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Focusing on advances from the last decade, this review will describe oxidative phenol coupling as applied in the total 
synthesis of natural products. This review covers catalytic and electrochemical methods with a brief comparison to 
stoichiometric and enzymatic systems assessing their practicality, atom economy, and other measures. Natural products 
forged by C–C and C–O oxidative phenol couplings as well as from alkenyl phenol couplings will be addressed. Additionally, 
exploration into catalytic oxidative coupling of phenols and other related species (carbazoles, indoles, aryl ethers, etc.) will 
be surveyed. Future directions of this particular area of research will also be assessed.
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1.   Introduction
The field of natural product chemistry has been significantly 
impacted by the emergence of oxidative coupling in the early 
20th century.1, 2 Discovering new ways to couple aryl fragments 

continues to aid organic chemists in their journey to construct 
the most intricate molecules found in nature. Phenols and 
phenolic-type compounds are a common feature seen in 
natural products. These moieties offer unique redox chemistry 
which provides access to further derivatization (cyclization, 
dearomatization, etc.).3-5 A plethora of biosynthetic pathways 
involve phenol reactivity, especially oxidative coupling of these 
species.6-9 As a result, developing oxidative phenolic coupling 
methods has remained an important challenge in organic 
chemistry.10, 11 Fig. 1 illustrates the citation and publication 
count from 1961 to present day on oxidative phenol coupling.

Fig. 1 Graph of publications/citations on “oxidative phenol coupling” from 1961 to 2023 
from a Web of Science topic search. (Citation Report graphic is derived from Clarivate 
Web of Science, Copyright Clarivate 2023. All rights reserved.)

This review highlights recent synthetic uses of catalytic and 
electrochemical oxidative phenol couplings in the total 
synthesis of natural products with an additional motivation in 
providing a general outlook for the future. Stoichiometric and 
enzymatic syntheses are canvassed as a means of comparison 
to catalytic routes. Key factors and general considerations in 
oxidative coupling are discussed. The natural products are 
divided based on their respective chemo- and regioselectivity. 
The natural products to be discussed are shown in Fig. 2.

a.Department of Chemistry, Roy and Diana Vagelos Laboratories, University of 
Pennsylvania, Philadelphia, Pennsylvania 19104-6323, United States
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Fig. 2 Representative natural products forged by oxidative phenolic couplings categorized by approach used.
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2.   Fundamentals of oxidative phenol coupling
Oxidative coupling serves as a powerful synthetic technique in 
constructing new phenolic connections. It offers good functional 
group tolerance and operates under mild reaction conditions as 
phenol oxidation is facile. In comparison to other cross-coupling 
methods, no prefunctionalization (aryl bromides, boronic acids, 
etc.) is required as the inherent reactivity of each ring is utilized. 
However, controlling multiple reactive sites remains a challenge 
and can lead to undesired coupling products. Recent advances 
in the field have improved upon these selectivity issues by 
biasing the substrate and developing catalyst features, those of 
which will be later discussed. 

Various products from a general phenol oxidation are 
illustrated in Scheme 1. If multiple sites are available for 
reaction, coupling at the para position tends to dominate. One 
gambit to predispose a substrate for ortho coupling is the 
installation of blocking substituents at the para position. 
Pummerer ketone products, such as usnic acid, arise from an 
important subclass of phenol couplings that involve an 
additional intramolecular cyclization.12-14 When these coupling 
products were first introduced in the literature in 1925 by 
Pummerer et al., the authors postulated that the reaction 
proceeded via a C-O coupling at the para position of p-cresol 
followed by a radical cyclization.15 Dismayed by the lack of 
mechanistic evidence provided in the prior work, Barton et al. 
published a full follow-up paper refuting the mechanism and 
structure of the Pummerer ketone.14, 16 The authors argued that 
the post-coupling radical intermediate proposed by Pummerer 
et al. would not undergo cyclization, but rather oxidation to a 
para-phenoxy quinone. Rather, Barton et al. proposed that a C-
C ortho-para coupling of p-cresol would afford a neutral quinone 
intermediate that would undergo β-addition of the hydroxyl to 
the quinone to furnish the Pummerer ketone. Their revised 
mechanism and structure remains accepted in the literature 
today. However, Pummerer ketone products will not be 
discussed here as there are no recent advances.  
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Scheme 1 Potential products from one-electron/proton transfer of phenol.

Sir Derek Barton was one of the early pioneers of oxidative 
phenol couplings in the 1950s, establishing many of the 
precedents in which modern applications rely upon. A 1957 
perspective from Barton et al. intricately details the various 
phenol coupling mechanisms at the time and their biosynthetic 

application in the synthesis of alkaloids, fungal metabolites, and 
other plant-derived natural products.17 Kozlowski and co-
workers recently disclosed a perspective on oxidative phenol 
coupling methods18, while the current review focuses on 
applications to natural product synthesis. Oxidative coupling 
and its role in asymmetric biaryl formation for natural product 
synthesis is also outlined in a review by Kozlowski et al., which 
serves as a main repository for pre-2008 work.19 Several 
research groups have conducted thoughtful analyses of the 
chemo- and regio-selectivity of oxidative phenol coupling for 
iron20-22, chromium23, 24, copper25, 26, and vanadium27, 28 systems. 
In these works, oxidation potentials, global/site 
nucleophilicities, Sterimol values, and pKa values are utilized to 
gain control of homo- versus heterocoupling of phenols and 
other related structures. In one report, the authors discuss how 
over-oxidation is a common issue as dimeric products are often 
more oxidizable than their monomeric forms so various 
oligomeric products can be obtained.29 Takizawa and co-
workers have presented a perspective on the use of vanadium 
catalysts in the atroposelective synthesis of axially chiral 
compounds via oxidative coupling.30

Oxidative coupling of phenols can be accomplished through 
chemical, electrochemical, photochemical, and biosynthetic 
approaches. The groups of Kozlowski23, 24, Pappo20-22, and 
Lumb25, 31 have established several precedents for these 
chemical transformations utilizing metal catalysts and molecular 
oxygen or peroxides as terminal oxidants. The field of 
electrochemical oxidative couplings have been pioneered by 
Waldvogel32-36 and Opatz35-37. By utilizing biosynthetic 
pathways, the Narayan38-41 and Müller42-44 groups have 
developed enzymatic approaches to tackle these couplings. 
Photochemistry has also recently emerged as a useful technique 
to achieve phenolic transformations including dearomatizations 
and oxidative couplings.29, 45-48

3.   Stoichiometric approaches
An abundance of stoichiometric oxidative couplings have been 
reported in the synthesis of biologically active compounds. The 
use of stoichiometric oxidants and metals raises concerns over 
functional group tolerance as well as scalability. Typical 
procedures utilize stoichiometric loadings of first-row 
transition metal reagents or hypervalent iodine complexes. 
Using these approaches, many research groups have 
succeeded in synthesizing natural products via key oxidative 
coupling steps. Selected examples of intermolecular 
couplings by the Vincent group are outlined in Scheme 2. In the 
first case, one substrate undergoes a discrete oxidation to an 
iodinated intermediate generating an electrophile in situ that 
then reacts with the second nucleophilic partner (Scheme 2a). 
Specifically, 1b reacts with stoichiometric oxidant NIS to 
generate an intermediate that can engage phenol 1a in a 
Friedel-Crafts reaction and cyclization to furnish the voacalgine 
A core (1) in 26% yield.49
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However, further synthetic endeavors by Vincent and co-
workers discovered that their originally assigned framework was 
incorrect. A stoichiometric Ag2O coupling of phenol 2a and 
pleoiocarpamine (2b) formate salt afforded the revised 
structure of voacalgine A (2) in 21% yield (Scheme 2b).50 This 
method proceeds via an ortho-quinone intermediate which 
undergoes 1,4-addition with the indole. Subsequent trapping of 
the resultant iminium by the carboxylate then provides 
voacalgine A (2). The dimeric natural product bipleiophylline 
(not shown) was also formed albeit in very low yield of 3%. The 
authors use 2D-NMR analysis to support the assignment of this 
isochromenoindoline skeleton. Notably, the yields in these 
stoichiometric processes are not high, highlighting the difficulty 
in performing these complex oxidative couplings. The products 
of oxidative phenol couplings are prone to overoxidation as they 
can often be more oxidizable than the starting materials. 
Employing harsh oxidative conditions can therefore further 
degrade potential product formation.18, 51

Intramolecular versions of oxidative couplings have also 
been employed in total synthesis. In 2014, the Gaunt group 
reported an enantioselective formal synthesis of (–)-morphine 
(3).52 An ortho-para oxidative phenol coupling provided a key 
early-stage intermediate on a multigram scale (Scheme 3). This 
intramolecular oxidative coupling of 3a was accomplished with 
PhI(OAc)2 to form the biaryl bond (highlighted in green) and 
DBU-promoted desymmetrization aided in the production of 
intermediate 3b with 48% yield over two steps (10 gram scale) 
resulting in a formal synthesis of (–)-morphine (3). Literature 
precedent exists for the completion of (–)-morphine (3) from 
3b in 16 additional steps.53, 54 
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Scheme 3 Stoichiometric ortho-para coupling in formal synthesis of morphine.

Often, late-stage intramolecular oxidative couplings are 
employed in total synthesis, typically through biomimetic 
routes. (–)-Vescalin (4), a unique polyphenolic natural product, 
was synthesized utilizing a sequence of oxidative couplings as 
shown in Scheme 4.55 The C1-C2 connection in 4a was first 
assembled with a CuCl2-nBuNH2 oxidative system in a 58% yield 
with 5 and 20 equivalences, respectively. In this process only the 

(S)-atropisomer was obtained. The core of (–)-vescalin (4) was 
furnished with a final atroposelective oxidative coupling to 
connect C3-C4 in 41% yield with CuCl2 (5 equiv) and bispidine 
(20 equiv). Hydrogenation and acidic workup completed the 
sequence to (–)-vescalin (4) which was comprised of 16 steps 
with an overall yield of around 2%. Yamada and co-workers also 
disclosed an atroposelective CuCl2-nBuNH2 method which was 
used in the total synthesis of (–)-strictinin (not shown), a gallate-
derived natural product, in a related intramolecular coupling.56 
The axial chirality of the hexahydroxydiphenoyl (HHDP) moieties 
found in compounds like (–)-vescalin (4) was recently elucidated 
by Wakamori and co-workers. Notably, the (S)-atropisomer 
formed initially and then isomerized to the natural (R)-
configuration.57
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Scheme 4 Biomimetic total synthesis of (–)-vescalin. 

The Baran group accessed the arylomycin core (5) with an 
oxidative phenol coupling via a Cu(III)-TMEDA system (Scheme 
5).58 Their approach involved a biomimetic ortho-ortho 
intramolecular cyclization of 5a to form the arylomycin core (5) 
in 51–70% yields. The method scaled well with a five gram scale 
reaction proceeding in 60% yield. Molecular oxygen proved to 
be the optimal terminal oxidant in this chemistry as stronger 
oxidants such as oxone and H2O2 led to lower yields. With 
access to the core via this early-stage approach, the authors 
concisely synthesized an array of derivatives which allowed for 
the study of their antibacterial properties. 
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Scheme 5 Baran’s stoichiometric synthesis of arylomycin core.  

4.   Enzymatic approaches 
Oxidative biaryl bond formation is ubiquitous across many 
classes of natural products and synthetic chemists have made 
tremendous strides in completing these transformations using 
innovative chemical approaches. However, the unique 
environments provided by enzymes in biological systems have 
proven difficult to replicate for these processes. These selective 
biocatalytic transformations offer impressive functional group 
tolerance and overall efficiency. Within the last two decades, 
directed evolution has allowed for the optimization of different 
enzymes such that these transformations can be performed on 
non-natural substrates with efficiencies approaching or rivaling 
those of conventional organic reactions. Enzymes such as 
horseradish peroxidase (HRP) have found utility in oxidative 
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phenol coupling in the presence of sensitive functional 
groups.59, 60 Müller and co-workers have summarized many of 
the enzymatic approaches towards intermolecular phenol 
oxidative coupling.44 Cytochrome P450 enzymes have proven to 
be useful platforms as shown elegantly by the Narayan group.41 

As previously demonstrated, arylomycins are an important 
class of antibiotic compounds with phenolic biaryl backbones 
and present a considerable synthetic challenge. Prior to the 
stoichiometric oxidative coupling of the arylomycin core (5) by 
Baran and co-workers (see Scheme 5 above), Dorrestein et al. 
discovered the gene cluster responsible for production of the 
arylomycins in Streptomyces roseosporus.61 This work paved 
way for chemists to bioengineer these clusters to make different 
arylomycin analogues. In a recent report, an engineered 
cytochrome P450 enzyme was utilized to accomplish the 
oxidative cyclization of two phenol units (ortho-ortho) to form 
the arylomycin core (5) on gram-scale in 84% assay yield.62 

Intramolecular oxidative couplings are difficult to achieve 
chemically, especially for strained ring systems, but enzymes 
can facilely accomplish these reactions. Mycocyclosin (6), a 
diketopiperazine metabolite isolated from Mycobacterium 
tuberculosis, contains a highly strained dityrosine framework. 
Martí and co-workers used the gene rv2276 which encodes for 
a P450 enzyme, CYP121, for the oxidative C–C bond formation 
of 6a to form mycocyclosin (6) (Scheme 6).63 This enzyme is 
found exclusively in M. tuberculosis and this is its only known 
biocatalytic activity. Work by the Hutton64 and Schindler65 
groups have leveraged Pd(II)-catalyzed Suzuki-Miyaura and 
Ullman-type couplings in their respective total syntheses of 
mycocyclosin (6), but no catalytic oxidative coupling methods 
have been successful. 
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Scheme 6 Biogenetic oxidative coupling of mycocyclosin.

There has been lots of work on enzymatic intramolecular 
oxidative couplings, but biomolecular intermolecular couplings 
are much less common. The Müller group developed 
cytochrome P450 enzymes for the stereo- and regioselective 
synthesis of axially chiral phenolic natural products.43 Using 
P450 enzymes KtnC and DesC (expressed in Saccharomyces 
cerevisiae fungi), the authors were able to synthesize P-orlandin 
(8i) and M-desertorin A (9i), respectively, from the same starting 
material 7 (Scheme 7). This divergent approach highlights the 
regio- and stereoselectivity of P450 enzymes in fungi. 
Additionally, there are literature precedents for the synthesis of 
P-kotanin (8ii) from P-orlandin (8i).66 While the synthesis of M-
desertorin A (9i) to M-desertorin C (9ii) has not been reported, 
it should also be feasible. Recently, the fungal P450 KtnC was 
also expressed in yeast to accomplish the in vivo biosynthesis of 
P-orlandin (8i) by Narayan and co-workers.67
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Scheme 7 Regioselective biocatalytic synthesis of p-orlandin and m-desertorin A. 

5.   Catalytic and electrochemical C–C oxidative 
couplings
The formation of C–C bonds via oxidative coupling methods are 
an especially useful transformation. Without the need for 
prefunctionalization, new connections between aryl fragments 
can be forged in fewer synthetic manipulations. Catalytic and 
electrochemical methods for these reactions allow for more 
efficient processes that minimize waste and improve upon atom 
economy while maintaining synthetic efficacy. Within C–C 
oxidative phenol coupling, a variety of regioselective outcomes 
can be observed as previously described in Scheme 1. The 
following section will discuss these transformations based on 
the different coupling patterns (ortho-ortho, para-para, ortho-
para, and others). 

5.1   ortho-ortho couplings

Axially chiral phenolic natural products have been common 
targets amongst those working in the oxidative coupling 
community. In 2012, the Kozlowski group disclosed an 
asymmetric naphthol oxidative coupling with a catalytic Cu-
cyclic amine system in the total synthesis of (S)-bisoranjidiol 
(10).68 With molecular oxygen as the oxidant, this approach 
allowed for the homocoupling of 10a to afford (S)-10b in 62% 
yield and 87% ee (Scheme 8). An additional nine synthetic steps 
led to the completion of (S)-bisoranjidiol (10). Attempts to 
couple the anthracene or anthraquinone units (biomimetic 
approaches) failed with the former oxidizing to the 
corresponding anthraquinones and the latter proving resistant 
to oxidation. As such, the authors coupled the naphthol 
fragments and then constructed the remaining ring of the 
anthraquinone via Diels-Alder reactions. In a follow-up 
publication, divergent syntheses of this framework were 
achieved to furnish bisanthraquinone analogues (not shown).69 
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Scheme 8 Oxidative coupling in the total synthesis of (S)-bisoranjidiol. 

In 2007, a research group from the University of Mississippi 
isolated a marine natural product from the Indonesian sponge 
Lendenfeldia sp. and determined its structure to be (S)-11 via 
NMR analysis.70 The Kozlowski group set out in 2012 to 
synthesize this natural product via an asymmetric oxidative 
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coupling.71 From naphthol 11a, a chiral dimeric vanadium 
catalyst gave rise to (S)-11b in 82% yield and 81% ee which was 
confirmed by spectroscopy and crystallography (Scheme 9). An 
additional four steps led to the synthesis of (S)-11 in 70% yield. 
When the authors compared their spectra and physical 
properties (solubility, air/silica stability, etc.) with those 
reported from the isolation, they discovered that they did not 
match. With further analysis, Kozlowski and co-workers 
determined that the isolated material from the plant was 
actually a tetrabrominated diphenyl ether compound.

HO
OH

OMe
OMe

OH
HO

(S)-11

BnO

OH
11a

2

O

N
O

O

t-Bu

V
OHO

82%, 81% ee

BnO

OH

BnO

OH

(S)-11b

4 steps

synthetic material does not match
with reported spectra

(10 mol %)

Scheme 9 Atroposelective oxidative coupling in marine metabolite structural revision.

Pappo and co-workers implemented an intermolecular 
catalytic oxidative cross-coupling method to assemble the 
arylomycin core and analogues thereof.72 As discussed before, 
the intramolecular cyclizations proved difficult. In addition, 
direct oxidative coupling of tyrosine derivatives is challenging 
due to over oxidation to trimers, etc.9 As such, substrates 12a 
and 12b with tert-butyl groups, which both blocked formation 
of higher order adducts and improved reactivity, were 
employed. Intermolecular cross-coupling using an iron 
porphyrin catalyst produced 12c in 48% yield (Scheme 10). To 
obtain optimal yields, the slow addition of the oxidant (m-CPBA) 
and 12b in small portions was needed. Protecting group 
removal/macrolactamization and tert-butyl cleavage afforded 
the (S)-arylomycin core (12) in 60% yield over three steps. Pappo 
and co-workers were also able to access the core of polycyclic 
peptide RP 66453 (not shown). 
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S

Scheme 10 Intermolecular catalytic cross-coupling approach to arylomycin core.

Oligomers of guaiacol, a phenolic natural product, are 
commonly found in the degradation of lignin and other 
biosynthetic pathways.73, 74 These materials also have potential 
as sustainable aromatic feedstocks. The Waldvogel group 
applied boron-doped diamond (BDD) anodes in the anodic 
coupling of guaiacol and analogues as an entry to unsymmetrical 
bisphenol products.33 Scheme 11 highlights an interesting shift 
in observed regioselectivity by varying the R group at the para 
position of 13a. The ortho-meta product 13i is obtained in a 33% 

yield when 4-methyl 13a is used and ortho-ortho 13iv is formed 
in a 18% yield with 4-tert-butyl 13a. The isopropyl variant of 13a 
led to equal quantities of the ortho-ortho (13ii) and ortho-meta 
(13iii). As the steric bulk increases, the product distribution 
shifts to favor ortho-ortho versus ortho-meta homocoupling. It 
is appears that both the hydroxy and methoxy groups can 
activate different positions for oxidation and the overall 
reactivity is dictated by steric effects. The even lower conversion 
for the isopropyl variant was attributed to its propensity to 
undergo alternate oxidation reactions including at the benzylic 
position.

OH
MeO

R

BDD anode

[MeNEt3] O3SOCH3
HFIP, 50 °C

OH
MeO

R

OH
OMe

R

OH
MeO

R

OMe
HO
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ortho-metaortho-ortho

+

13a

R= iPr

33% (13i)–

5% (13ii) 5% (13iii)
18% (13iv) –

R = Me

R = t-Bu

Scheme 11 Regioselectivity in electrochemical oxidative coupling of guaiacol derivatives. 

(–)-Viriditoxin (14), a fungal natural product with 
antibacterial properties isolated from Aspergillus viridinutans, 
contains an atropoisomeric biaryl backbone.75 In 2011, the Shaw 
group reported the total synthesis of (–)-viriditoxin (14) via an 
asymmetric oxidative naphthol coupling (Scheme 12a).76 At first 
glance, the backbone appears to be constructed via a para-para 
connection, but it is actually achieved via an ortho-ortho 
coupling with post-functionalization to adjust the phenol 
alkylation states. The authors accessed 14a in an eight step 
sequence, although yields were variable and scale-up was 
difficult. They then screened a variety of vanadium catalysts to 
optimize the diastereoselective homocoupling. With VO(acac)2, 
a 67% yield of 14b was achieved with moderate 
diastereoselectivity (76:24 dr). A dimeric (S,R)-vanadium 
catalyst led to the best results with 87% yield and 89:11 dr and 
led to (–)-viriditoxin (14) after five additional synthetic steps. 
Use of a (S,S)-vanadium dimeric catalyst (Scheme 12b) in 
oxidative coupling of analog 14c resulted in a superior 
diastereoselectivity (>95:5) albeit with slightly lower yield 
(85%).77 An additional synthetic step was required to synthesize 
(–)-viriditoxin (14) in comparison to the former synthesis, but 
the oxidative coupling precursor 14c was easier to synthesize on 
scale. Scheme 12c illustrates the proposed asymmetric 
induction in the coupling process which is governed by the 
configuration of the pyranone ring and the chiral vanadium 
catalyst. The diastereomeric transition state B is favored as the 
equatorial configuration of the R group minimizes steric 
interactions in comparison to the axial hydrogen clash in 
transition state A.
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Scheme 12 Oxidative couplings in the total syntheses of (–)-viriditoxin.

An abundance of steroidal compounds contain phenolic 
frameworks, but their competence in oxidative coupling is not 
well studied. In 2013, Yu and co-workers disclosed an oxidative 
coupling of deoxyestrone derivatives with a catalytic copper 
system.78 Using CuCl2/TMEDA as a catalyst and air as the 
terminal oxidant, the authors coupled (S)-15a to synthesize a 
variety of 2-substituted deoxyestrone dimers (S,S)-15 in 22–75% 
yields and 1:1 dr (Scheme 13). In order to avoid regioselectivity 
issues, the authors blocked the 2-position of (S)-15a. The 
success of the reaction was highly affected by the steric and 
electronic nature of the 2-substituent. Large substituents (tert-
butyl, naphthalene) and electron-rich aryls led to lower yields or 
even no reactivity.

R

HO
HO

R

Me

Me

2-substituent-17-deoxyestrones ((S,S)-15)

R

HO

Me

(S)-15a

CuCl2•2H2O (20 mol%)
TMEDA (20 mol%)

air, CH2Cl2
22–75%, 1:1 dr

R = Et, Me, Ph, Napth

Scheme 13 Oxidative homocoupling of deoxyestrone derivatives.

5.2   para-para couplings

Couplings at the para-para positions have been reported in a 
number of systems. However, reaction selectivity remains a 
complicating factor when both ortho and para sites are 
available. One common tactic to address regioselection in this 
context is to employ blocking groups. The Porco group utilized 
this strategy in oxidative couplings to generate a dimeric lactone 
natural product (Scheme 14).79 Specifically, a bromine was 
strategically installed at the ortho position of (±)-gonytolide C 
generating (+)-16a via a kinetic resolution. An asymmetric 
conjugate reduction strategy using Cu(OAc)2 and Josiphos SL-

J001-2 achieved the kinetic resolution (97:3 er post-
recrystallization with 49% yield), which yielded (+)-16a after 
bromination. Subsequent oxidative coupling with 
VOF3/TFA/TFAA yielded (+)-gonytolide A (16) in a 12% yield after 
dehalogenation. Its unnatural atropisomer, (–)-atrop-gonytolide 
A (not shown), was also obtained in a 35% yield. The bromo 
group both stabilized radical cation intermediates and aided in 
the diastereoselectivity of the coupling. The need for such 
blocking groups to control regioselectivity in oxidative couplings 
highlights a limitation of current small molecule reagents and 
catalysts.
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Me
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12% over 2 steps

Scheme 14 Atroposelective oxidative coupling in synthesis of (+)-gonytolide A.

In 2011, the Waldvogel group presented a electrochemical 
para-para coupling of guaiacol derivatives which did not require 
such a blocking approach in order to achieve a selective para-
para coupling.33 Using their BDD anodic approach, 17a was 
coupled selectively to form the para-para dimer 17 in an 83% 
yield (Scheme 15). Methoxy substituents have a tendency to 
promote ortho-quinone formation, so the lack of overoxidation 
products was surprising to the authors. The oxidation of phenols 
with BDD anodes offers unique regioselective outcomes, 
typically unattainable by traditional methods that utilize the 
steric and electronic bias of the substituents.  In addition, the 
use of 1,1,1,3,3,3-hexfluoro-2-propanol (HFIP) solvent was key 
and has seen continued use in in both chemical, photochemical, 
and electrochemical oxidative couplings. Its high polarity and 
intricate hydrogen-bonding network with aggregating fluorine 
atoms that creates a unique “solvate cage” stabilizes radical 
intermediates.80

OH
MeO BDD anode

[MeNEt3] O3SOCH3
HFIP, 50 °C

83%

para-para

17a
OMe

OHHO

MeO

OMe

MeO

OMe

17

no overoxidation observed

Scheme 15 Electrochemical para-para coupling of a guaiacol derivative. 

The Pappo group disclosed an oxidative phenol coupling 
toward the synthesis of fucol-derived natural products in which 
a blocking group was not employed.81 Oxidative coupling of 18a 
using their FeCl3/t-BuOOt-Bu system formed para-para product 
sym-Me4-difucol (18i) along with ortho-para unsym-Me4-difucol 
(18ii) in 33% and 22% yields, respectively (Scheme 16). With 
both ortho and para sites open, the method suffered from poor 
regioselectivity with only a slight preference for para-para over 
ortho-para (1.5:1). This outcome highlights the need in the field 
for development of more selective couplings in the presence of 
multiple reactive sites. 

Page 7 of 20 Natural Product Reports



Review Natural Product Reports

8 | Nat. Prod. Rep. This journal is © The Royal Society of Chemistry 2022

Please do not adjust margins

Please do not adjust margins

OH

MeO OMe

18a

FeCl3 (5 mol%)
t-BuOOt-Bu

TFE, rt, 46 h

MeO OMe

OH

OH

OMeMeO

33%
sym-Me4-difucol (18i)

MeO OMe

OH

OMe

OHMeO

22%
unsym-Me4-difucol (18ii)

+

Scheme 16 Iron-catalyzed para-para and ortho-para oxidative coupling of fucol natural 
products.

Intermolecular oxidative couplings have been well 
investigated, but intramolecular approaches have been much 
more elusive. The Kozlowski lab reported an efficient and mild 
method for furnishing spirohexadienones via vanadium-
catalyzed intramolecular para-para oxidative coupling of 
phenols.82 Typically, this transformation has been performed 
with stoichiometric oxidants (VOCl3)83, 84 or via oxidation of the 
aryl ether products85, 86, which follows a different mechanism. 
Despite there being multiple sites for potential 
functionalization, only the para-para coupled product was seen 
in optimization of this reaction. This bond formation creates a 
quaternary carbon center arising from dearomatization of the 
para phenol. 

With this method, Kozlowski and co-workers completed the 
first total synthesis of pulchelstyrene D (19). The key step was 
intramolecular coupling of 19a with vanadium catalyst V2 in the 
presence of O2 to afford 19b in 82% yield (Scheme 17a). Three 
additional steps (34% overall) were needed to introduce the 
alkene backbone which was not tolerated during the oxidative 
cyclization. The spirocyclic dracaenone natural product, (±)-10-
hydroxy-11-methoxydracaenone (20), was synthesized in a 78% 
yield from 20a using V2 and molecular oxygen as terminal 
oxidant (Scheme 17b). This compound has been synthesized 
previously with protected aryl ether approaches87, 88, but this 
new method eliminates the need for protecting groups. Scheme 
17c describes the oxidative coupling of 21a with a V2/O2 system 
to produce 21b in an 88% yield. Subsequent selective 
deprotection of the isopropyl ether in the presence of the 
methyl ether led to the formation of (±)-spirolouveline (21).

(10 mol%)
t-Bu

O

N
O

O

t-Bu

V
O

O

O2, HFIP, rt
82%

O2N

CF3

CF3

OMeHO

MeO

OH

V2

19a

O

OMe
HO

MeO

19b

3 steps

O

OMe
HO

MeO

Pulchelstyrene D (19)

O2, HFIP, rt
88%

HO

OH
V2 (10 mol%)

21a

O

HO
21b

O

HO

(±)-Spirolouveline (21)

Oi-Pr

OMe

i-PrO

OMe
BCl3

CH2Cl2
79%

HO

OMe

a)

c)

O

HO

MeO O

(±)-10-Hydroxy-11-methoxydracaenone (20)

b)

O2, HFIP, rt
78%

V2 (10 mol%)

O

OH

MeO

20a

HO

Scheme 17 Intramolecular oxidative coupling to form phenol-dienones.

5.3   ortho-para couplings

The bark of magnolia trees, specifically Magnolia grandiflora, 
has a long history for its use in Chinese herbal medicine with 

anti-inflammatory, anti-oxidant, and a plethora of other 
desirable biological properties. Honokiol (22), a phenolic natural 
product, was identified as a major active component of these 
extracts.89-91 Recently, honokiol (22) has found use in potential 
treatments for cancer and heart disease as well as commercial 
products like toothpaste. In 2017, the Kozlowski group reported 
several efficient methods for the total synthesis of honokiol (22) 
utilizing an ortho-para oxidative coupling early in the 
synthesis.92 Scheme 18 illustrates one of the approaches in 
which 22a and 22b are cross-coupled with commercially 
available Cr-Salen-Cy and then de-tert-buylated to form 22c in 
85% yield. Five subsequent steps led to the total synthesis of 
honokiol (22). Again, the tert-butyl groups serve to block 
potential reactive positions to limit the regioisomeric outcomes. 
Overall, this route minimized the use of toxic reagents and long 
reaction times while providing a lower step count and higher 
yields.93-95 Building off of this work, Kozlowski and co-workers 
also utilized Cr-Salen catalysts to synthesize honokiol-type 
derivatives leading to analogs that are far more potent against 
commensal oral bacteria.91, 96
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Scheme 18 Oxidative coupling as first step in improved synthesis of honokiol.

5.4   Other C–C couplings of phenols

Some approaches in the literature have accessed unique 
regioselective products using oxidative coupling or contain 
highly-oxygenated species in which one specific regioselective 
outcome cannot be assigned. Continuing with the work of 
Waldvogel on the coupling of guaiacol derivatives with BDD 
anodes, the authors were able to assemble some notable 
regioisomers.33 Scheme 19a shows the coupling of 23a to form 
meta-meta product 23 in a 45% yield as well as the oxidative 
coupling of syringol (24a) to access a meta-para dimer 24 in a 
44% yield (Scheme 19b). In these cases, the directing effects of 
the methoxy groups likely compete with those of the hydroxy 
groups.
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Scheme 19 meta-meta and meta-para electrochemical oxidative couplings.

Polyketide natural products are abundant across fungal and 
plant species and possess a wealth of biological activities. A 
oxygenated axially chiral polyketide, chaetoglobin A (25), was 
recently found to have potent inhibitory effects on the growth 
of human breast and colon cancer.97 Kozlowski et al. completed 
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the first total synthesis of chaetoglobin A (25) in 12 steps from 
commercially available 2,6-dimethoxytoluene.98 Direct coupling 
of the highly oxidized azaphilone heterocycle was unsuccessful. 
Thus, a vanadium(V)-catalyzed atroposelective oxidative phenol 
coupling was employed using 25a to establish the key biaryl 
bond of 25b in 58% yield and 94:6 dr (Scheme 20). Six 
subsequent synthetic steps led to chaetoglobin A (25). While the 
catalyst used appears monomeric, the authors postulate that 
coordination of acetic acid leads to a pseudo-dimer active 
species. 
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Scheme 20 Atroposelective oxidative couplings in total synthesis of chaetoglobin A.

Morphinandienone alkaloids, isolated from the opium 
poppy Papaver somniferum, have found extensive use in the 
medical field, often as analgesics.99 Chemists have been trying 
to tackle these compounds since the elucidation of their 
biosynthesis, which involves an intramolecular oxidative 
coupling of reticuline (not shown).60, 100-103 Prior attempts to 
accomplish these couplings have required the use of 
stoichiometric oxidants while suffering from low yields and 
regioselectivities.104-106 Use of a symmetrical reticuline 
derivative 26a (Scheme 21) reduces complexity, but there are 
still two regioisomeric products possible via either 8-2’/6’ or 4a-
2’/6’ coupling.

In 2020, the Kozlowski group explored the selective 
oxidative coupling of a reticuline derivative using their method 
to construct phenol-dienones.82 With catalyst V2 (as seen in 
Scheme 17a), oxidative coupling of reticuline analogue 26a 
formed (±)-salutaridine derivative (26) in a 71% yield via union 
of 4a-2’/6’ (Scheme 21). The alternate 8-2’/6’ coupling adduct 
only formed in trace quantities. These catalytic results rival the 
initial stoichiometric attempts from Schwartz and co-workers in 
the 1980s.84 
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Scheme 21 Intramolecular oxidative synthesis for the synthesis of (±)-salutaridine 
derivative. 

5.5   C–C couplings involving aryl ethers

Phenol-aryl ether oxidative couplings have been extensively 
reported in the literature and are often achieved with the use of 
hypervalent iodine oxidation chemistry. Several reviews and 
book chapters have outlined the use of hypervalent iodine in 
organic chemistry, especially in oxidative C–C bond formation of 
aryl ethers.107-110 The examples shown below are not 
comprehensive but seek to show that these couplings can be 

broadly utilized, from phenol oligomers to some of the most 
difficult intramolecular cases. These examples also highlight 
some of the key advances in catalysis; namely, the use of first-
row transition metals, hypervalent iodine complexes, nitrite 
organocatalysts, and electrochemistry. While not specifically 
discussed, the Wirth group recently disclosed the total synthesis 
of (–)-galanthamine (not shown) utilizing an electrochemical 
phenol-aryl ether oxidative coupling.111

Phlorotannins are a class of natural products typically found 
in algae and other aquatic plants. These compounds are 
oligomers of phloroglucinol and play an integral role in the 
structure of cell walls.112 While their biosynthesis has yet to be 
elucidated, synthetic chemists have used oxidative coupling 
strategies to connect these compounds. The Pappo group 
employed sequential iron-catalyzed oxidative couplings to 
synthesize a variety of fucol natural products.81 A catalytic 
FeCl3/t-BuOOt-Bu system of the corresponding monomer 
provided sym-Me4-difucol (18i, see Scheme 16). Using the same 
reaction system but with a more reactive solvent, HFIP, further 
cross-coupling with different equivalents of aryl ether 27a 
generated Me7-fucol (27i) and Me10-tetrafucol A (27ii) in 30% 
and 36% yields, respectively (Scheme 22). This method furnishes 
complex natural and unnatural phlorotannin products that are 
typically inaccessible via prior approaches. By tuning the catalyst 
loading, solvent, reaction time, and oxidants, control over an 
oxidative coupling sequence was achieved.
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Scheme 22  Iron-catalyzed method reported by Pappo toward oligomeric natural 
products.

Identification of mild terminal oxidants that will generate 
iodine(III) in-situ is the key barrier to development of 
hypervalent iodine catalysts in oxidative coupling. Kita and co-
workers found one solution to this problem in their efforts to 
form new C–C bonds in the oxidative coupling of phenols and 
aryl ethers.113 The authors discovered that m-CPBA was a poor 
oxidant for these conditions, but in-situ generated 
bis(trifluoroacetyl) peroxide was optimal. Specifically, 
urea•H2O2 with excess TFAA led to exclusive formation of this 
desired peroxide which in turn generated the active iodine(III) 
species. Screening of other iodoarenes revealed that 4-fluoro-1-
iodobenzene provided the best overall yield of 76% in the 
intramolecular coupling 28a to amaryllidaceae alkaloid core 28 
(Scheme 23). 
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Scheme 23 Iodoarene-catalyzed oxidative coupling in accessing amaryllidaceae alkaloids. 

Aporphine and morphine alkaloids have also been 
synthesized from aryl ether oxidative coupling approaches. 
Wang and co-workers reported an efficient intramolecular 
coupling of phenols with aryl ethers using an organocatalytic 
approach.114 With a sodium nitrite catalyst and molecular 
oxygen as the terminal oxidant, Wang et al. forged new C–C 
bonds in 29a derivatives to afford various aporphine alkaloid 
precursors (29) in 18–99% yields at room temperature (Scheme 
24). NO+ serves as the active species in the phenol single-
electron oxidation, producing an NO radical which is oxidized by 
O2 to complete the cycle after deprotonation. Screening of the 
different tethers revealed that nitrogen and amide-based 
linkers also performed well. The authors utilized these 
backbones in various Lewis acid-mediated rearrangement 
strategies, demonstrating promise for potential access to the 
aporphine alkaloid core (29i).
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CO2MeRO
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Scheme 24 Intramolecular oxidative phenol coupling with sodium nitrite to access 
aporphine alkaloid precursors.

(–)-Thebaine (30), a minor component of the opium poppy, 
is oft used as a synthetic precursor in the industrial-scale 
synthesis of other morphinandienone derivatives. Opatz and 
Waldvogel employed electrochemistry to access (–)-thebaine 
(30) with a regio- and diastereoselective anodic oxidative 
coupling.35 As shown in Scheme 25a, (R)-30a was coupled using 
the anodic coupling conditions to furnish (+)-salutaridine 
analogue (30b) in a 59% yield. (–)-Thebaine (30) was achieved 
after six additional steps. 

The following year, the Opatz and Waldvogel disclosed the 
total synthesis of another morphinandienone, (–)-oxycodone 
(31), with their anodic coupling system.36 With their streamlined 
synthesis to (R)-30a, the authors rapidly synthesized (+)-
salutaridine analogue (30b) with slightly modified conditions in 
a higher yield (69%) as seen in Scheme 25b. A sequence of seven 
subsequent steps involving a 1O2 cycloaddition, hydrogenation, 
and removal of protecting groups led to (–)-oxycodone (31). 
Notably, the phenol groups of (R)-30a need to be protected for 
this strategy to succeed (see above for comparison with the 
unprotected phenol Scheme 21). 
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Scheme 25 Electrochemical oxidations in the syntheses of (–)-thebaine and (–)-
oxycodone. 

6.   Catalytic C–O oxidative couplings
The formation of C–O bonds via oxidative coupling methods 
have proved to be much more elusive than their C–C bond 
counterparts. In a screening study by the Kozlowski group on 
aerobic oxidative coupling of phenols, a number of metal 
catalysts (Mn, Cr, Cu) were found to facilitate C–O bond 
formation from para-substituted phenols to provide the 
Pummerer ketone adducts.23 Several reviews have focused on 
diaryl ether formation by means of non-oxidative couplings 
including many examples in natural products synthesis.115, 116 
The following examples focus on oxidative coupling to form 
diaryl ethers in the synthesis of natural products. Interestingly, 
copper catalysis has been the most successful in this context to 
date.

Lumb and co-workers described a series of foundational 
studies in which semiquinone radical intermediates obtained 
from copper-catalyzed oxidations were utilized. This method 
enabled mild ortho-oxygenation of phenols with molecular 
oxygen followed by formation of new C–O, C–N, and C–S 
bonds.117 Application to intramolecular couplings allowed the 
formation of oxindoles via C–N bond formation.118 In further 
work, Lumb et al. disclosed copper-catalyzed oxidative cross-
couplings of ortho-quinones and phenols.119 Reductive work-up 
accesses highly oxygenated species that are difficult to obtain by 
other approaches due poor regioselectivity. The authors 
highlighted the utility of this approach by synthesizing a 
xanthone natural product with known biological properties, 
norathyriol (32). Using catalytic CuCl and N,N’-
dibenzylethylenediamine (DBED) under aerobic conditions, 32a 
and 32b are cross-coupled in a 76% yield after reductive work-
up and acetylation to form 32c on a gram-scale (Scheme 26). A 
series of four additional steps led to the total synthesis of 
norathyriol (32) in only six steps. 

O

OH
OH

HO OH

O

Norathyriol (32)

OH

OAcAcO

O
O

Me

+
CuCl (10 mol%)

DBED (10 mol%), O2

Na2S2O4
then Ac2O, pyr.

32a 32b

Me

OAc
OAc

O

AcO OAc
32c

4 steps

[3 g scale] 76%

Scheme 26 Copper catalyzed cross-coupling of ortho-quinones with phenols. 

Expanding upon this approach, Lumb and co-workers 
examined more complex systems including the enantioselective 
total synthesis of (S,S)-tetramethylmagnolamine (33).120 
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Previous syntheses had relied upon Ullman-type couplings to 
forge the C–O bond and these methods required high 
temperatures and often a stoichiometric amount of base.121 
Instead, the authors used a catalytic CuPF6/DBED system to 
oxidatively couple 33a in a 75% yield (Scheme 27). This process 
first begins with an ortho oxidation of 33a to form the Cu(II)-
semiquinone radical shown in Scheme 27, which then 
undergoes an oxidative C–O coupling. Two additional steps 
furnished (S,S)-tetramethylmagnolamine (33) resulting in an 
overall yield of 21% across seven steps. This route provides a 
more concise access to tetrahydroisoquinoline alkaloid dimers. 
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MeO
OMe

OMe

OMe
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H
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MeO 33b

Scheme 27 Dimerization of tetrahydroisoquinoline alkaloids with Cu catalyst.

The Lumb lab also developed a copper-catalyzed oxidative 
coupling of phenols and catechols which enabled the total 
synthesis of another tetrahydroisoquinoline alkaloid (S,S)-
thalicarpine (34).122 As shown in Scheme 28, substrates 34a and 
34b were oxidatively cross-coupled with CuCl and 4-MeO-Py in 
76% yield after reductive work-up. (S,S)-Thalicarpine (34) was 
obtained after two further steps (deprotection/methylation). 
This key C–O bond formation served to unite two different 
alkaloids in a selective fashion that avoided homo-coupling. 
Previous work towards the synthesis of (S,S)-thalicarpine (34) 
from Kupchan and co-workers employed Ullman-type coupling 
conditions (required 140 °C) in which a Br had to be pre-installed 
for C–O bond formation.123
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Scheme 28 Key phenol-catechol oxidative coupling step in total synthesis of (S,S)-
thalicarpine.

While many phenolic oligomers are connected via sequential 
C–C bonds, a variety of phenolic trimers are connected by both 
C–C and C–O bonds. Pyrolaside B (35), a phenolic trimer natural 
product isolated from Pyrola rotundifoliai/calliantha and 

possessing potent anti-bacterial properties, is such a 
compound.124 This natural product is composed of a A-A-A 
trimeric system in which all three subunits are identical but are 
connected via one C–C and one C–O bond. In 2020, the 
Kozlowski group successfully synthesized pyrolaside B (35) via 
an oxidative trimerization cascade (Scheme 29).125 
CuCl/pyridine and molecular oxygen oxidatively trimerize 
monomer 35a to afford spiroketal 35b in a 65% yield. 
Subsequent reduction and deprotection led to the first synthesis 
of pyrolaside B (35) in five steps and a 16% overall yield. This 
method forgoes traditional tactics (Ullman and Suzuki couplings) 
for assembling these types of structures that require 
prefunctionalization and multiple protection/deprotection 
steps. The authors also synthesized a variety of analogues and 
designed an entry to unsymmetrical trimers.
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Scheme 29 Oxidative coupling trimerization cascade in the synthesis of pyrolaside B.

7.   Catalytic and electrochemical alkenyl phenol 
oxidative couplings
Alkenyl phenols moieties exhibit rich reactivity in natural 
product biosynthesis and are key components of lignin, a 
biopolymer that provides structural support for cell walls. The 
large lignin waste stream from the paper industry has motivated 
research groups to examine lignin for multiple applications.126, 

127 Nature has devised many ways to oxidatively couple these 
structures to achieve a variety of diverse natural products. Upon 
single-electron oxidation of alkenyl phenols, radical character 
can delocalize to the exocyclic alkene portion allowing for a 
range of different coupling modalities. The Kozlowski group has 
highlighted the intricacies of alkenyl phenol oxidative coupling 
and some associated natural products in a recent review.128 
These transformations have been difficult to control; 
stoichiometric oxidants or enzymes result in low yields and/or 
poor selectivity.129-131 

Expanding upon their repertoire of oxidative phenol 
couplings, Kozlowski and co-workers discovered selective 
methods for the oxidative homocoupling of alkenyl phenols.132 
Monomeric and dimeric vanadium catalysts were studied to bias 
reactivity toward specific isomers. A dimeric catalyst (similar to 
one from Scheme 9) was selective for C–O bond formation in 
the β-O coupling whereas a monomeric catalyst (seen in Scheme 
30) led to the β-β coupling. Concentration and solvent also 
played a critical role in the selectivity where β-β coupling was 
promoted only in dilute acetonitrile conditions. The β-β 
couplings arises from C–C oxidative bond formation followed by 
two nucleophilic additions an XH2 nucleophile such as H2O or 
RNH2 while β-O results from a C–O oxidative coupling and one 
nucleophilic addition of water.
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With the optimized β-β coupling, Kozlowski and co-workers 
synthesized derivatives of the galbelgin core (36). These lignin 
natural products have recently emerged as key targets due to 
their anti-inflammatory, anti-oxidant, and anti-cancer 
physiological properties.133 Scheme 30 shows their approach 
where 36a is homocoupled with a monomeric vanadium catalyst 
in the presence of H2O/O2 to furnish the galbelgin core (36). The 
method displayed good functional group tolerance with yields 
ranging from 17–72%, but poor diastereoselectivity (1.2–1.8:1 
dr). Mechanistic experiments and high-throughput 
experimentation led to a rationale for why this β-β coupling is 
favored vs the β-O pathway. Solvents with small dipole 
moments (e.g. 1,4-dioxane) favored the β-O coupling, while 
large dipole moment solvents (e.g. acetonitrile) generated β-β 
coupling products. Lower concentrations led to more β-β 
products while higher concentrations favored the β-O coupling. 
Increased catalyst loadings also led to a greater selectivity for 
the β-O pathway over β-β. From this information, β-O coupling 
likely arises from a metal-bound pathway, while the β-β 
coupling likely occurs from a homocoupling with a free phenoxyl 
radical. Additionally, by utilizing other nucleophiles (e.g. 
anilines) instead of water, the authors were able to complete 
the synthesis of pyrrolidine analogues via similar β-β coupling. 
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N
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36a 17–72%, 1.2–1.8:1 dr
R1/R2 = OMe, Br, I, Cl, allyl, Ph, PhOMe, H

Scheme 30 Oxidative coupling of alkenyl phenols to form the galbelgin core.

Liu and co-workers reported the biomimetic oxidative cross-
coupling of alkenyl phenols and phenols with an aerobic copper 
approach.134 An overview of methods to construct neolignan 
backbones with phenol oxidative couplings has been 
summarized by Papaioannou et al.135 Biosynthetically, these 
couplings are often accomplished by iron- and copper-based 
enzymes where homocoupling is typically observed. Scheme 
31a displays the general strategy of Liu where catalytic 
Cu(OAc)2/air allowed for the synthesis of natural product licarin 
A (37) in a 60% yield and >20:1 dr from commercially available 
37a in one step (Scheme 31a). This approach could also be used 
to enable cross-couplings (Scheme 31b). Specifically, 38a and 
38b can be selectively cross-coupled to form 8-O-4’ neolignan 
analogues (38i) when EtOAc was used as solvent. With 
HFIP/PhCF3, 8-5’ neolignan analogues (38ii) were obtained. 
However, the scope is limited to 4-amino variants of 38b as 
phenols bearing 4-OMe or 3-NMe2 were unsuccessful. 
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Scheme 31 Cross-coupling of phenols and alkenyl phenols in synthesis of neolignan 
analogues.  

Alkenyl phenols can lead to a diverse array of natural 
products depending on the location of the alkenyl substituent 
relative to the phenol. Carpanone (39), extracted from carpano 
trees (Cinnamonmum sp.) in the south Pacific, highlights one of 
these alternate pathways. Biosynthetically, the assembly of 
carpanone (39) is proposed to occur in a single step, setting all 
five stereocenters at once.136 In the 1970s, the Chapman group 
published the first biomimetic synthesis of carpanone (39) 
where they used a palladium(II) catalyst to furnish the 
compound in a single step with a 46% yield as a single 
diastereomer.137 The observed diastereoselectivity arises from 
selective endo facial approach during an inverse-electron 
demand Diels-Alder reaction. This classic total synthesis 
highlights a rapid assembly of complexity and serves as an 
inspiration for highly efficient total syntheses. 

Due to the very facile oxidation of the alkenyl phenol 
precursor to carpanone (39) (which even occurs slowly even 
under ambient conditions), many groups have achieved the 
oxidative synthesis of carpanone (39) using a variety of first-row 
transition metal and photochemical approaches.138, 139 For 
example, Lindsley and co-workers developed a catalytic CuCl2/(–
)-sparteine oxidative coupling of benzoxanthenone scaffolds to 
afford carpanone (39).140 As illustrated in Scheme 32a, the 
authors homocoupled alkenyl phenol 39a with their optimized 
conditions to form 39b which then underwent a rapid Diels-
Alder [4+2] cycloaddition to form carpanone (39) in 91% yield as 
a single diastereomer. They were also able to synthesize other 
benzoxanthenone derivatives in high yields with this one-pot 
diastereoselective approach. Despite screening a range of chiral 
amine ligands, the authors saw little to no enantioselectivity 
(<5% ee). 

However, the Kozlowski group recently developed a 
vanadium(V)-catalyzed system that induces modest levels of 
enantioselectivity in the constructions of  benzoxanthenone 
backbones, a feat that was unachievable with prior methods.141 
Due to the sensitive nature of the substrate, identification of a 
terminal oxidant that would not directly react with the 
substrates proved challenging. Ultimately, AgCl was identified as 
an oxidant that allows the vanadium-catalyzed oxidation to 
occur selectively, but it was difficult to scale the reaction with 
this heterogenous oxidant. In this work, the authors were able 
to access unnatural exo carpanone (39i) in a 64% yield and 36% 
ee with CuCl2/(–)-sparteine (Scheme 32b). The natural 
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carpanone (39) (endo) was also obtained in 20% yield, but only 
6% ee. It was concluded that the vanadium catalyst provided 
moderate control of facial selectivity in the initial C–C bond 
forming event but remained coordinated for the subsequent 
Diels-Alder reaction directing toward an exo cyclization mode. A 
strong correlation (R2=0.88) was found between reaction 
solvent dielectric and the observed enantioselectivity, where a 
lower solvent dielectric enhances the enantioselectivity. Studies 
on other derivatives led to 44–50% yields and 36–49% ee. A 
recent publication from the Kozlowski group detailed a 
photochemical oxidative coupling of phenols and alkenyl 
phenols using a heterogenous TiO2 catalyst for the formation of 
the aforementioned natural products licarin A (37) and 
carpanone (39).142

O

O O

O

Me
Me

H

H

O O

Carpanone (39)

O

O OH

Me CuCl2 (10 mol%)
(–)-sparteine (10 mol%)

4 Å MS, air
MeOH, -20 °C

O

O O

O

Me
Me

O O

via [4+2]

39a
39b

a)

91%

b)

(10 mol%)
t-Bu

O

N
O

O

t-Bu

V
OO

O2N

F3C

CF3

AgCl (2 equiv)
Ar, ambient light

DCE, rt

39a
O

O O

O

Me
Me

H

H

O O

exo Carpanone (39i)
64%, 36% ee

Scheme 32 Oxidative coupling approaches for synthesis of carpanone. 

8.   Catalytic and electrochemical oxidative 
coupling of phenolic-type compounds
Phenolic-type compounds can also engage in oxidative homo- 
and cross-coupling reactions. Such methods are often more 
robust than conventional cross-coupling approaches across 
broader areas of chemical space. Once oxidized, carbon-
centered phenoxyl radicals can be captured by a variety of 
electrophilic species to generate complex products. Other redox 
active moieties, like indoles, can also oxidatively couple to form 
C–C bonds. This ensuing section will focus on advances in 
oxidative coupling of hydroxycarbazoles, amines, indoles and 
vinylic species including alkynes and carbonyls. 

8.1   Carbazole couplings

Carbazoles are nitrogen-containing tricyclic aromatic structures 
that are often found in natural products and agrochemicals. 
Similar to naphthols, these moieties can form axially chiral biaryl 
products when coupled. Derivatives of carbazoles, more 
specifically, hydroxycarbazoles contain phenolic backbones and 
can participate in similar redox chemistry to phenols. Biaryl 
hydroxycarbazoles are typically furnished via traditional cross-
coupling techniques involving pre-functionalization with a 
halide or other electrophiles prior to coupling. Recently, 
oxidative techniques have been leveraged to enable the 
oxidative coupling of hydroxycarbazoles. 

In 2015, Kozlowski and co-workers disclosed the first 
vanadium-catalyzed regioselective oxidative couplings of 

hydroxycarbazoles using molecular oxygen as the terminal 
oxidant to furnish various dimeric 2-hydroxycarbazoles.143 This 
study fueled their 2017 report on the asymmetric oxidative 
coupling of 2-hydroxycarbazoles as well as phenols.28 With N-
benzyl protecting groups, the authors oxidatively coupled 40a 
derivatives to produce dimeric 2-hydroxycarbazoles (40) in up to 
91% yields and 96% ee with monomeric vanadium(V) complexes 
(Scheme 33a). Studies into the ligand/catalyst design revealed 
that the addition of a Brønsted/Lewis acid increased both 
reactivity and enantioselectivity. Monomeric catalysts with 
these acid additives performed comparably to dimeric 
complexes. A follow-up experimental and computational study 
indicated that the additives help the catalysts aggregate to form 
“pseudo-dimeric” structures which aid in the enantioselectivity 
of the reaction.144

Takizawa and co-workers utilized a different monomeric 
chiral vanadium(V) catalysts to access a bis-2-hydroxycarbazole 
natural product, (+)-bi-2-hydroxy-3-methylcarbazole (41).145 
Starting from cyclohexanone and an aniline derivative, the 
authors achieved 41a in two facile steps (Scheme 33b). The 
authors were able to oxidatively couple 41a to form (+)-bi-2-
hydroxy-3-methylcarbazole (41) in 44–70% yields and 16–21% 
ee. The poor enantioselectivity was attributed to the ease of 
rotation about the biaryl bond when the nitrogens were not 
protected as erosion in the enantiomeric excess was seen at 
room temperature. 

Hydroxycarbazole natural products sorazolon E (42a) and 
(+)-sorazolon E2 (42), extracted from Sorangium cellulosum 
myxobacteria, have been found to possess antibacterial and 
cytotoxic properties against mouse fibroblasts.146 In 2017, Sasai 
and Takizawa reported the first enantioselective coupling of 3-
hydroxycarbazoles resulting in the total synthesis of (+)-
sorazolon E2 (42).147 The use of a chiral vanadium(V) catalyst V3 
enabled the homocoupling of sorazolon E (42a) in 71% yield and 
60% ee (90% ee after recrystallization) to furnish (+)-sorazolon 
E2 (42) (Scheme 33c). Ultimately, the authors assembled 
sorazolon E (42a) in an efficient three step process 
(condensation/aromatization/C–C coupling) whereas prior art 
typically required up to eight steps with the use of 
stoichiometric toxic oxidants. It is important to note that Sasai 
and co-workers were able to complete this coupling in the 
presence of a basic nitrogen (free carbazole). These authors also 
reported a related enantioselective cross-coupling of 3-
hydroxycarbazoles and naphthols.148

These authors were also able to oxidatively couple 4-
hydroxycarbazoles with a dinuclear vanadium(V) complex in 
high yield and enantioselectivity (Scheme 33d).149 Specifically, 
the V3 catalyst affords 4-hydroxycarbazole dimers (43) under 
mild conditions with up to quantitative yields and 90% ee. 
Substrates containing hydrogen or methyl groups on the 
nitrogen (R3 on 43a) were compatible with these conditions and 
led to the highest enantioselectivity, but utilization of  aryl, 
benzyl, or allyl substituents eroded selectivity. Of note, 
mononuclear complexes did not impart significant 
enantiocontrol in these reactions.
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Scheme 33 Oxidative naphthol coupling to afford carbazole dimers.

8.2   Amine couplings

Lumb and co-workers disclosed the synthesis of benzoxazinone 
and benzoxazole backbones utilizing a biomimetic copper-
catalyzed oxidative coupling of phenols and amines.150 Similar 
to prior work from the Lumb group, the reactivity of an ortho-
quinone intermediate was harnessed to forge new C–O and C–
N bonds via an amine condensation in one-pot. A sterically 
demanding catalyst enabled regioselective ortho-oxygenation 
of symmetrical and unsymmetrical phenols to form ortho-
aminophenols. Using [Cu(MeCN)4]PF6/DBED and molecular 
oxygen, the authors condensed phenol 44a and indole amine 
44b to form 44c which underwent lactonization to form 44d in 
a 72% yield (Scheme 34). The benzoxazine natural product 
cephalandole A (44) was formed after subsequent de-tert-
butylation in a 71% yield. This method proceeded with mild 
conditions using an earth-abundant metal (Cu) catalyst and H2O 
as the only stoichiometric byproduct.
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Scheme 34 Oxidative coupling of amines and phenols in the synthesis of cephalandole A.

8.3   Indole couplings 

Indoles are N-heterocyclic aromatic structures with a 5-
membered pyrrole fused to a benzene ring. These moieties are 
prevalent in biologically active natural products as well as 
pharmaceuticals and have remained as one of the most 
common scaffolds in medicinal chemistry. Indole-containing 
compounds have profound activity at the 5-HT serotonin 
receptors, including psychedelic natural products like psilocybin 
and ergot alkaloids which have recently garnered interest for 
potential treatment of depression and PTSD.151-153

Electrochemical methods have been pioneered to tackle 
difficult oxidative couplings between two unsymmetrical 
partners. Both phenols and indoles have sufficiently low 
oxidation potentials to facilitate a union in an oxidative 
coupling. The Harran lab utilized electrolytic conditions to 
accomplish an intramolecular oxidative coupling of a phenols 
with an indole en route to cancer therapeutic, DZ-2384 (45).154 
DZ-2384 (45) has garnered interest from the synthetic 
community as it showed a significant improvement in anti-
cancer properties from the original natural product scaffold of 
(–)-diazonamide A (not shown). Conventional chemical methods 
involving hypervalent iodine failed to achieve the macrocyclic 
core of DZ-2384 (45) as the authors uncovered a competing 
oxidation of the phenolic portion (shown in red) in 45a to a 
spirocyclohexadienone (not shown). Anodic conditions were 
devised that avoided over-oxidation of the phenol and 
facilitated union of the two fragments. As shown in Scheme 35, 
oxidation of 45a at a potential of +1.6 V with portion-wise 
addition of (NH4)2CO3 gave DZ-2384 (45) in a 35% yield and 2.3:1 
dr after 56 h. Overall, the authors were able to synthesize DZ-
2384 (45) in 13 total steps and 6% overall yield with a key 
oxidative coupling as the final step to achieve the macrocyclic 
core.
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OH
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Me
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H
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O
O

N N

O

OH CMe3
OH

F

HO

+1.6 V
Et4NBF4, (NH4)2CO3

2% aq. DMF, 56 h
35%, 2.3:1 dr

45a

Scheme 35 Electrochemical oxidative coupling of indole and phenol to synthesize cancer 
therapeutic drug DZ-2384.

In a recent disclosure by Xu and co-workers, the 
spiroindimcin natural product family was accessed using a 
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chemoenzymatic approach involving a biomimetic 
intramolecular oxidative coupling of two indole units.155 
Spiroindimcins, isolated from deep-sea Streptomyces strains, 
are biosynthetically assembled via oxidative dimerization of 
tryptophan and have anti-cancer and anti-parasitic biological 
activities. Previous synthetic endeavors of this natural product 
family have relied on transition metal-catalyzed cross-coupling 
reactions to forge the spirocyclic skeleton.156, 157 In a different 
approach, Xu et al. synthesized the spiroindimcin D core (46i) in 
a 35% yield using catalytic trichloroisocyanuric acid (TCCA) and 
the spiroindimcin A core (46ii) with stoichiometric NIS/AgSbF6 
conditions in a 98% yield (Scheme 36). With these regioselective 
3’-2’’ and 3’-4’ oxidative couplings, the authors were able to 
synthesize (±)-spiroindimcin A, D, G, and H (not shown) after one 
or two additional synthetic procedures. The common 
intermediate 46a was produced via an enzymatic dimerization 
of L-tryptophan. 

H
N

N

N

CO2MeMeO2C

TBS

H
N CO2MeMeO2C

N

N

TBS

Spiroindimicin D core (46i) Spiroindimicin A core (46ii)

H
N CO2MeMeO2C

NN
TBSTBS

46a

TCCA (33 mol%)

Al2O3, CH2Cl2
3’

2’’

4’’

3’ 2’’ 3’
4’’

35%

NIS (1.5 equiv)
AgSbF6 (2.5 equiv)

NaOH (6 equiv)
CH2Cl2

98%

Scheme 36 Total synthesis of spiroindimcin cores via indole oxidative coupling.

8.4   Alkyne and alkene couplings 

The use of low-energy visible light has emerged as a powerful 
synthetic technique to furnish new chemical bonds with mild, 
selective transformations. The Hwang lab reported the oxidative 
coupling of phenols and terminal alkynes using photocatalytic 
conditions and an earth-abundant copper catalyst.158 In the 
presence of O2, C C triple bonds are cleaved to assemble alkyl ≡
and aryl ketones, which are valuable functional groups in natural 
products as well as useful synthetic intermediates. In this 
reaction, the phenol is first oxidized to the para-quinone with 
CuCl/O2 and then undergoes a Paterno-Buchi [2+2] 
cycloaddition with a Cu(II)-acetylide which undergoes 
subsequent ring opening and addition with O2 to form the 
product after loss of CO2 (Scheme 37a). As suggested by the 
mechanism, the scope is limited to phenols with open para 
positions. This method allowed the authors to synthesize two 
pharmaceuticals in a high yielding two-step process. Alkyne 47a 
and phenol 47b were coupled using the photocatalytic 
conditions in a 82% yield and then subsequently engaged in an 
SN2 reaction to afford pitofenone (47) in a 72% overall yield 
(Scheme 37b). A similar approach was taken to form fenofibrate 
(48), a cholesterol drug, using 48a and 47b in a 76% overall yield 
(Scheme 37c).
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Scheme 37 Photocatalytic oxidative coupling of phenols and terminal alkynes.

In 2013, Pappo and co-workers developed an iron-catalyzed 
oxidative cross-coupling of phenols and alkenes for the 
construction of 2,3-dibenzofurans (49).159 These moieties are 
present in a plethora of natural products and it is proposed that 
nature constructs these backbones in a similar oxidative 
fashion.160 Previous methods have been established for the 
synthesis of 2,3-dibenzofurans (49), but they often rely upon 
stoichiometric metal oxidants with poor selectivity outcomes. 
Using a FeCl3/t-BuOOt-Bu/DCE system, the authors were able to 
couple a variety of phenols and naphthols (49a) with styrene 
and stilbene derivatives (49b) to furnish 2,3-dibenzofurans (49) 
in 27–94% yields (Scheme 38). For further examples of the use 
of oxidative couplings in the assembly of dihydrobenzofuran 
natural products, see review by Zhao et al.161

R1

O
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2,3-dibenzofurans (49)R1

OH

49b49a

+

FeCl3 (20 mol%)
t-BuOOt-Bu (2 equiv)

DCE (0.05 M), 80 °C
27–94%

R1 = OMe, Me, Br, H, CO2Me, OBn

Ar
R2

R2

Ar

R4

R3

R4

R2/R3/R4 = H, Me, cyclopropyl, Ph-p-OMe, t-Bu
Ar = Ph, Ph-p-Cl, Ph-p-OMe

Scheme 38 Photocatalytic oxidative coupling of phenols and terminal alkynes.

8.5   1,3-Dicarbonyl couplings 

A subsequent study from Pappo et al. in 2015 examined catalytic 
oxidative coupling of phenols and β-dicarbonyls to furnish 
benzofurans.162 The authors observed a dramatic enhancement 
in cross-coupling selectivity with fluoroalcohol solvents 
(HFIP/TFE) which is hypothesized to arise from their ability to 
stabilize radical cation intermediates. Partners 50a and 50b 
were oxidatively coupled using a Fe(ClO4)3 hydrate catalyst in 
TFE/DCE in 40% yield (Scheme 39). Three additional synthetic 
procedures resulted in the first total synthesis of natural 
product 2’’-dehydroxycalodenin B (50) in a 17% overall yield. 
While a stoichiometric loading of catalyst was used in the total 
synthesis, the substrate scope disclosed by Pappo and co-
workers used only a 10 mol% loading. 
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Scheme 39 Oxidative coupling of phenols and β-dicarbonyl compounds in the synthesis 
of 2’’’-dehydroxycalodenin B. 

Expanding upon their work in iron-catalyzed oxidative 
couplings of phenols and β-dicarbonyls, Pappo et al. were able 
to access coumestrol analogues (51) for a structural activity 
relationship (SAR) study against breast cancer cell lines.163 In 
their synthesis of a library of coumestrol derivatives (51), the 
Pappo group leveraged a two-step approach involving the 
assembly of a 3-ester benzofuran intermediate followed by 
lactone formation via an intramolecular esterification. Scheme 
39 illustrates their approach in which 51a and 51b are 
oxidatively coupled to form 51c derivatives in 51–77% yields 
using FeCl3 and t-BuOOt-Bu. Subsequent BBr3 deprotection of 
the methoxy groups and lactonization led to coumestrol 
analogues (51) in 67–97% yields. For the oxidative coupling, the 
use of molecular oxygen as the terminal oxidant led to inferior 
yields in comparison to t-BuOOt-Bu. Additionally, the authors 
were able to complete the gram scale total synthesis of natural 
product coumestrol (not shown) in a 59% overall yield.
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Scheme 40 Synthesis of coumestrol derivatives via oxidative coupling of β-ketoesters 
with phenols. 

The Pappo group also reported a key advance with the 
stereoselective oxidative coupling of 2-naphthols with chiral β-
ketoesters using a chiral iron phosphate complex to synthesize 
polycyclic hemiacetal analogues.164 Benzofuran-based polycyclic 
acetals are key backbones in many natural products with 
promising biological properties.165 The authors screened a 
diverse set of phosphoric acid ligands with an Fe(ClO4)3 hydrate 
catalyst to achieve both high yield and diastereoselectivity. 
Mechanistic studies revealed that the active catalyst was an iron 
monophosphate complex. Scheme 40 highlights the optimized 
conditions using an (R)-BNPH ligand in PhCF3/HFIP to couple 
derivatives of 52a and 52b to form polycyclic hemiacetals (52) in 
57–79% yields and up to 90:10 dr. Motivated by this work, Sasai 
and Takizawa disclosed a catalytic enantioselective oxidative 
coupling between 3-hydroxycarbazoles and achiral β-ketoesters 
with their vanadium(V) catalysts.148
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Scheme 41 Asymmetric oxidative coupling of 2-naphthols and β-ketoesters with iron 
phosphate catalyst.

The Pappo lab also developed an iron-catalyzed oxidative 
coupling of naphthols/phenols with β-ketoesters to favor the 
formation of spirolactones over polycyclic hemiacetals.166 The 
authors discovered that elevated temperatures (above 70 °C) 
facilitate the trans-esterification step required to form 
spirolactones and avoid formation of polycyclic hemiacetals 
using traditional FeCl3/t-BuOOt-Bu/DCE conditions. The utility of 
this method was highlighted in the biomimetic synthesis of the 
lachnanthospirone core (53), a pigment isolated from 
Lachnanthes tinctoria. The original isolation paper hypothesized 
that lachnanthospirone (not shown) could be biosynthetically 
assembled via an oxidative coupling of a phenol and β-
ketoester.167 To probe the synthetic feasibility, Pappo and co-
workers coupled 53a and 53b using their optimized oxidative 
conditions to afford the lachnanthospirone core (53) in a 43% 
yield (Scheme 41) with sequential C–C and C–O bond formation.
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OH O

CO2Me
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+

FeCl3 (10 mol%)
L2 (5 mol%)

t-BuOOt-Bu (2.5 equiv)
DCE, 70 °C

N
N

L2

43%

Scheme 42 Iron-catalyzed coupling of β-ketoesters with naphthols in synthesis of 
lachnanthospirone core.  

9.   Concluding remarks
In conclusion, oxidative phenol couplings have significantly 
aided synthetic chemists in their quest to synthesize elusive 
natural products. Tremendous strides have been made within 
the last decade using innovate chemistries to push the 
boundaries and reach new chemical space. These powerful 
bond-forming reactions, requiring no prefunctionalization, have 
found wide applications with coupling diverse partners. 

Chemical approaches utilizing stoichiometric oxidants have 
fared well in the assembly of complex natural products, but their 
ultimate utility is limited by the presence of sensitive functional 
groups. Enzymatic oxidative couplings have been recently 
leveraged to conduct bench-top reactions with biological 
precision. Catalytic oxidative methods have combined atom 
economy, reaction efficiency, and functional group tolerance to 
achieve selective transformations in furnishing natural 
products. Of the transition metal catalysts, those derived from 
iron, vanadium, copper, and chromium have emerged as the 
most successful catalyst types in the field. Electrochemistry has 
gained prominence in oxidative coupling by succeeding under 
mild conditions and with high selectivity. Additionally, oxidative 
photoredox chemistry has recently proven advantageous in 
oxidative phenol couplings by using low-energy visible light.

While the regioselectivity of phenol homocoupling has been 
carefully analyzed in several studies, regioselective cross-
coupling approaches remain a challenge and often rely upon the 
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use of blocking/activating groups. The installation and 
subsequent removal of such moieties increases synthetic step 
counts. Discovering approaches that reduce these inefficiencies 
and allow direct regioselective cross-couplings will lead to 
shorter and even more efficient syntheses. Expanding phenol 
oxidative couplings to new heteroarenes is also of interest to the 
community. These bonds are often forged by stoichiometric 
Lewis acids and transition metals, which can create roadblocks 
in drug development on industrial scale. Overall, the oxidative 
coupling of phenols and phenolic-type compounds have 
enabled synthetic chemists to mimic biological pathways in the 
synthesis of complex natural products. Further advances will 
enhance efficiency and allow for use with non-natural 
substrates to access greater portions of chemical space.
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