vyield. However, by increasing the loadofgthe
redox catalyst (Fegl15 mol %), the second arylation took
place, and Mg-tetrafucol A>'® (8) was afforded in 36%
yield. Under harsher reaction conditions that imedl the
use oft-BUOOH instead of-BuOOt-Bu [FeCk (5 mol %),
1.5 h], the third coupling step took place, affogli

&olyphenolg in 25% yield, while the use of higher loading

of the redox catalyst (20 mol %), excess of argheduiv)
and prolonged reaction time (11 days) afforded heoa B
(10)*° in 10% yield. Because of the structural similarity

rrgompounds?—lo, their separation from the reaction mixture

y silica-gel chromatography is not a trivial taskerefore,

phenolla was observed in 30 min (versus 80 min in TFE).[0 obtain pure samples of the products, it was ey to

Moreover, in this solvent, the coupling productlpeyol 3

use preparative HPLC separation. Importantly, thisrk

(E.. = 0.61 V, Table 1, entry 2) had a lower oxidationdemonstrates that by changing between only fouthef

potential than the parent pheral (E,x = 0.69, entry 1), and
therefore it immediately reacted with a second aranit,

affording Me-fucol 4. The oxidative coupling of the latter

reaction parameters, namely, the loading of theoxed
catalyst, the oxidant type, the fluorinated alcataivent and
the reaction time duration, it was possible to asc& large

product4 became the rate-determining step in HFIP, as ipumber of fucol product&nfortunately, our initial attempts

has the highest oxidation potential(6f 4 = 0.73 V, entry

to remove the protecting groups by common methoeise w

3). Product4 was obtained in 46% yield when the reactionUnsuccessful, probably as result of the instabibty the

was limited to 4 h and 2.1 equiv of arene (Schejié Po
drive the third arylation step, higher loading d&ietiron
catalyst (25 mol %), excess of arene (5 equiv)@etbnged
reaction time were needed (Fig. 2C) affording ;Me
tetrafucol5 in 48% (Scheme 2).

After establishing the methodology to optimize amsive
oxidative arylation of phenols, we went on to exaenthe
reactivity of biphenols, since these compounds idev
further opportunities for synthesizing large and reno
structurally complex polyaryls. Symmetrical Mdifucols
6a and unsymmetrical Malifucols 6b (Scheme 2) were
obtained in 33% and 22% yields, respectively, by sklf-
coupling of phenolla [FeCk (10 mol %), t-BuOQ-Bu,
TFE, rt] under modified oxidative phenol-phenol pbuog
conditions (Scheme 2j. In theory, the consecutive
oxidative cross-coupling reactions of arylpher@dsand 6b

polyphenols in their free phenolic form, as diseassarlier.
An added — sometimes concealed — value in devejopin
biomimetic catalytic system lies in the ability tbhle chemist
to expand the use of the evolved chemistry, beywmatdrally
occurring substrates, to devise new synthetic dppiies
to produce unique materials with novel propertida
exploit the knowledge acquired, we therefore ingtid an
examination of the consecutive oxidative cross-tiogp
reaction between unnatural biphenol derivatives anedes.
This reaction provides direct entry to large poj§sthat are
not easily accessible by other means. The firgi stas to
examine the factors that affect the selectivityhia reaction
of biphenols according to the principles that wielentified
for substituted phenols (Scheme 1 and Fig. 3AJor that
purpose, a series of biphenols, including 4,4’-bipdl 11a
and compoundsllb-11g (Fig. 3A), which had been

with arene2 could yield, respectively, either five or eleven Prépared in a single step by iron- catalyzed oiat

different oligomers of different sizes. Indeedpaserved by
HPLC analysis, the reaction &b with arene2 was not
selective, and HPLC analysis revealed a complegticra
mixture. Despite intensive attempts, we were unable
achieve satisfying selectivity in this reaction.clontrast, the

phenol-phenol cross-coupliffg,were reacted with aren2
under our general conditions.
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Fig. 2. Progress of the consecutive oxidative cross-cogptif phenolla (A-C) or biphenol6a (D) with arene2 under different reaction
conditions. Conditions: A) phendh (1 equiv), aren& (5 equiv), FeGl (15 mol %),t-BuOQ-Bu (5 equiv), TFE (0.5 M), room temperature; B)
similar to A except HFIP instead of TFE; C) simitarA except FeGI(25 mol %) and HFIP instead of TFE; D) biphe6al(1 equiv), aren (5
equiv), Fed (25 mol %), HFIP (0.5 M), room temperature. Thacten progress was analyzed by HPLC, with mesigy/las the internal standard.

The oxidative coupling oflla (four ortho-H groups,
Fig. 3B) under our general conditions was sluggstiu
suffered from low conversion. Under these condgifarene
2 (5 equiv), FeG (15 mol %),t-BuOO-Bu (5 equiv), HFIP,
40°C, 48 h], (3,3',5,5'-tetraaryl)biphend2 was isolatedn
a poor 18% vyield. Replacing the terminal oxidanthwt-

Further studies revealed that two non-equivalennplie
units, as in biphenolld, exhibit different coupling rates. The
first oxidative cross-coupling ofld with arene2 was highly
selective at the oxygen atom of the 4-OH group (Big.The
position of this phenolic groupara to the biaryl bond provided
the electronic requirement for tii@arylation, affording product

BuOOH solved the conversion problem, yet, under thd5 in 72% yield. Furthermore, the coupling at the84 group,
modified conditions product2 was obtained together with which was found in thenetaposition to the biaryl bond, was

its corresponding diphenoquinone by-product. Theitemh

much slower and occurred only, but readily, after @hylation at

of a reduction step (NaB} at the end of the process wasthe 6 position had taken place (4&), affording product

rewarding, and polyaryll2 was obtained in 70% yield,
meaning that the average yield for the four coupkateps
was 92%. Symmetrical biphendllb (four ortho-OMe
groups, Fig. 3) reacted, as expected, at the oxggmns of
the 4 and 4’-phenolic groups to afford polyaiyd in 63%
yield. On the other hand, the arylation of bipheddat,

polyaryl 16 in 56% vyield. In our previous publicatidh,the
unusual metacoupling selectivity that had been observed for
phenols with ortho-methyl substituents (Scheme 1) was
explained by a two-step mechanism that involves aikid
coupling at theortho-ipsomethyl carbon to generate a high-
energy dienone intermediate, which undergod®aone—phenol

which has twoortho-methoxy groups on one ring and two rearrangementThis process directs the aryl group to theta
ortho-methyl groups on the second ring, took place at thposition of the phenol. However, when theetaposition is

oxygen atom of the 4-OH and the 2’ andnéétapositions
(via dienone-phenol rearrangemégntffording polyaryl14
in 46% vyield. These results provided experimentaience
that biphenols follow a similar regio- and chemesélity
trend to that of phenols and (4-aryl)phenols (SaheljT’

blocked, as in biphenoldle and 11f, the aryl migration is
prevented, and therefore dienonEs and 20 were obtained in
47% and 33% yields, respectively. Finally, the fation of
polyaryl 21 from biphenol 11g is an example that this
rearrangement also takes place fromghes-ipso-methyl group

suggesting that eaartho-group directs the selectivity only to the neighboringnetaposition.

on its own phenolic ring and has no effect on thapling of
the second phenolic unit.
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Fig. 3. Consecutive oxidative cross-coupling reaction afataral biphenoldla-g. General conditions: biphendl (1 equiv, 0.5 M), aren2 (3-5 equiv), FeGl
(15 mol %),t-BuOC-Bu (3-5 equiv), HFIP, room temperature.

OMe oxidative coupling reactions, a one-pot sequentalative
phenol-phenol and phenol-arene coupling reaction of
phenollb (Scheme 3) was performed. In this process, the

OH el (15 mal % first step involved oxidative homocoupling of phédb to
“"eo\@/o""e LBUOOLBU, HFIP (11, 2(s euy) produce the biphenolld intermediate. The addition of
Oxidative phenol-  Consecutive oxidative arene2 at this stage advanced the consecutive reaction
i phenolcoupling . Phene onditions between the biphenol and three arene units, affgrdi
polyaryl 16 in 40% yield. Overall, this sequential reaction
one afforded two biaryl and two diaryl ether bonds isiagle
highly selective operation. In contrast, when phetoand
arene 2 were mixed togethelat the beginning of the
OMe reaction, only the consecutive oxidative phenol-arene
MeO coupling reaction took place, affording triaryl ett22 in
25 equiv) d ome 68% yield (X-ray)>®
r i NS O
Consecutive oxidative  \eO OMe 3. Conclusions
PR oniions J
e 22,68% In  summary, the biomimetic iron-catalyzed
v consecutive  oxidative cross-coupling of phenolic
Scheme 3. Selective syntheses of polyaryl§ and 22 by oxidative components was applied for preparing protected
phenol-phenol and phenol-arene coupling reactions. phlorotannin natural products and unnatural polyary
frameworks that are not easily accessible by otheans.
To demonstrate the versatility of the Fe(tHFUOQt- We demonstrated that it is possible to achievecteity in

Bu/HFIP catalytic system in catalysing differenpég of this multicomponent process by adjusting betweem fif



the reaction parameters, namely, the catalyst hopdhe
peroxide, the fluoroalcohol solvent, and the reactime.

In addition, by reacting a variety of biphenols, was
confirmed that the coupling regioselectivityrtho, metaor
para) and the chemoselectivity {C vs C-O coupling) in
biphenol derivatives is controlled, as in phendly, the
phenolic ortho-groups. Finally, a sequential oxidative
phenol-phenol and phenol-arene coupling reactiors wa
performed, emphasizing the power of the chemistly f
preparing natural products and their unnatural Ggwls.
We intend to expand the consecutive oxidative eross
coupling reaction to other classes of phenolicsuaitd to
apply this efficient strategy for preparing naturahd
unnatural polyphenols that are needed for drugpstisgy *’

4, Experimental section

4.1. General information

All reagents were of reagent grade quality, purchased
commercially from Sigma-Aldrich, Alfa-Aesar, or Flukand
used without further purification. FeClanhydrous 98%
purchased from Strem Chemicals. Purification byucol
chromatography was performed on Merck chromatogeaphi
silica gel (4663 um). TLC analyses were performed using
Merck silica gel glass plates 60 F254. NMR spectraewe
recorded on Bruker DPX400 or DMX500 instruments; chamic
shifts, given in, are relative to M& as the internal standard or
to the residual solvent peak. HRMS data were obdausing a
Thermoscientific LTQU XL Orbitrap HRMS equipped with
APCI (atmospheric-pressure chemical ionization). HPLC
analysis was carried out on Agilent 1260 instrumentigped
with a G4212-60008 photodiode array detector, ES-M@a¥xd
Expression unit and an Agilent reverse phase ZORBAM&el
plus C18 3.5um column (4.6 X 100 mm).

4.2. General procedure for the synthesis of;Miéucols 6a)
and @b)

To a solution of FeGl (8.1 mg, 10 mol %), 3,5-
dimethoxyphenol (154 mg, 1 mmol) in TFE (1 ml, 0.5Mi-t-
butylperoxide (0.75 mmol) was added drop-wise at room
temperature. Then stirring was continued for 48rbodfter
complete consumption of the limiting starting mater
(indicated by TLC and HPLC), the volatiles were reemv
under reduced pressure and the crude residue widgeguly
column chromatography (silica gel 40-60 pm) to affthe pure
product.

4.2.1 Sym-Medifucol (6a)

The crude residue was purified over silica-gel calum
chromatography (ethyl acetate/hexane, 2:3) to daffor
compound6a (46 mg, 33% vyield) as a pale brown soltét
NMR (400 MHz, DMSO€s) 6 9.26 (s, 2H), 6.04 (s, 4H), 3.52
(s, 12H); °C NMR (100 MHz, DMSOd,) & 158.7, 157.9,
103.1, 92.2, 55.2; HRMS (ESI)m/z calcd for GgH1¢0g
[M+Na]* 329.0996, found 329.0998.

4.2.2 Unsym-Mgdifucol 6b)

The crude residue was purified over silica-gel caolum
chromatography (ethyl acetate/hexane, 2:3) to dffor
compoundéb (22 mg, 22% vyield) as an off-white solil4

7
NMR (400 MHz, DMSOs) 6 9.31 (s, 1H), 8.59 (s, 1H), 6.04
(s, 2H), 6.01 (s, 2H), 3.69 (s, 3H), 3.53 (s, 3H), I&26H);
¥C NMR (100 MHz, DMSOdg) 5 159.5, 159.2, 158.8, 158.0,
156.6, 103.3, 102.8, 93.7, 92.1, 89.8, 55.3, 59428; HRMS
(ESI): m/z caled for GgH:gOs [M+Na]® 329.0996, found
329.0990.

4.3. General procedure for the synthesis of biphefidb-11d)
and(11g)

Compounds: 3,3',5,5'-tetramethoxy-[1,1'-biphenyl4,4-
diol (11b), 3,5-dimethoxy-3',5'-dimethyl-[1,1"-biphenyl]-4,4
diol (11c), 2,3,4,5'-tetramethoxy-[1,1-biphenyl]-3,4'-diol
(11d), 3',5'-dimethoxy-4,5-dimethyl-[1,1'-biphenyl]-2-diol
(11g) were prepared according to the procedure reported
previously by our groufs

4.4. General procedure for the synthesis of biprefidle-11f)

To a solution of FeGI(10 mol %), phenol (1 equiv, 0.25
mmol) and 2,3-dimethylphenol (3 equiv, 0.75 mmol)HFIP
(0.5M), t-butyl hydroperoxide (1.5 equiv, 0.38 mmol) was
added drop-wise with constant stirring at 0 °C. Tke&ming
was continued at room temperature for 24 hours. rAfte
complete consumption of the limiting starting mater
(indicated by TLC and HPLC), the volatiles were regwv
under reduced pressure and the crude residue widggury
column chromatography (silica gel 40-60 pum) to affdhe
pure product.

441 3',5'-dimethoxy-3,4-dimethyl-[1,1'-Biphenylf+2diol
(11¢)

The crude residue was purified by column chromafugya
(ethyl acetate/hexane, 1:4) to afford compouafd (13.0 mg,
20% yield) as a gray solidH NMR (400 MHz, CDCJ)) & 6.97
(d,J=7.7 Hz, 1H), 6.80 (d] = 7.7 Hz, 1H), 6.63 (s, 2H), 5.58
(s, 1H), 5.40 (s, 1H), 3.90 (s, 6H), 2.31 (s, 3H), ARL33H);
¥C NMR (100 MHz, CDCJ)) & 150.3, 147.7, 137.8, 134.4,
128.5, 126.5, 125.5, 123.0, 121.7, 105.8, 56.41,2@1.9;
HRMS (ESI): m/z caled for ¢H;40, [M+Na]+ 297.1097,
found 297.1099.

4.4.2 3'-methoxy-3,4,5'-trimethyl-[1,1'-Biphenyl]-2dol (11f)

The crude residue was purified by column chromafagya
(ethyl acetate/hexane 1:9) to afford the compofif (35.4
mg, 56% yield) as a brownish ot NMR (400 MHz, CDCJ)
8 7.02 (d,J = 7.8 Hz, 1H), 6.83 (dJ = 7.8 Hz, 1H), 6.72 (s,
2H), 6.12 (s, 1H), 6.03 (s, 1H), 3.93 (s, 3H), 2.334), 2.31
(s, 3H), 2.25 (s, 3H)**C NMR (100 MHz, CDGJ) & 151.3,
146.4, 139.5, 138.0, 130.4, 127.4, 124.7, 124.8, 92122 4,
122.2, 110.9, 56.1, 21.2, 20.1, 12.1; HRMS (ESI)z c#licd
for CygH1603 [M+H]+ 259.1329, found 259.1328.

4.5. General procedure for the Biomimetic oxidative
oligomerization of protected fucols

General Method A: To a stirred solution of the 3,5-
dimethoxyphenol/Mgdifucol (2.0 equiv), 1,3,5-
trimethoxybenzene (3-7 equiv) and Fe@-20 mol %) in
HFIP (0.5 M), dit-butylperoxide (3-7 equiv, respectively to the

arene) was added drop-wise at room temperature. Upon

completion of the consecutive reaction, as inditdig TLC
and HPLC analysis, the volatiles were removed uneléuaged



pressure. The crude residue was purified by silelacglumn
chromatography affording pure polyaryl products.

General Method B: To a stirred solution of theymMe,-
difucol (1.0 equiv), 1,3,5-trimethoxybenzene (6 ieyjuand
FeCk (15% mol %) in HFIP (0.5 M)}-butyl hydroperoxide (6
equiv, respectively to the arene) was added drop-atiseom
temperature. Upon completion of the consecutiveti@acas
indicated by TLC and HPLC analysis, the volatilesrave
removed under reduced pressure. The crude residige wa
purified by silica-gel column chromatography affioigl pure
polyaryl product.

45.1 Me-difucol @) and Me-fucol @) were prepared
according to the procedure reported previouslyunygsoup>*

4.5.2 Me,-tetrafucolB (5)

3,5-dimethoxyphenol 18, 38 mg, 0.25 mmol) and 1,3,5-
trimethoxybenzene 2( 210 mg, 1.25 mmol) were reacted
according to method A with Fe{)]6.1 mg, 15 mol %) for 24 h.
The crude residue was purified by column chromafggra
(DCM/acetone, 24:1) to afford compoubd78 mg, 48% vyield)
as a yellow solid*H NMR (400 MHz, CDC)) § 6.23 (s, 4H),
6.22 (s, 2H), 5.04 (s, 1H), 3.82 (s, 9H), 3.74 (s, 1&1)9 (s,
6H); °C NMR (100 MHz, CDG)) & 161.2, 160.6, 159.5, 159.3,
158.2, 152.6, 113.3, 110.1, 107.0, 104.9, 92.18,90.3, 56.4,
56.2, 55.4; HRMS (ESI)m/z calcd for GgHsO1, [M+Na]*
675.2412, found 675.2408.

4.5.3 Me-fucol (7)

Biphenol6a (46 mg, 0.15 mmol) and 1,3,5-trimethoxybenzene
(2, 76 mg, 0.45 mmol) were reacted according to method
with FeCk (1.2 mg, 5 mol%) for 22 h. The crude residue was
purified by column chromatography (ethyl acetateéme, 3:2)
and then over preparative HPLC chromatography (Rhenex
Luna C18, 21.2 X 250 mm, 10 micron, ¢IN-H,O) to afford
compound7 (21 mg, 30% vyield) as an off-white solit§ NMR
(400 MHz, DMSOdg) 5 9.28 (s, 1H), 8.58 (s, 1H), 6.24 (s, 1H),
6.23 (s, 2H), 6.06 (s, 2H), 3.79 (s, 3H), 3.62 (s, 845 (s,
9H), 2.92 (s, 3H);°C NMR (100 MHz, DMSQds) & 160.1,
158.9, 158.8, 158.7, 157.9, 157.3, 155.5, 107.5,3,0105.5,
103.9, 94.9, 92.3, 91.1, 58.9, 55.4, 55.3, 55.10;56IRMS
(ESI): m/z caled for GgHygQy [M+K]* 511.1365, found
511.1356.

4.5.4 Meg-tetrafucol(8)

Biphenol6a (46 mg, 0.15 mmol) and 1,3,5-trimethoxybenzene
(2, 76 mg, 0.45 mmol) were reacted according to method
with FeCk (3.6 mg, 15 mol%)or 22 h. The crude residue was
purified by column chromatography (ethyl acetateéme, 3:2)
and then over preparative HPLC chromatography (Phenex
Luna C18, 21.2 X 250 mm, 10 micron, ¢EN-H,O) to afford
compound (35 mg, 36% vyield) as a brown ol NMR (400
MHz, DMSO4dg) 8 8.61 (s, 2H), 6.26 (s, 2H), 6.24 @~ 2.2
Hz, 2H), 6.21 (dJ = 2.2 Hz, 2H), 3.79 (s, 6H), 3.65 (s, 6H),
3.59 (s, 6H), 3.54 (s, 6H), 3.03 (s, 6H)C NMR (125 MHz,
DMSO-dg) 6 160.1, 158.9, 158.8, 158.7, 157.4, 155.5, 108.2,
107.4, 105.5, 95.0, 91.0, 90.9, 58.9, 55.4, 55531 (x 2C);
HRMS (ESI): m/z caled for GH3s0:, [M+Na]® 661.2256,
found 661.2246.

4.5.5 Compounddj

Biphenol6a (31 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 101 mg, 0.60 mmol) were reacted according to neetho
with FeCk (2.4 mg, 15 mol%for 1.5 h. The crude residue was
purified by column chromatography (ethyl acetateéme, 3:2)
and then over preparative HPLC chromatography (Phenex
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Luna C18, 21.2 X 250 mm, 10 micron, §&EN-H,O) to afford
compound (21 mg, 25% vyield) as a brown ol NMR (500
MHz, DMSO-d;) 8 8.60 (s, 1H), 6.55 (s, 1H), 6.28 (s, 1H), 6.27
(d,J = 2.3 Hz, 2H), 6.22 (d] = 2.3 Hz, 2H), 6.21 (s, 2H), 3.79
(s, 6H), 3.79 (s, 3H), 3.70 (s, 6H), 3.66 (s, 3H), I&86H),
3.53 (s, 6H), 3.09 (s, 3H), 3.08 (s, 6K} NMR (125 MHz,
DMSO-d¢) & 160.3, 160.0, 159.1, 158.8, 158.7, 157.3, 155.5,
153.3, 112.6, 110.2, 108.8, 107.5, 105.6, 105.3,®1.6, 91.4,
90.9, 59.0, 58.9, 55.6 (x 2C), 55.3, 55.1, 55.0; HRM@SI):m/z
caled for GgH4g0:5 [M+Na]* 827.2885, found 827.2867.

4.5.6 Mg,hexafucoB (10)

Biphenol 6a 46 mg, 0.15 mmol) and 1,3,5-trimethoxybenzene
(2, 176 mg, 1.05 mmol) were reacted according to ntt#o
with FeCk (4.8 mg, 20 mol%jor 11 days. The crude residue
was purified by column chromatography (ethyl acéteteane,
3:2) and then over preparative HPLC chromatography
(Phenomenex Luna C18, 21.2 X 250 mm, 10 micron;GH
H,0) to afford compoundO (14 mg, 10% yield) as a brown oil;
'H NMR (400 MHz, DMSOd,) & 6.25 (s, 8H), 3.79 (s, 15H),
3.60 (s, 24H), 3.16 (s, 9H)*C NMR (100 MHz, DMSOd,) &
160.3, 159.0, 157.2, 153.3, 113.7, 110.3, 105.3},%B.2, 55.5,
55.1; HRMS (ESI)m/zcalcd for GHsgO15 [M+Na]* 993.3515,
found 993.3522.

4.6. General procedure for the Consecutive Oxida@vess-
Coupling of Biphenols with Arenes

General method C: To a stirred solution of the phenol/biphenol
derivative (1.0 equiv), 1,3,5-trimethoxybenzenés(8¢quiv) and
FeCk (15 mol %) in HFIP (0.5 M), di-butylperoxide (3-5
equiv, respectively to the arene) was added drop-atseom
temperature. Upon completion of the sequential dxidaross-
coupling reaction, as indicated by TLC and HPLC gsial the
volatiles were removed under reduced pressure. Thdec
residue was purified by silica-gel column chromadpdry
affording pure polyaryl products.

General method D: To a stirred solution of the biphenol
derivative (1.0 equiv), 1,3,5-trimethoxybenzenes(8¢uiv) and
FeCk (15 mol %) in HFIP (0.5 M), di-butylperoxide (3-5
equiv, respectively to the arene) was added drop-atiseom
temperature and the stirring was continued &G40

Upon completion of the consecutive reaction, ascemgd by
TLC and HPLC analysis, the volatiles were removedeund
reduced pressure. The crude residue was purifiesilisg-gel
column chromatography affording pure polyaryl proigu

General method E: To a stirred solution of biphenol (1.0
equiv), 1,3,5-trimethoxybenzene (6 equiv) and k€T mol
%) in HFIP (0.5 M) at 0 °C was added drop-wiskutyl
hydroperoxide (6 equiv. respectively to the arefi@p reaction
was further stirred at room temperature until fuhsumption
of the biphenol starting material. NaBKL.1 equiv) was added
in one portion and the mixture stirred for 3 h. Thaction was
quenched with 1N HCI ag. sol. and extracted with
dichloromethane (3 X 10 mL). The combined organiageh
was dried over MgS§) the volatiles removed under reduced
pressure and the crude residue purified by silelaeplumn
chromatography affording pure polyaryl product.

4.6.1 Compound2

Biphenollla (19 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 101 mg, 0.60 mmol) were reacted according to neethéor

6 h. The crude residue was purified by column chtography
(ethyl acetate/hexane, 7:3) to afford compollad59 mg, 70%
yield) as red solid*H NMR (400 MHz, CDCJ) § 7.43 (s, 4H),



6.25 (s, 8H), 5.31 (s, 2H), 3.83 (s, 12H), 3.72 (H)24°C
NMR (100 MHz, CDCJ) 5 160.9, 158.9, 150.7, 132.4, 130.1,
121.3, 108.7, 91.5, 56.2, 55.4; HRMS (ES#)iz calcd for
CusHscO1a [M] * 850.3195, found 850.3191.

4.6.2 Compound3

Biphenol11lb (34 mg, 0.11 mmol) and 1,3,5-trimethoxybenzene
(2, 56 mg, 0.33 mmol) were reacted according to metddr

24 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 1:1) to dffor
compoundl3 (44 mg, 63% yield) as a yellowish solit NMR
(500 MHz, CDC}) & 6.72 (s, 4H), 6.14 (s, 4H), 3.77
(overlapped, 18H), 3.73 (s, 12HJC NMR (125 MHz, CDG))

6 155.6, 152.3, 151.8, 137.5, 135.8, 131.9, 105254,957.1,
56.7, 55.5; HRMS (ESI)m/z calcd for GuH3dO:, [M+K]™
677.0000, found 677.2015.

4.6.3 Compound4

Biphenolllc (27 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 84 mg, 0.50 mmol) were reacted according to methddr

10 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 1:1) to dffor
compoundl4 (36 mg, 46% yield) as a yellow oft{ NMR (400
MHz, CDCL) é 6.14 (s, 2H), 6.06 (s, 2H), 5.97 (s, 4H), 4.70 (s,
1H), 3.76 (s, 6H), 3.74 (s, 3H), 3.59 (s, 12H), 3.5(®4), 3.37

(s, 6H), 1.98 (s, 6H)**C NMR (125 MHz, CDG)) & 160.4,
158.1, 155.2, 152.1, 150.9, 149.7, 136.7, 136.6,8,3132.6,
131.7, 122.3, 111.5, 108.3, 92.6, 90.0, 56.7, 586%65, 55.2,
13.5; HRMS (ESI)m/zcalcd for GgH,g0:5 [M+Na]"™ 795.2987,
found 795.2990.

4.6.4 Compound5

Biphenol6a (31 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 51 mg, 0.30 mmol) were reacted according to methddr
5 h. The crude residue was purified by column chtography
(ethyl acetate/hexane, 2:3) to afford compoliB@34 mg, 72%
yield) as a brown oil*H NMR (500 MHz, CDCJ) & 6.85 (d, J =
8.6 Hz, 1H), 6.76 (s, 2H), 6.71 (d, J = 8.6 Hz, 1H)564, 2H),
5.74 (s, 1H), 3.92 (s, 3H), 3.78 (s, 3H), 3.74 (s, 64j2 (s,
6H), 3.52 (s, 3H)*C NMR (125 MHz, CDCJ) & 155.6, 152.3,
151.6, 147.0, 144.7, 138.8, 137.0, 132.2, 132.8.01.2120.3,
107.1, 105.8, 92.4, 60.5, 56.9, 56.7, 56.4, 55.6MSRESI):
m/zcalcd for GsH,s04 [M+Na]™ 495.1631, found 495.1632.

4.6.5 Compound6

Biphenol11ld (31 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 84 mg, 0.50 mmol) were reacted according to meiddr

24 h. The crude residue was purified by column
chromatography; (ethyl acetate/hexane, 3:2) to rdffo
compoundl6 (45 mg, 56% yield) as a pale brown solfth
NMR (500 MHz, CDC})) 6 6.53 (s, 1H), 6.37 (s, 2H), 6.16 (s,
2H), 6.08 (s, 2H), 5.98 (s, 2H), 3.77 (s, 3H), 3.7%(@apped,
6H), 3.74 (overlapped, 9H), 3.59 (s, 6H), 3.56 (s, &H0 (s,
6H), 3.14 (s, 3H),°C NMR (125 MHz, CDGJ)) § 160.5, 158.3,
155.5, 155.3, 152.2, 152.0, 150.5 (x 2C), 149.M.44136.3,
132.6, 132.3, 132.0, 129.8, 128.3, 112.7, 111.8.71093.0,
92.5, 90.4, 60.2, 56.8, 56.6, 56.5, 55.6, 55.65,95.3; HRMS
(ESI): m/z calcd for GgHa.O:5 [M+Na]® 827.2891, found
827.2909.

4.6.6 Compound?7

Biphenollle (27 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 51 mg, 0.30 mmol) were reacted according to methddr
1.5 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 3:7) to réffo
compoundl? (15 mg, 34% vyield) as a green dij NMR (400
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MHz, CDCL) § 6.91 (s, 1H), 6.71 (s, 2H), 6.24 (s, 2H), 5.55
(s, 1H), 5.42 (s, 1H), 3.89 (s, 6H), 3.87 (s, 3H), IF36H),
2.27 (s, 3H), 2.03 (s, 3H)C NMR (100 MHz, CDC) 5 160.6,
158.7, 149.4, 147.7, 137.6, 134.3, 129.8, 128.%,9,2124.9,
123.0, 112.0, 106.0, 90.7, 56.5, 55.9, 55.5, 1¥218; HRMS
(ESI): m/z calcd for GgH,gO; [M+H]™ 441.1908, found
441.1900.

4.6.7 Compound8

Biphenollle (27 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 51 mg, 0.30 mmol) were reacted according to methddr
3 h. The crude residue was purified by column chtography
(ethyl acetate/hexane, 2:3) to afford compoll®@31 mg, 52%
yield) as a brown oil’!H NMR (400 MHz, CDCJ) & 6.92 (s,
1H), 6.66 (s, 2H), 6.24 (s, 2H), 6.15 (s, 2H), 5.501(3), 3.87
(s, 3H), 3.78 (s, 3H), 3.73 (s, 12H), 3.72 (s, 6H)73<2 3H),
2.03 (s, 3H);”*C NMR (100 MHz, CDG)) & 160.5, 158.7,
155.7, 152.3 (x 2C), 149.3, 137.6, 137.0, 131.2@y, 129.5,
125.9, 124.8, 122.9, 112.1, 107.1, 92.3, 90.7, 98688, 55.9,
55.6, 55.5, 17.1, 12.7; HRMS (ESt/z calcd for G4H3g010
[M+Na]* 629.2357, found 629.2366.

4.6.8 Compound9

Biphenollle (27 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 84 mg, 0.50 mmol) were reacted according to metddr

10 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 1:1) to dffor
compound19 (36 mg, 47% vyield) as a yellow oftf NMR (400
MHz, CDCL) § 6.97 (s, 1H), 6.85 (s, 2H), 6.20 (d, J = 2.1 Hz,
1H), 6.18 (d, J = 2.1 Hz, 1H), 6.12 (s, 2H), 6.11 t4),3.84 (s,
3H), 3.79 (s, 6H), 3.76 (s, 3H), 3.71 (s, 15H), 3.6%$), 1.80

(s, 3H), 1.44 (s, 3H)**C NMR (100 MHz, CDG) & 204.0,
160.7, 159.9, 158.9, 158.6, 155.6, 155.1, 152.3.(15143.9,
137.4, 131.5, 130.5, 120.9, 120.8, 113.5, 111.3,.6,092.3,
91.9, 91.0, 59.2, 57.2, 56.8, 56.1, 55.9, 55.76,555.5, 55.3,
25.2, 17.8; HRMS (ESI)m/z calcd for GgHss0:5 [M+Na]*
795.2987, found 795.2991.

4.6.9 Compoun&0

Biphenol11f (26 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 51 mg, 0.30 mmol) were reacted according to methddr

72 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 1:1) to diffor
compound20 (19 mg, 33% vyield) as a yellow solitdi NMR
(400 MHz, CDCY) & 7.14 (s, 1H), 6.86 (s, 1H), 6.65 (s, 1H),
6.23 (s, 2H), 5.46 (s, 2H), 3.87 (s, 3H), 3.81 (s, 39 (s,
6H), 3.60 (s, 6H), 2.34 (s, 3H), 2.11 (s, 3H), 2.003@); °C
NMR (100 MHz, CDCY)) & 186.7, 167.0 (x 2C), 160.7, 158.6,
152.3, 148.8, 138.4, 137.7, 135.0, 132.2, 131.8.6,2128.9,
127.1, 121.1, 112.4, 111.3, 100.1, 91.0, 56.1,, 598609, 55.5,
21.7, 17.2, 13.2; HRMS (ESly/zcalcd for GiHz,0, [M+Na]*
597.2095, found 597.2093.

4.6.10 Compoungl

Biphenol1lg (27 mg, 0.10 mmol) and 1,3,5-trimethoxybenzene
(2, 84 mg, 0.50 mmol) were reacted according to metddr

24 h. The crude residue was purified by column
chromatography (ethyl acetate/hexane, 1:1) to dffor
compound?1 (37 mg, 48% yield) as an off-white solid4
NMR (400 MHz, CDCY) 3 6.39 (s, 2H), 6.27 (s, 2H), 6.08 (s,
2H), 6.00 (s, 2H), 4.86 (s, 1H), 3.86 (s, 3H), 3.773H), 3.76

(s, 6H), 3.75 (s, 3H), 3.61 (s, 6H), 3.59 (s, 6H), I$46H),
2.01 (s, 3H), 1.94 (s, 3H)’C NMR (100 MHz, CDCJ) 5 161.0,
160.4, 159.0, 158.1, 155.4, 152.1, 151.2, 148.8.5,3136.3,
132.7, 132.2, 131.8, 127.6, 126.0, 119.6, 111.8.2,0107.8,
92.4,91.2,90.1, 56.6 (x 2C), 56.1, 55.5 (x 2G)4555.2, 17.6,



16.9; HRMS (ESI)m/zcalcd for GaHag0:5 [M+Na]” 795.2987,
found 795.2993.

4.7. General procedure for one-pot sequential oxidat
coupling for the formation of compoua@

To a solution of FeGl(6 mg, 15 mol %), 2,6-dimethoxyphenol
(77 mg, 0.5 mmol) in HFIP (0.5 ml, 0.5M), tbutylperoxide
(0.38 mmol) was added drop-wise at room temperafthien
stirring was continued for 24 hours. After the forimatof the
biphenol 11d as indicated by TLC and HPLC, 1,3,5-
trimethoxybenzene 2( 210 mg, 1.25 mmol) and ¢h-
butylperoxide (1.25 mmol) were added drop-wise ainto
temperature. Then the stirring was continued af@Qupon
completion of the consecutive reaction the volatilwere
removed under reduced pressure and the crude eegidified
by silica-gel column chromatography to afford compd 16
(78 mg, 40% yield) as a yellow solid.
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