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ABSTRACT: The oxidative homocoupling of para-alkenyl phenols and R!

subsequent trapping of the resulting quinone methide with a variety of
oxygen and nitrogen nucleophiles were achieved. Both p-f and p-O N
coupling isomers can be synthesized via either C—C coupling and two R W

coupling followed by one nucleophilic addition of a water molecule (3-O
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leveraging the understanding of the mechanism. Specifically, a qualitative
predictive model for the selectivity of the coupling was formulated based

on catalyst electronics, solvent polarity, and concentration.
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B INTRODUCTION

Lignans are a class of molecules found abundantly in nature
(Figure 1). Some natural products in this class have been
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Figure 1. Examples of alkenyl phenol homocoupling products found
in nature.

found to possess potent biological activities including
antimalarial,’ antioxidant, antiparasitic, antifungal,2 and anti-
microbial properties.” The tetrahydrofuranyl scaffold lignans
have potent activity against Trypanosoma cruzi, the causative
agent of Chagas disease,” as well as being highly active platelet-
activating factor (PAF) inhibitors.”

Vanadium(V) oxo catalysts have been used to selectively
and enantioselectively homocouple hydroxy aryl systems, such
as phenols, naphthols, and hydroxycarbazoles.””'" We
hypothesized that alkenyl phenols should also be oxidizable
by this class of vanadium catalysts. These catalysts have the
advantage of being able to be turned over by molecular oxygen
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and are relatively inexpensive to prepare compared to precious
metal catalysts.

To the best of our knowledge, no general method exists to
catalytically and oxidatively homocouple terminal alkenyl
phenols selectively. In 1997, it was reported that para-methoxy
styrene could be homocoupled to give the quinone
intermediate that was trapped with water to form a diaryl
furan (f-f coupling) in modest yields using ceric ammonium
nitrate (CAN) (Scheme 1.1)."" In 2011, the oxidative enzyme
laccase was studied with a simple styrene and was found to give
a variety of oxidation products, including tetrahydrofuranyl and
aryl ether scaffolds of interest, as a low yielding mixture
(Scheme 1.2)."* In 2015, a method was reported to generate
the aryl ether linkage (8-O coupling) seen in virolin. This
method lacked generalizability and required stoichiometric
silver as an oxidant (Scheme 1.3)."> While other methods to
synthesize tetrahydrofuranyl lignans have been reported, none
follow a biomimetic oxidative homocoupling route.'*"

B RESULTS AND DISCUSSION

En route to synthesizing a carpanone'®'” analog utilizing a
vanadium(V) catalyst, we discovered that a tetrahydrofuran
product was formed instead (Scheme 2). Based on this
outcome, 10 equiv of water were added to the reaction mixture
in order to facilitate the formation of the tetrahydrofuran
product. This strategy proved effective, resulting in a 46% yield
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Scheme 1. Styrene and Styrenyl Phenol Oxidative Coupling
To Affect f-f coupling and -O Coupling
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of product as a mixture of cis and trans tetrahydrofuranyl
isomers.

Curious as to whether para-alkenyl phenol substrates would
react similarly, these substrates were also investigated. Notably,
two avenues were observed arising from either C—C coupling
and two nucleophilic additions of one water molecule (f-f
isomer) or C—O coupling followed by one nucleophilic
addition of a water molecule ($-O isomer). With a substrate,
1b, which gives both f-f and the $-O coupling isomers in
relatively high yield, solvent screening revealed a strong
correlation between the ratio of the coupling products and the
dipole moment of reaction solvent (Scheme 3). Using these
data, conditions were devised that led to selectivity for either
the f-f or f-O coupling products. Optimal results for the -
coupling product were obtained in acetonitrile, while 1,4-
dioxane was best to generate the $-O coupling products.

Further screening was undertaken with catalysts having
different electronic and structural properties (Figure 2). The
yield and selectivity (Table 1) were not sensitive to the
properties of the monomeric catalysts. However, the dimeric
catalyst B gave a 5.8:1 selectivity in favor of the $-O product
(Table 1, entry 2). This outcome could arise from either a
synergistic effect between the two vanadium centers or the
effectively higher concentration of vanadium centers/catalytic
sites in solution. Base additives seemed to suppress the desired
reactivity (Table 1, entries 6—9).

From these observations, it appears that the concentrations
of both the catalytic species and substrate impact the
selectivity. It was hypothesized that dilution of the reaction
mixture would therefore result in different selectivity ratios by
biasing pathways with lower molecularity (Figure 3). Two
parallel sets of experiments were performed in acetonitrile and

Scheme 3. Optimization of Selectivity by High-Throughput

Experimentation”
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Figure 2. Catalysts screened for selectivity.

1,4-dioxane, as these were found to give the best results for
each isomer. For the trials in 1,4-dioxane, it was found that a
linear relationship existed between the selectivity ratio and the
starting concentration of the phenol. At very low concen-
trations in 1,4-dioxane, only decomposition was observed. In
acetonitrile, the selectivity followed a more logarithmic trend.
In both cases, lower concentrations resulted in more f-f
coupling products, while higher concentrations gave more -O
coupling products.

A double reciprocal analysis of the selectivity versus the
global concentration in acetonitrile showed a linear trend with
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Table 1. Ratio of Products from Screening of Catalysts and

Additives”
MeO. OMe
HO OH
| |
Beta-Beta Coupling
MeO. 10 mol% catalyst
0, 0.2M14-dioxane OH OMe
HO 60 °C, 16 h, 10 equiv H,0 . MQOQ)VO]@\/
|
=
1b HO I |
Beta-O Coupling
entry additive catalyst % p-p* % p-O° p-O/p-p

1 none A 28 68 2.4
2 none B 12 70 5.8
3 none C 19 73 3.8
4 none D 22 66 3.0
S none E 14 49 3.5
6 NaHCO; A 18 12 2.8
7 Na,CO; A 0 0 N/A
8 KOH A 0 0 N/A
9 K,CO; A 0 0 N/A

“Yields determined by 'H NMR spectroscopy of the reaction mixture
with CH,Br, as an internal standard.
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Figure 3. Dilution effects on selectivity. (Yields determined by 'H
NMR spectroscopy of the reaction mixture with CH,Br, as an internal
standard. Reaction conditions: 10 mol % catalyst A, 16 h, 10 equiv
water, and 80 °C.)

excellent correlation (R* = 0.98) (Figure 3, inset). This result
indicated that, at high concentrations of the substrate in
acetonitrile, the catalyst was being saturated by the substrate,
while at low concentrations, not all of the catalytic sites were
being used.

On this basis, catalyst loading was expected to have an effect
on selectivity. Indeed, in both 1,4-dioxane and acetonitrile,
there were strong linear relationships between the catalyst
loading and selectivity (Figure 4). In both solvents, the amount
of the $-O product increased with catalyst loading relative to
the f-f product. It is reasonable to conclude that a metal-
bound pathway contributes more to the production of the -O
coupling product than the -# coupling product.
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Figure 4. Catalyst loading effect on selectivity. (Yields determined by
"H NMR spectroscopy of the reaction mixture with CH,Br, as an
internal standard. Reaction conditions: x mol % catalyst A, 16 h, 10
equiv water, 0.2 M substrate, and 80 °C.)

To better understand these observations, a series of
experiments were performed to measure selectivity while
changing the concentration of phenol and holding the
concentration of catalyst constant (Figure 5). From the

0 0.1 0.2 0.3 0.4 0.5 0.6
[Phenol] (M)

Figure 5. [Phenol] versus selectivity in 1,4-dioxane. (Ratios are of
peak areas from UPLC analysis of the reaction mixture using UV—vis
detection with TWC. Reaction conditions: 0.724 mL of dioxane, 0.01
M catalyst A, 16 h, 1 M H,0, and 80 °C.)

above observations, it was expected that higher concentrations
of phenol would lead to more f-§ products relative to the $-O
coupling product. Indeed, this trend was observed and, in
conjunction with previous results, indicated that free phenol
could be displacing bound oxidized phenol, allowing free
phenoxy radicals to couple in an uncatalyzed fashion to
generate the f-f coupling product.

With this understanding, conditions could be rationally
designed that would produce the f-f coupling product
selectively (Table 2). The catalyst library was screened, and
again the ratio of isomers was insensitive to catalyst electronics.
However, the electron-rich dimethylamino-substituted catalyst
(catalyst A) gave fewer byproducts. This observation can be
explained by the strong electron-donating groups on the
ligand, which stabilize the high oxidation state of the metal,
making the catalyst a milder oxidant relative to other variants.
The reaction mixture was diluted as much as was operationally
reasonable to minimize the coupling of a catalyst-bound
intermediate and maximize the coupling of free phenoxy
radicals. At a very dilute (0.005 M) concentration in
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Table 2. Optimization of f-f Coupling”

MeO OMe
v
HO O OH
|

Beta-Beta Coupling
10 mol% catalyst

MeO
A acetonitrile, O OH OMe
HO 60°C, 16 h, 10 equiv H,0 , MeO Ojij\/
I
HO [ Z

|
Beta-O Coupling

entry [Phenol] (M) catalyst % pB-p % p-O p-O/p-p
1 0.2 A 40 46 1.2
2 0.2 B 39 43 1.1
3 0.2 C 32 38 1.2
4 0.2 D 26 28 1.1
S 0.2 E 39 34 0.87
6 0.01 A 43 25 0.58
7 0.005 A 65 16 0.25

“Yields determined by 'H NMR spectroscopy of the reaction mixture
with CH,Br, as an internal standard.

acetonitrile, moderate yields of the - coupling product were
obtained with a 1:4 ($-O/f-f) selectivity.

Several common oxidants other than oxygen were tested to
ensure that a stronger oxidant was not needed to achieve
higher yields. Substrate 1b was subjected to the conditions
optimized for p-f coupling, and the reaction mixture was
measured by '"H NMR spectroscopy using an added internal
standard. All four oxidants tested gave poorer performance and
selectivity than with oxygen as the terminal oxidant for
substrate 1d (Table 3). This result likely arises from direct
over-oxidation of the product by other oxidants.

Table 3. '"H NMR Yield for f-f and f-O Coupling Products
Using Four Chemical Oxidants

MeO. OMe
(©)
DO av™
| |
10 mol% catalyst A

MeO Beta-Beta Couplin
N Ar, 0.005M MeCN ping
HO 60 °C, 16 h, 10 equiv H,O OH OMe
| 1.2 equiv oxidant MeO lo)
1b +
HO | 7

|
Beta-O Coupling

% B-O % BB

entry oxidant % 1b“  coupling® coupling®
1 tert-butyl hydroperoxide (70%  trace 28 28
in H,0)
2 (NH,),S,04 10 12 trace
3 iodosobenzene 10 12 52
4 H,0, (30% in H,0) 30 20 32

“Yields determined by "H NMR spectroscopy of the reaction mixture
with CH,Br, as internal standard.

Seeing that control of selectivity could be achieved by
selection of solvent, catalyst, and concentration, the mecha-
nism was probed using 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) as a free radical trap. Two equivalents of TEMPO
were added to the optimized B-f coupling conditions, and
TEMPO-trapped products were isolated (see the Supporting
Information for experimental details and characterization

data). This result indicates that free radical intermediates
persist in solution (Scheme 4, intermediate 4). The major

Scheme 4. Proposed Mechanism for Oxidative Coupling of
para-Alkenyl Phenols
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product was not the expected f-f coupling product as
predicted for these conditions in the absence of TEMPO. It
appears that sequestering free phenoxy radicals drove the
reaction toward the $-O coupling product through a catalyst-
bound intermediate that interacts less readily with TEMPO.
From the above data, the following mechanism is proposed
(Scheme 4). First, free phenol undergoes ligand exchange with
the catalyst and is oxidized to form intermediate 3. Binding of
the phenol oxygen to the catalyst should be fac1le glven the
known Lewis acidity of vanadium(V) oxo catalysts.'® Evidence
for coordination of the substrates was obtained with *'V NMR
spectroscopy (see the Supporting Information for details).
Electron-rich phenols shift the *'V signal more significantly
than electron-poor phenols. Mixing catalyst A or B with
electron-rich 2-fluoro-6-methoxy-4-vinyl phenol (1h) or 2,6-
dimethoxy-4-vinyl phenol (1j) substrates results in a quick loss
of the catalyst >'V signal and the appearance of a new signal
downfleld. In the case of the 2-iodo-6-methoxy4-vinyl phenol
(1b) with catalyst B, the catalyst signal decreases and a smaller
peak appears over several hours. The *'V signal is shifted
further downfield the more electron-rich the ligand, as
expected for complexes of vanadium(V).*>*' On the other
hand, 2-methoxy-6-nitro-4-vinyl phenol (1i) does not affect
the vanadium chemical shift of either catalyst, indicating a very
weak or disfavorable coordination. These results together
indicate that electron-rich phenols interact more readily with

l Water addition
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the catalysts than electron-poor phenols, which is consistent
with the observed reaction profiles (slower reactions for
electron-poor substrates; see below).

The reaction undergoes a single turnover when conducted
under nitrogen, indicating that the vanadium(V) species can
act on the substrate without oxygen. The resultant
intermediate 3 is biased to attack by the phenolic oxygen of
unbound 4 to form the aryl ether bond giving intermediate §
and, after addition of water, the f-O coupling product 6.
Coupling to form the C—O bond is preferred in this case
because the Lewis acidic vanadium polarizes the bound
substrate, rendering the pf-position harder and thus more
susceptible to attack by oxygen instead of carbon. This result is
consistent with the finding of more C—O at higher
concentrations of the vanadium catalyst (allows sufficient 3
to be present; see Scheme 4). Alternatively, the oxidized free
radical species 4 could homocouple, leading to the f-p
coupling product 8, after addition of water. Dissociation from
the catalyst is more likely in more polar solvents such as
acetonitrile due to stabilization of the resulting cationic
vanadium species such that less 3 is present, favoring C—C
coupling and disfavoring C—O coupling. Coupling to form the
C—C bond from the unbound phenolic radical is favored due
to greater density of the SOMO (singly occupied molecular
orbital) at the f-carbon (see the Supporting Information) and
less steric hindrance at the S-carbon versus the oxygen. This
sequence is consistent with the mechanism proposed for an
enz;{r)ne—catalyzed oxidative homocoupling of coniferyl alco-
hol."

The substrate scope was explored for both the $-O coupling
and the f-f8 coupling. For the -O coupling (Scheme S) scope,
modestly electron-poor alkenyl phenols gave the best results.
Very electron-poor alkenyl phenols, like the nitro-substituted
1i, react more slowly, requiring elevated reaction temperatures
and leaving the unreacted starting material. More electron-rich
substrates are active but do not convert to the desired products
under these conditions; instead, a complex reaction mixture
results. These observations are consistent with the hypothe-
sized mechanism. Electron-poor phenols are harder to oxidize
and require harsher conditions, while more electron-rich
phenols are more readily oxidized and may have a tendency
to over-oxidize or decompose under the reaction conditions.

Unfortunately, phenols that are unsubstituted at one ortho
position do not give a significant amount of the $-O product.
Yields for the 3-O coupled products are moderate, partially due
to the instability of the product and difficult purification from
related byproducts. However, no method has been reported for
this coupling across such a range of substrates. Scaling up the
reaction did impact the yield (Scheme S, 6b). Substituted
alkenes gave poorer yields (Scheme S, 6f) compared to the
unsubstituted counterparts, potentially due to greater steric
hindrance toward the attack by the phenoxy radical (Scheme 4,
3 to §) or water (Scheme 4, § and 6).

Since water acts as the nucleophile to trap intermediate
quinone methide 5 (Scheme 4), other nucleophiles were
examined (Scheme 6). Addition of alcohol nucleophiles was
effective using 1,2-dichloroethane as the solvent (to more
readily exclude water) using the highest yielding substrate (1b)
and the optimal conditions for $-O coupling.

The scope for the -f coupling is more general and tolerates
both electron-rich and electron-poor alkenyl phenol substrates
(Scheme 7). Apparently, the low concentration of the reaction
mixture reduces undesired side reactions, and the tetrahy-

Scheme S. Scope of the #-O Coupling
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i Br
6b, 63% B, 48%
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OH Br OH OMe
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HO Br = HO Br Br Z
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6d 30% (45% brsm)
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6f, 25% 6g, 38%

OoH OMe OH OMe
MeO OIjv MeO O]@\/
HO F Z  Ho O,N 7
E NO,
6h, 48% 6i, 38%
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“Reaction at a 1 mmol scale.

Scheme 6. Scope of the f-O Coupling with Alcohol
Nucleophiles
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drofuranyl scaffold is more stable overall. The yields are
moderate to good with 1.2—1.8:1 of the cis:trans tetrahy-
drofuran isomers. The yield and selectivity are not significantly
impacted by the scale of the reaction (Scheme 7, 8j). In some
cases, isolated yields are limited by the difficulty of purifying
the product from isomers or decomposed species. The - and
B-O reactions with water and aniline are especially affected, but
reactions with alcohols are much easier to separate as the ether
products (9d) have significantly different behaviors on silica

DOI: 10.1021/acscatal.9b02608
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Scheme 7. Scope of the f-f Coupling”
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Ph
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Br Ph
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8k, 41% 1.8:1dr
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8n, 44% 1.8:1dr

OMe
MeO. : o O OH
HO
8p, 17% (25% brsm) 1.8:1 dr

“Diastereomeric ratios of trans:cis were determined from comparison
with '"H NMR spectra of analogous tetrahydrofurans.”? “1 mmol
scale.

gel. Both mono and bis ortho-substituted phenols tolerated
these reaction conditions; however a poor yield was seen for
the mono-substituted example (Scheme 7, 8p), most likely due
to a greater number of possible byproducts.

After exploring the scope of the $-f coupling, nucleophiles
other than water were investigated as trapping agents for the
intermediate quinone methide 7 (Scheme 4). Aniline was
found to be an effective nucleophile in the f-8 coupling
(Scheme 8). Higher concentrations of the substrate were
needed to accelerate the reaction and prevent decomposition
of the aniline nucleophile.

Scheme 8. f-f Coupling with Aniline as the Nucleophile

OMe
MeO,
MeO. 10 mol% catalyst A N O
X 60°C, Oy, 1 equiv aniline HO OH
HO 16 h, 0.05 M MeCN Mo © OMe
OMe

1j 10,47% 1.4:1 dr

In conclusion, mechanistic experiments and strategic high-
throughput experimentation were investigated to rationally
optimize reaction conditions and bias the outcome of the
oxidative coupling of alkenyl phenols. The result is a general
method to generate tetrahydrofuranyl lignan derivatives via a
biomimetic coupling mechanism. We also report the synthesis
of several aryl ether coupling products, which, to our
knowledge, have no known catalytic synthesis. The products
resulting from both methods can be further diversified by using
either alcohol or aniline nucleophiles. Complex structures can
be synthesized selectively in one step to afford multiple
products from one substrate. These structures have potential
biological relevance due to their similarities to common natural
products. The use of molecular oxygen as an environmentally
benign terminal oxidant and the relatively low toxicity of
vanadium minimize the impact of waste streams.
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