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Abstract We develop 3,5-di-tert­butylphenol as a strategic substrate
for the evaluation of biomimetic Cu2–O2 complexes intended to mimic
the activity of tyrosinase. We describe a practical and scalable synthesis
and validate its use in an aerobic ortho-oxygenation catalyzed by N,N′-
di-tert-butylethylenediamine and [Cu(CH3CN)4]PF6.

Key words aerobic oxidation, biomimetic catalysis, copper, dearoma-
tization, tyrosinase, oxidative coupling, oxepinobenzofuran

Aerobic catalysis has garnered considerable interest as a
means of driving chemical synthesis from a renewable
source of energy.1 Molecular oxygen (O2) is abundant and
nontoxic, and its use as a terminal oxidant is atom-econom-
ic and benign in instances where H2O is generated as the
sole, stoichiometric byproduct.2 While attractive, these fea-
tures are often offset by challenges of controlling chemo-,
regio- and stereoselectivity, particularly in complex mole-
cule settings.1b The triplet electronic ground state of O2 of-
ten mandates high activation energies for direct reaction
with organic molecules in the absence of light or a transi-
tion-metal catalyst,3 and selectivity is often diminished by
radical-based mechanisms of oxidation.4

Metalloenzymes offer a unique source of inspiration
with which to overcome these challenges, since many en-
zyme-mediated aerobic oxidations exhibit exquisite levels
of selectivity.1a,5 Discrete metal complexes aimed to mimic
these systems have provided insight into many of the re-
quirements for selective O2 activation and substrate oxida-
tion.6 These simplified model systems recreate the protein
active sites in the absence of a supporting amino acid ma-

trix,7 which facilitates the use of non-natural substrates un-
der reaction conditions more suitable for organic synthesis
(i.e., organic solvents and elevated or cryogenic tempera-
tures). While such bioinspired catalysts are attractive, few
have successfully mimicked the catalytic activity of metal-
loenzymes and are generally not translatable to practical
and scalable protocols that are applicable for synthesis.1a,8

We have been particularly interested in mimics of the en-
zyme tyrosinase, which is a ubiquitous, dinuclear copper
(Cu)-containing metalloenzyme that triggers the synthesis
of melanin pigments by catalyzing the selective ortho-oxy-
genation of L-tyrosine to L-dopaquinone (Scheme 1, a).8 Ty-
rosinase has been the focus of numerous, bioinorganic
studies, which have led to a number of small-molecule en-
zyme mimics that faithfully recreate the enzyme’s ability to
(1) activate O2 as a characteristic side-on μ-η2:η2 peroxo
complex, and (2) oxygenate exogenous phenolic sub-
strates.7–9 The overwhelming majority of these studies have
been conducted under stoichiometric conditions, in which
a preformed phenolate is added to a preformed LnCu2O2
complex at low temperatures, under conditions that are not
amenable to catalysis.2a,10 Under more catalytically relevant
conditions that employ phenols instead of phenolates at
room temperature, more complex reaction mixtures at in-
complete conversions are obtained, owing to competitive
radical-based oxidations that are not observed for tyrosi-
nase itself (Scheme 1, b).2a,7a

A significant complication in the advancement and de-
velopment of tyrosinase mimics has been the inherent re-
activity of the ortho-quinone products. ortho-Quinones
readily engage in a range of transformations that can in-
clude addition, condensation, and redox reactions, as well
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2017, 28, A–F
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as cycloadditions.11 Moreover, ortho-quinones are good li-
gands for Cu(I),12 complicating the delicate coordination
chemistry that must be preserved in order to selectively ac-
tivate O2 as the side-on μ-η2:η2 peroxo complex. Historical-
ly, many of these challenges have been addressed by using
2,4-di-tert-butylphenol (1) as a model substrate, since its
corresponding ortho-quinone, 3,5-di-tert­butyl-ortho-ben-
zoquinone (2) is relatively stable (Equation 1).13 However,
the use of 1 is complicated by the very same properties that
impart stability to 2. Namely, the steric shielding of the tert-
butyl substituent at C2, near the coordinating O atom,
makes an inner-sphere mechanism of oxygenation difficult,
especially given the often sterically demanding ligands
used to mimic the tyrosinase core. In addition, the electron-
donating properties of the tert-butyl substituents in the or-
tho and para positions make phenol 1 a relatively easy phe-
nol to oxidize (Eox = 1.48 V vs. SCE in CH2Cl2, see SI) because
the 2,4-substitution pattern can help to stabilize the phe-
noxyl radical.14 As a result, 1 is prone to a range of radical-
based reactions, in what is best described as non-tyrosi-
nase-like oxidations.5g

Equation 1  ortho-Oxygenation of two regioisomers of di-tert-butyl-
phenol 1 and 3

Recognizing these challenges, we report the use of 3,5-
di-tert-butylphenol (3) as a strategic alternative to 1 for
probing the reactivity of tyrosinase mimics. Benefits of 3
include a higher redox potential (Eox = 1.62 V vs. SCE in CH2Cl2,
see Supporting Information) relative to 1, consistent with a
meta disposition of the tert-butyl groups, as well as a mini-
mized steric profile. In addition, ortho-oxygenation of 3 still
provides ortho-quinone 2, benefiting from the relative sta-
bility discussed above. To our knowledge, phenol 3 has not
been previously evaluated as a substrate for tyrosinase
mimics.15 Here, we trace its development, synthesis, and
optimization in the context of our groups’ program in ty-
rosinase mimicry.

Our motivations to develop phenol 3 stem from our re-
cently reported conditions for the ortho-oxygenation of
phenols that employ catalytic quantities of [Cu(CH3CN)4]PF6
(abbreviated as CuPF6) in conjunction with N,N′-di-tert-bu-
tylethylenediamine (DBED) and O2 (Scheme 2).5g Under
these conditions, 4-tert-butylphenol (4) is cleanly convert-
ed into coupled ortho-quinone 6 (>95% yield) after four
hours at room temperature, in a process that is composed of
(i) a relatively fast ortho-oxygenation of 4 into DBED/Cu(II)-
semiquinone (5), followed by (ii) a relatively slow oxidative
C–O coupling to provide 6. By monitoring the reaction at
low temperatures (−120 °C to −80 °C), we successfully in-
vestigated the O2 activation and oxygen-atom transfer steps
leading to 5, which are consistent with a tyrosinase-like
mechanism.16 However, under these conditions, Cu is not
released from 5, preventing a detailed mechanistic analysis
of the turnover step. At elevated temperatures, where turn-
over does occur, step (ii) is rate limiting, complicating the
mechanistic picture. Most notably, 6 is not observed when
phenol 4 is oxygenated with tyrosinase.17

Scheme 2  Simplified mechanism for the Cu/DBED-catalyzed aerobic 
oxidation of 4-tert-butylphenol (4)

Because quinone 2 (cf. Equation 1) does not undergo ox-
idative coupling as described in step (ii) due to steric con-
straints, the ortho-oxygenation of 1 to 2 would offer a more
tractable system for mechanistic investigations. However, 1
is selectively oxidized into oxepinobenzofuran 7 by the

Scheme 1  a) Tyrosinase-mediated ortho-oxygenation of L-tyrosine. b) 
Copper-mediated catalytic aerobic oxidation of phenols by small-mole-
cule tyrosinase mimics.

tyrosinase active site

Cu
OCu

O
HisN

HisN
NHis

NHis

NHis NHis

OH

H2N

CO2H

O

H2N

CO2H

O

L-tyrosine L-dopaquinone

tyrosinase

O2 H2O

OH

OH O

O

OH
LnCu/O2

O

O

OH

OH

a)

b)

O

O

OAr

R

R R

R

R R

RR

tyrosinase 
mimics

tBu tBu

O

O

tBu tBu

OH
OH

tBu

tBu

[O] [O]

- electron-rich
- prone to radical formation
- sterically encumbered

1 2 3

advantagesdisadvantages stable product of
ortho-oxygenation

- phenol is sterically accessible
- less electron-rich
- produces the same product as 1

OH

tBu

[Cu(MeCN)4]PF6 (4 mol%)
DBED (5 mol%)

O2 (2 atm)

r.t., 4 h
ArO

O

O

tBu
6

98%

O

tBu

O

CuII N
N

tBu

tBu

H

H

i) fast
not observable

ii) slow
observable

5

Cu
DBED

O2 4

4 = ArOH
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2017, 28, A–F



C

O. Kwon et al. ClusterSyn  lett

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f C

on
ne

ct
ic

ut
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.
CuPF6/DBED system (Scheme 3, a).5g The occurrence of ox-
epinobenzofurans related to 7 as a product of metal-medi-
ated phenol oxidation can be traced to the earliest work of
Müller and coworkers in 1961,18 who originally assigned its
structure as benzoxete 7′. This structure has persisted in
the literature,2a despite a structural reassignment by
Hitchcock in 1978,19 and others based on theoretical calcu-
lations,20 or spectroscopic data.21 We present here an X-ray
structure for 7, along with phenyl-substituted derivative 7a
(Scheme 3, b),22 which substantiates Meier’s structural re-
vision, as well as the detailed characterization conducted in
2013 by Limberg.21c

Scheme 3  a) A concise mechanism of the Cu-catalyzed aerobic oxida-
tion of phenol 1 to the oxepinobenzofuran 7. b) ORTEP views at 50% 
ellipsoid probability of 7 and derivative 7a in their crystal structures, 
with hydrogen atoms removed for clarity.

Recognizing the complications associated with 1 and 4
as probes for the evaluation of LnCu2O2 complexes, we con-
sidered phenol 3 as a strategic alternative. Although com-
mercially available,23 the high cost of 3 prompted us to de-
velop a concise and scalable route that could provide 3 in
suitably pure form for mechanistic studies. Initially, we
were drawn to Stahl’s recently reported conditions for the
synthesis of meta-substituted phenols by oxidative conden-
sation of simple carbonyl compounds.24 Adapting these
conditions to the synthesis of 3 began by a base-mediated
aldol condensation of pivaldehyde and pinacolone, followed
by annulation with acetone, and catalytic aerobic dehydro-

genation to provide 3 (Table 1). Efforts to optimize this pro-
cess surveyed Pd(OAc)2 and Pd(TFA)2 as sources of Pd (Table
1, entries 1 and 2), as well as prolonged reaction times (Ta-
ble 1, entry 3) and increased temperatures (Table 1, entry
4). Unfortunately, none of these changes significantly im-
proved reaction efficiency. It was only upon doubling the
catalyst loading that we observed a statistically significant
increase in the yield of 3 (Table 1, entry 5), which appeared
to plateau at 25 mol% of Pd(TFA)2, 25 mol% of the amino
pyridine ligand (2-(N,N-dimethylamino)pyridine), and 50
mol% of the sulfonic acid (Table 1, entry 6). By prolonging
the reaction time under these conditions, we were able to
increase the yield of 3 to >40% after 48 or 72 hours at 120 °C
(Table 1, entries 7 and 8). Using these optimized conditions,
3 was prepared in 47% overall yield after purification on
gram scale, starting from the corresponding ketone and al-
dehyde precursors (Scheme 4). While this pathway is con-
ceptually attractive, our inability to improve the efficiency
of this dehydrogenation, particularly at the elevated catalyst
loadings, led us to consider alternative approaches to 3.

Table 1  Initial Route for the Preparation of 3,5-Di-tert-butylphenol 3 
and the Optimization of the Palladium-Catalyzed Dehydrogenative Aro-
matization

We decided to prepare 3 from 1-bromo-3,5-di-tert-but-
ylbenzene (8), which is commercially available or easily
prepared (see Supporting Information). While the one-step
hydroxylation of aryl halides has recently received consid-

Entry [Pd] 
(mol%)

Ligand 
(mol%)a

p-TsOH 
(mol%)

Temp 
(°C)

Time 
(h)

Conversion 
(%)

Yield 
(%)b

1 Pd(OAc)2 (5) 10 10  80 24 44 13

2 Pd(TFA)2 (5) 10 10  80 24 47 16

3 Pd(TFA)2 (5) 10 10  80 48 62 18

4 Pd(TFA)2 (5) 10 10 120 24 68 21

5 Pd(TFA)2 (10) 10 25 120 24 64 37

6 Pd(TFA)2 (25) 25 50 120 24 69 41

7 Pd(TFA)2 (25) 25 50 120 48 70 43

8 Pd(TFA)2 (25) 25 50 120 72 71 46
a Ligand = 2-(N,N-dimethylamino)pyridine.
b Conversion and yield based on recovered starting material and product fol-
lowing purification.
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erable attention,25 application of existing methodologies to
8 under a range of Cu-mediated coupling conditions with
hydroxide led to disappointing results (Table 2). These in-
clude conventional cross-coupling methodologies by Xia
and coworkers as well as Chen and coworkers (Table 2, en-
tries 1 and 2),25a,b and biphasic conditions employing water
as the solvent and a range of phase-transfer catalysts, re-
ported by Chen (Table 2, entry 3)25c and Wang (Table 2, en-
try 4).25d We did find, however, that conditions initially re-
ported by Elder and co-workers,25e involving hydroxylation
of 8 with H2O and substoichiometric quantities of Cu metal
and cupric oxide, returned 3 in 74% yield, after heating in
an autoclave at 275 °C for 36 hours (Table 2, entry 5). Unfor-
tunately, practical limitations precluded large-scale devel-
opment. Finally, we settled on an alternative, two-step ap-
proach to 3, relying first on the conversion of aryl bromide 8
into the corresponding boronic ester by way of the Grignard
reagent, followed by oxidation using Oxone® under condi-
tions reported by Maleczka and coworkers (Table 2, entry
6).26 This route has proven to be reproducible on 100 mmol
scale, providing 3 as a white solid in 80% yield following re-
crystallization from hexanes.27 A single X-ray crystal struc-
ture of 3 was obtained, and is provided in Scheme 5.22 We
note that in their initial publication,26 Maleczka and co-

workers express caution to the use of Oxone® on large
scales. While we have not experienced any difficulties, we
likewise stress the importance of adding the oxidant with
care.

Scheme 5  Decagram-scale synthesis of phenol 3 via borylation/oxida-
tion of 8. a ORTEP of one of three independent molecules of 3 at 50% 
ellipsoid probability. Hydrogen atoms were omitted for clarity. See Sup-
porting Information for more details.

With a synthetic route to 3 secured, we evaluated its
performance as a model substrate for ortho-oxygenation
using our CuPF6/DBED system (Table 3).9e Gratifyingly, ex-
posure of 3 to our previously optimized conditions provides
quinone 2 after four hours at room temperature, albeit at
incomplete conversion with a loss of mass balance of ca.
10% (Table 3, entry 1). While higher loadings of DBED pro-
vided marginal improvements (Table 3, entry 2), the reac-
tion’s incomplete conversion prompted us to evaluate
MgSO4 as an additive. We have previously demonstrated
that a desiccant, such as MgSO4, can improve reaction effi-
ciency,9e but no benefits were observed in the current con-
text at both 5 and 10 mol% loadings of DBED (Table 3, en-
tries 3 and 4). Ultimately, clean conditions, proceeding to
complete conversion of 3, were realized by increasing the
Cu loading to 8 mol%, and using either 15 or 20 mol% of
DBED, which returns NMR yields of 2 in excess of 95% (Table

Scheme 4  Gram-scale preparation of phenol 3 via oxidative condensa-
tion starting from pivaldehyde and pinacolone

tBu

O

tBu H

O

+

tBu tBu

OHNaOH (2 equiv)
EtOH–H2O (9:1)

reflux, 12 h

NaOMe (2.0 equiv)
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Table 2  Hydroxylation of 1-Bromo-3,5-di-tert-butylbenzene (8) to Phenol 3

Entry Conditionsa Yield (%)b

1 Cu(acac)2 (0.5 mol%), L5 (0.5 mol%), LiOH·H2O (2.1 equiv), DMSO–H2O (4:1, 0.1 M), 80 °C, 24 h25a –c

2 Cu(8-HQ)2 (10 mol%), NaOH (30% in H2O), 110 °C, 24 h25b –c

3 CuI (10 mol%), KOH (6.0 equiv), PEG-400–H2O (4:1), 120 °C, 8 h25c –c

4 Cu2O (5 mol%), L (10 mol%), TBAOH (1 mL/0.5 mmol), H2O, 110 °C, 24 h25d –c

5 Cu0 (20 mol%), CuO (50 mol%), NaOH (6.67 equiv), H2O, 275 °C, 36 h25e 74d

6 i) Mg0 (1.5 equiv), THF, reflux, then B(OMe)3 (2 equiv), 1 h, 0 °C to r.t.
ii) Oxone® (2 equiv), acetone–H2O, r.t., 7 min26

80e

a For detailed procedures and ligand structures, see Supporting Information.
b Isolated yields.
c TLC analysis showed little to no conversion of starting material due in part to issues of solubility.
d Isolated yield before recrystallization.
e Isolated yield after recrystallization.

tBu tBu

Br

tBu tBu

OH

conditions

8 3
© Georg Thieme Verlag  Stuttgart · New York — Synlett 2017, 28, A–F



E

O. Kwon et al. ClusterSyn  lett

D
ow

nl
oa

de
d 

by
: U

ni
ve

rs
ity

 o
f C

on
ne

ct
ic

ut
. C

op
yr

ig
ht

ed
 m

at
er

ia
l.
3, entries 5 and 6). Yields remain consistently high on scales
of up to 10 grams (Table 3, entry 7), and most importantly,
oxidation byproducts are not detected in significant
amounts (< 5%) over the course of the reaction (see Figures
S1 and S2 in the Supporting Information).

Table 3  Optimization of the Cu/DBED-Catalyzed Aerobic ortho-Oxy-
genation of 3,5-Di-tert-butylphenol (3)

In previous mechanistic studies from Stack’s group and
our own groups,9c,d,16 DBED/Cu(I) was shown to self-assem-
ble into a μ-η2:η2 peroxodicopper(II) species when exposed
to O2 that is spectroscopically similar to the active site of
tyrosinase. However, in each of these previous studies, lim-
itations of the substrates used to evaluate the reactivity of
this biomimetic oxidant precluded a detailed mechanistic
investigation under catalytic conditions. In Stack’s studies,
the phenolate anion of 1 was shown to undergo stoichio-
metric ortho-oxygenation to a mixture of 2 and 3,5-di-tert-
butylcatechol, and we have shown that 1 undergoes a radi-
cal-based oxidation under catalytic conditions to provide
7.5g Removing the 2-tert-butyl substituent, as in 4, does
lead to more efficient catalysis for the oxygenation step,9e

but at the expense of a supplementary oxidative coupling
step (Scheme 2). Hence, the substrates used to evaluate the
reactivity of this biomimetic oxidant precluded a detailed
mechanistic investigation under true catalytic conditions,
leaving many fundamentally important questions unan-
swered. In this manuscript, we have provided a rationale
for developing 3,5-di-tert-butylphenol (3) as a strategic al-
ternative and have validated its suitability for ortho oxygen-
ation under our biomimetic reaction conditions. Most nota-
bly, the oxygenation of 3 proceeds to a single product at
complete conversion of the substrate in reaction times that
are suitable for mechanistic work, aimed at elucidating key

events in a catalytic mimic of tyrosinase, which remains an
unsolved challenge. Detailed insight into this catalytic pro-
cess should facilitate the translation of fundamental, bio-
inorganic studies into more practical, catalytic aerobic pro-
cesses of synthetic value, as has been observed for related,
bioinspired aerobic oxidations of alcohols.28 Given the
breadth of biomimetic metal complexes, we anticipate a
number of applications for 3 beyond tyrosinase, in cases
where an inner-sphere substrate oxidation is desired.
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