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ABSTRACT: Constrained macrocyclic scaffolds are recog-
nized as challenging synthetic motifs with few general
macrocyclization methods capable of accessing these types of
systems. Although palladium catalyzed oxidative homocou-
pling of aryl boronic acids and esters to biphenyls has been
recognized as a common byproduct in Suzuki−Miyaura cross-
couplings for decades, this reactivity has not been leveraged for
the synthesis of challenging molecules. Here we report an
oxidative boronic ester homocoupling reaction as a mild
method for the synthesis of strained and conformationally
restricted macrocycles. Higher yields and better efficiencies are
observed for intramolecular diboronic ester homocouplings
when directly compared to the analogous intramolecular
Suzuki−Miyaura cross-couplings or reductive Yamamoto homocouplings. Substrates included strained polyphenylene
macrocycles, strained cycloalkynes, and a key macrocyclic intermediate toward the synthesis of acerogenin A. Notably, this
oxidative homocoupling reaction is performed at room temperature, open to atmosphere, and without the need to rigorously
exclude water, thus representing an operationally simple alternative to traditional cross-coupling macrocyclizations. The
mechanism of the reaction was investigated indicating that 1−5 nm palladium nanoparticles may serve as the active catalyst.

■ INTRODUCTION

Macrocyclic molecules are widely recognized as useful
structural motifs across disciplines including materials science,1

medicinal chemistry,2 and supramolecular chemistry.3 Synthetic
methods toward efficient macrocycle formation, however,
remain a challenge and often represent the limiting step in a
synthetic sequence. This limitation becomes increasingly
apparent when the desired macrocycle is sterically congested,
conformationally restricted, or distorted from ideal geometry.
Examples of challenging biaryl-containing macrocycles range
from natural products such as haouamine A4 or vancomycin5 to
the “bent and battered” benzene rings found in cyclophanes.6

Moreover, the strain and conformational restriction imparted
by the macrocyclic motif is often directly responsible for the
desirable properties. Examples include the strain-induced
narrowing of the HOMO−LUMO gap in [n]cyclopara-
phenylenes ([n]CPPs),7 strain releasing ring-opening meta-
thesis polymerization of various monomers,1a,c and restricted
conformational flexibility of macrocycles that can increase drug
binding for medicinal chemistry applications.2b For these
reasons, constrained macrocycles have served as motivation
for developing methodolgy to construct these challenging
systems under mild transition metal catalyzed conditions.
Typical transition metal catalysis for intramolecular biaryl

coupling can be divided into three classes as shown in Figure

1a.8 First, a redox neutral cross-coupling of a nucleophile and
electrophile can generate strained biaryl macrocycles as in the
case of a Suzuki−Miyaura, Negishi, and Stille cross-coupling. A
second possibility is a reductive coupling which can be used to
bring two electrophilic ends together to provide the desired
macrocyclic structure as in the case of the Yamamoto coupling.
Finally, there is the oxidative homocoupling of nucleophiles
such as the widely used Glaser−Hay reaction used to form
diynes. The downsides for the first two approaches are the need
for an inert oxygen-free environment and typically more forcing
conditions in order to accommodate the oxidative insertion
step. The downsides of the latter nucleophilic couplings are the
need for toxic reagents (organostannane or organomercury) or
highly reactive organometallics (lithiates, grignards, or
cuprates) which are incompatible with protic solvents or
substrates with acidic protons.
In 2014, we observed strained macrocycle 2 as a byproduct in

an attempted Suzuki−Miyaura cross-coupling utilizing dibor-
onic ester 1 (Figure 1b).9 This palladium catalyzed reaction was
found to operate efficiently at room temperature and open to
air. The oxidative homocoupling was the key development
leading to the synthesis and characterization of [5]CPP, a
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highly strained molecular fragment of C60 (118 kcal/mol of
strain energy). Although this oxidative homocoupling process
has long been appreciated as a side product in Suzuki−Miyaura
cross-coupling reactions, minimal efforts have been devoted
into exploring this reaction in the context of complex molecule
synthesis.10 The major exception to this is the pioneering work
by Merlic and co-workers on the oxidative homocoupling of
vinyl boronic esters in the synthesis of complex cyclic dienes.11

Herein we provide a detailed study of this oxidative aryl−aryl
bond forming reaction in order to optimize reaction conditions,
explore the generality and scope of substrates, and probe the
reaction mechanism. This study establishes this reaction as an
operationally simple alternative to traditional cross-coupling
reactions, with the capability of constructing challenging
macrocycles ranging from cyclophanes to strained alkynes to
conformationally restricted natural products. Our mechanistic
work also suggests the strong possibility of 1−5 nm palladium
particles serving as the catalytic species.

■ RESULTS AND DISCUSSION
At the outset of these studies, we first considered the
mechanistic history of this oxidative homocoupling process.
The first mechanistic study was performed in 1994 by Pleixitas
implicating an initial oxidative insertion into Ar−B(OH)2
followed by a transmetalation of a second equivalent of
ArB(OH)2 and finally reductive elimination to give the
homocoupled product.12 In 2005 Adamo et al. proposed an
alternative mechanism utilizing DFT calculations to support
experimental observations (Figure 2).13 The catalytic cycle
begins with the oxidation of a bis-ligated palladium(0) to form
palladium(II) di(triphenylphosphine)peroxide 3 (step A). This
peroxo intermediate was first suggested by Yoshida14 and had
previously been synthesized on a large scale by simple
oxygenation of Pd(PPh3)4.

15 After palladium peroxo activation,
one of the palladium bound oxygens can coordinate an aryl
boronic acid or ester (step B). This facilitates the first
transmetalation of an aryl group to give a boronic peroxo
species (step C). Importantly, this first transmetallaton step was
found both theoretically and experimentally to be second order

in boronic acid.13a Water or an alternative nucleophile can then
attack this peroxide intermediate to give a palladium hydroxo
species and 1 equiv of hydrogen peroxide (step D). This
palladium hydroxo species is closely related to the pretrans-
metalation intermediate for Suzuki−Miyaura cross-coupling.16

In fact, the mechanism is nearly identical to the classical
Suzuki−Miyaura mechanism from this palladium hydroxo
species through the terminal reductive elimination (steps E
and F).17 Although the existence of the palladium hydroxo
intermediate in Suzuki−Miyaura has been debated, Denmark
recently showed strong experimental support for such a
pretransmetalation intermediate.18 The key addressable points
in the catalytic cycle in Figure 2 are highlighted in blue and are
discussed in more detail in the following paragraphs.

Reaction Optimization. With the initial observation of an
efficient room temperature oxidative homocoupling of 1 to give
macrocyclic structure 2 in hand and a greater appreciation for
the proposed catalytic cycle, we began to probe various
parameters to optimize this reaction. These results are
summarized in Table 1. We initially explored other group 10
transition metals, nickel (entry 2) and platinum (entry 3), with
the same conditions and ligand system reported for palladium
(entry 1). Neither bis(triphenylphosphine)nickel(II) dichloride
nor bis(triphenylphosphine)platinum dichloride provided any
conversion to product. Two primary reasons for the lack of
observed reactivity with nickel and platinum can be proposed.
First, Verkade19 showed that fluoride could be used to
efficiently reduce PdCl2(PPh3)2 to the corresponding Pd-
(PPh3)4 (step G) in the presence of excess triphenylphosphine;
however, no such reactivity was observed for Ni(II) and only
sluggish reduction of Pt(II) was observed. Second, Roth20

demonstrated the rate of oxygenation of a variety of M(PPh3)4
complexes in solution including Ni, Pd, and Pt. Interestingly,
palladium binds O2 with a rate constant over an order of
magnitude higher than Ni or Pt, also consistent with Pd being
the superior group 10 transition metal for this transformation.
Next a variety of palladium(II) ligand systems were screened

(entries 4−7). These ligands were chosen to encompass a wide
range of ligand structures including N-heterocyclic carbenes
(NHCs), bidentate phosphines, and bulky phosphine ligands.
Interestingly, there was little variance in conversion and yield
when alternate phosphine ligands were used; however, NHCs
and other nitrogen based ligands were ineffective. This supports
the fluoride-mediated reduction of the various palladium
species through the oxidation of the phosphine ligands to
their corresponding phosphine oxides.19 The insensitivity to

Figure 1. (a) Common intramolecular macrocyclization strategies and
(b) the recently disclosed oxidative homocoupling reaction to form a
highly strained macrocycle.

Figure 2. Proposed catalytic cycle by Adamo et al.13
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phosphine ligand suggests that perhaps the ligand structure
plays a minimal role in the observed catalytic cycle (vide inf ra).
We next screened the catalyst oxidant based on previously

reported boronic acid and ester homocoupling reactions
(entries 8−10). Although less mechanistically understood, the
oxidative homocoupling of boronic acids and esters under
oxygen-free conditions has been explored utilizing a wide
variety of chemical oxidants. The most common reagents for
simple boronic acid homocouplings are typically benzoqui-
none21 and copper(II) salts.22 Interestingly, these stoichio-
metric oxidants prove ineffective in this transformation.
Although high conversion of starting material was observed,
the complex mixture obtained contained no desired product
and instead seemed to favor oligomerization as opposed to
macrocyclization. This could be related to the first trans-
metalation step from the proposed palladium peroxide species.
As was discussed above, this step is second order in boronic
acid or ester. The intramolecular nature of this system could
allow for structural preorganization of the boronic esters to
facilitate the second order transmetalation step. It is not clear
how this mechanistic step would be possible in the absence of
oxygen. Additionally, we observed that a rigorously pure oxygen
environment does not lead to a significant increase in yield,
simplifying the reaction setup (entry 1 vs entry 10).
Initially, we assumed that the role of fluoride in this reaction

was to activate the boronic esters to their corresponding
fluoroboronates to enhance transmetalation.12 The Lloyd−
Jones group showed in 2010, however, that it was energetically
less favorable to transmetallate through such a boronate
intermediate and likely boronic acids and esters were directly
transmetalated from a palladium hydroxo species.23 As

illustrated in Figure 2, the role of fluoride in this transformation
is likely to reduce palladium(II) to palladium(0) through the
oxidation of the phosphine ligands to their corresponding
phosphine oxides.19 According to the catalytic cycle proposed
by Adamo, there is no inherent need for a fluoride source and
the catalytic cycle could begin with the O2-mediated oxidation
of a palladium(0) source. A bis-ligated palladium(0) was shown
to undergo oxidation with molecular oxygen to isolable
palladium(II) bis(triphenylphosphine)peroxide 3.13a This was
theoretically and experimentally shown by Adamo to be the
active catalyst in this homocoupling reaction. Additionally, this
circumvents the need for fluoride as discussed above and would
require only the addition of water as a base in the hydrogen
peroxide forming step. We sought to examine whether
palladium(0) sources (entries 11−13) in the presence of air
could carry out the desired transformation. Table 1 illustrates
that in fact palladium(0) can carry out the desired trans-
formation with reasonably similar conversions and yields. Again
the conversion and yield do not vary dramatically with the
choice of phosphine ligand similar to what was observed in the
case of palladium(II) sources. The catalyst described in the
work by Adamo, peroxide 3, was prepared and screened under
various conditions (entries 14−16) to determine if in fact this
could be a competent catalyst in the desired macrocyclization.15

Under the standard base-free conditions screened above,
moderate conversion and comparable isolated yields of product
were observed. However, a lower catalyst loading gave poor
conversion indicating poor turnover. The addition of an
aqueous base allowed for full conversion but gave poor yields
in comparison to the base-free conditions. With these results,
we concluded that the palladium peroxide compound could act

Table 1. Optimization of Oxidative Homocoupling of Diboronic Ester 1 to Strained Macrocycle 2

entry catalyst base oxidant conversiona yieldb

1 PdCl2(PPh3)2 (20 mol %) KF (4 equiv) air 100 50
2 NiCl2(PPh3)2 (20 mol %) KF (4 equiv) air 10 0
3 PtCl2(PPh3)2 (20 mol %) KF (4 equiv) air 20 0
4 Pd(dppf)Cl2 (20 mol %) KF (4 equiv) air 100 40
5 Pd(dppp)Cl2 (20 mol %) KF (4 equiv) air 100 30
6 Pd(PEPPSI)(SiP) (20 mol %) KF (4 equiv) air 60 25
7 Pd(OAc)2 (20 mol %) KF (4 equiv) air 40 20
8 PdCl2(PPh3)2 (20 mol %) KF (4 equiv) benzoquinone 100 0
9 PdCl2(PPh3)2 (20 mol %) KF (4 equiv) Cu(II)Cl 90 0
10 PdCl2(PPh3)2 (20 mol %) KF (4 equiv) O2 (g) 100 45
11 Pd(PPh3)4 (20 mol %) N/A air 100 40
12 Pd(OAc)2 (20 mol %) SPhos (50 mol %) air 100 50
13 Pd(dba)2 (20 mol %) N/A air 100 40
14 (η-O2)Pd(PPh3)2 (20 mol %) N/A air 80 42
15 (η-O2)Pd(PPh3)2 (5 mol %) N/A air 25 25
16 (η-O2)Pd(PPh3)2 (20 mol %) NaHCO3 (10 equiv) air 100 23
17 PdCl2(PPh3)2 (5 mol %) KF (1 equiv) air 100 50
18 PdCl2(PPh3)2 (100 mol %) KF (20 equiv) air 100 95

aConversion based on recovered starting material. bIsolated yield.
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as a competent catalyst as reported by Adamo. Finally, we
sought to screen the catalyst loading in entries 17 and 18.
Although a full equivalent of palladium (entry 18) gave full
conversion and nearly a quantitative yield, the high catalyst
dilution and cost on scale render this option impractical. For
this reason 5 mol % catalyst (entry 17) was used in all
subsequent reactions.
Direct Comparison to Suzuki−Miyaura Cross-Cou-

pling. With these optimized conditions in hand, we initially
sought to compare the oxidative homocoupling to a standard
Suzuki−Miyaura cross-coupling.24 Strained macrocycle 4 was
first reported by our group in the synthesis of [6]CPP in 2012
(Scheme 1).25 The limiting step in this synthetic sequence was

the Suzuki−Miyaura cross-coupling of dibromide 5 and
commercially available bisboronate 6. This method gave
macrocycle 4 in a paltry 12% yield. The inherent strain
associated with this macrocycle was presumed to be the culprit
for this low yield. This macrocycle was chosen as a proving
ground for our optimized oxidative homocoupling reaction. In
order to make a more direct experimental comparison, the
intramolecular Suzuki−Miyaura precursor 10 was synthesized
in straightforward fashion. To start, addition of 4′-bromo(1,1′-
biphenyl)-4-lithium 8 to previously reported ketone 726

followed by in situ methylation of the latent alkoxide delivered
bromide 9 in 75% yield. Next, bromide 9 was treated with n-
butyllithium followed by quenching with 2-isopropoxy-4,4,5,5-
tetramethyl-1,3,2-dioxaboralane to deliver boronic ester 10 in
90% yield. Boronic ester homocoupling substrate 11 could also

be generated from intermediate 9 by Miyaura borylation27 in
quantitative yield (an alternative route to diboronic ester 11 can
be found in the Supporting Information).
The intramolecular Suzuki−Miyaura macrocyclization of

Bpin-chloride 10 was rigorously optimized to give macrocycle
4 in 15% yield (Scheme 1), within experimental error for the
originally reported Suzuki−Miyaura cross-coupling macro-
cyclization. The analogous diboronic ester 11 was then
subjected to the oxidative homocoupling conditions from
entry 17 (Table 1). To our surprise, very little conversion to
product was observed after 16 h at room temperature with a
mere 5% yield of product 4 isolated. The reaction temperature
was then increased to 40 °C. After 1 h, all starting material was
consumed and the isolated yield of macrocycle 4 increased to
25%. When the temperature was increased, the major
byproduct in these reactions was oxidation of the boronic
esters to their corresponding phenols, a common reaction
product of boronic acids and esters in the presence of hydrogen
peroxide.28 The catalytic cycle put forth by Adamo generates 1
equiv of hydrogen peroxide per catalyst turnover. We therefore
sought to mitigate this decomposition pathway through the
sequestration of the generated hydrogen peroxide species using
a sacrificial boron source. Although a modest decrease in
phenol was observed with various boronic acid pinacol esters
such as B2pin2 and HBpin, the more reactive boric acid was
found to be superior in peroxide sequestration and led to an
increase in yield for macrocycle 4 from 5% to 50% (Scheme 1).
Of the sacrificial boron sources screened, boric acid is the most
cost-effective due to its widespread use as an ant pesticide and
is also sufficiently water-soluble to be removed during an
aqueous workup. The observed yield of the diboronic ester
homocoupling shows a clear advantage in yield, reaction time,
and reaction setup over the analogous Suzuki−Miyaura cross-
coupling in the synthesis of strained macrocycle 4.

Direct Comparison to Yamamoto Coupling. With the
addition of boric acid to the optimized conditions, we sought to
compare the oxidative homocoupling of diboronic esters to the
analogous reductive electrophilic aryl bromide homocou-
plingthe Yamamoto coupling (Scheme 2). Yamago and co-
workers impressively demonstrated that an intramolecular aryl

Scheme 1. Preparation of Substrates and Direct Comparison
of Intramolecular Suzuki−Miyaura Cross-Coupling and
Intramolecular Oxidative Homocoupling Methods To
Produce Macrocycle 4

Scheme 2. Direct Comparison of Reductive Yamamoto
Coupling of Dibromide 5 and the Oxidative Homocoupling
of Diboronic Esters 1 To Form Macrocycle 2
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bromide homocoupling could be used to access macrocycle 2 in
50% yield.29 The yield in the oxidative homocoupling of
substrate 1 to macrocycle 2 increases to 64% under the newly
optimized conditions with the addition of boric acid (as
compared to original conditions in Figure 1b). Although the
yields of the two methods are comparable, its noteworthy that
the reaction conditions of the reported Yamamoto reaction
require superstoichiometric Ni(COD)2, in situ catalyst
generation with 2 equiv of 2,2′-bipyridine, and harsh refluxing
conditions for 15 h. Moreover, these conditions require a
rigorous air- and water-free environment and are most
efficiently carried out in a glovebox. In contrast, comparable
yields can be obtained with only 5 mol % of palladium at lower
reaction times with simple benchtop chemistry without the
need to degas solvent or exclude water (see image in Table 1).
Substrate Scope. With standard conditions in hand, we

sought to screen several additional substrates to probe the
scope of the oxidative homocoupling methodology. In addition
to macrocyclic precursors 2 and 4 which lead to [5]- and
[6]CPP respectively, we sought to investigate a particularly
challenging bent p-quaterphenyl precursor 12 toward [7]CPP
(Scheme 3). Previous macrocyclic structures with strained p-

quaterphenyl subunits have been reported by our group with
notoriously poor yields that rarely eclipse 15%.30 The previous
synthesis of [7]CPP by our group in 2011 relied on an 8%
yielding Suzuki−Miyaura macrocyclization sequence.31 The
Itami group was able to efficiently access a low strained
macrocyclic precursor to [7]CPP in 2014 utilizing an
intramolecular Yamamoto coupling; however, subsequent
low-yielding aromatization produced less than 2 mg of the
desired compound.32 We envisioned a highly strained p-
quaterphenyl containing [7]CPP macrocyclic precursor 12
which could be accessed using the developed oxidative
homocoupling of diboronic ester 15 (Scheme 3). The required
diboronic ester precursor 15 was synthesized by the Suzuki−
Miyaura cross-coupling of 2 equiv of bromochlorobenzene to
diboronic ester 1 in 90% yield. This was then subjected to
standard Miyaura borylation conditions to provide diboronic
ester 15 in quantitative yield. Seven-ring diboronic ester 15 was
then cyclized via oxidative homocoupling to give contorted
macrocycle 12 in 35% yield, significantly outperforming
previous syntheses.

Strained alkynes have been a topic of interest for decades
with a recent resurgence due to their applications in
bioorthogonal metal-free Huisgen 1,3-dipolar cycloadditions33

and surface functionalization of materials.34 We sought to
introduce an alkyne into a macrocyclic precursor in order to
determine if the oxidative homocoupling methodology could be
used to directly access bent alkynes, which often are difficult to
prepare in a straightforward manner. The synthetic design of
the test substrate was inspired by early work by the Hopf group
(Scheme 4).35 The synthesis of diboronic ester 20 began with

lithiation of ethynyltrimethylsilane 16 and nucleophilic addition
to silyl protected quinol 17 followed by in situ methylation.
Potassium carbonate could be added to the reaction to initiate
the protodesilation reaction to give deprotected alkyne 18 in
quantitative yield. Alkyne 18 was then treated with n-
butyllithium and added to a second equivalent of protected
quinol 17 followed by in situ methylation to give alkyne-
containing dichloride in 85% yield. This dichloride was then
subjected to fluoride-mediated silyl ether deprotection followed
by alcohol alkylation to give global methyl ether protected
dichloride 19 in 84% yield over three steps. Miyaura borylation
of alkyne-containing dichloride 19 gave the desired diboronic
ester 20 in quantitative yield. Diboronic ester 20 under
optimized room temperature oxidative homocoupling con-
ditions then provided strained alkyne 21 in a remarkable 75%
yield. Attempts to isolate the aromatized product 22 were
unsuccessful likely due to the highly unstable product even in
the presence of trapping agents such as furan. Alkyne 22 is
predicted to have over 113 kcal/mol of strain and an internal
alkyne angle of 149°, both values exceeding the extremely
nonplanar alkyne cyclophanes by Tobe36 and Kawase.37 With
this methodology in hand, further exploration toward related
highly strained alkynes and their application is currently
underway.
A significant challenge in the synthetic pursuit of cyclophane-

containing natural products is often the macrocyclization step.2a

Biaryl-containing cyclophanes are often ridged, contorted, and
conformationally restricted adding considerable challenge in

Scheme 3. Synthesis of Strained p-Quaterphenyl Containing
Macrocycle 12 via Oxidative Homocoupling of Diboronic
Ester 15

Scheme 4. Synthesis of Strained Alkyne Containing
Macrocycle 21 via Oxidative Homocoupling of Diboronic
Ester 20
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the synthetic preparation of these structures. To further prove
the versatility of the oxidative homocoupling reaction, we
targeted the acerogenin E macrocyclic precursor 23 (Scheme
5). The initial synthesis of this natural product by Usuki38

relied on an intramolecular Suzuki−Miyaura coupling to
construct the cyclic architecture of this molecule. This late
stage coupling proved to be the limiting step of the formal
synthesis giving the desired macrocycle in 34% yield after
rigorous optimization. These optimized conditions were run
under an inert atmosphere at refluxing conditions for 24 h. Our

synthesis began with the previously reported intermediate 24.
After glycol protection of the ketone, treatment of this
compound with Cr(CO)6 gave metalated 25 in 93% yield.
This intermediate was then borylated by deprotonation at the
ortho-positions with n-butyllithium at −78 °C followed by
quenching with isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxabor-
alane to give 28 in 47% yield following demetalation.
Deprotection of the ketone using standard conditions then
provided diboronic ester 27 after reprotection of the resulting
boronic acids with pinacol. Gratifyingly, after subjecting
diboronic ester 27 to our optimized oxidative homocoupling
conditions at room temperature for 2 h, the desired macrocycle
23 was isolated in 50% yield. Further analysis of the product is
provided in subsequent sections.
Single crystals of macrocycles 2, 12, 21, and 23 were

obtained in order to assess the structural deformation in each
compound. Note that crystal structure 4 was previously
published and is available through the Cambridge Crystallo-
graphic Data Centre (CCDC No. 852988).25 ORTEP models
of each structure are shown in Table 2. In order to account for
disorder or the additional impact of packing forces, each
molecule was also computationally minimized (B3LYP/6-
31d*) and resulted in comparable geometric values (Support-
ing Information, Supporting Tables 2−6). Additionally,
homodesmotic reactions for each macrocycle were carried out
computationally to provide a relative estimate of macrocycle
strain energy.31,39 Based on homodesmotic reactions, we
observe a gradual increase in strain with macrocycles 2, 4, 12,
and 21 with strain energies of 28, 38, 41, and 45 kcal/mol,
respectively. Interestingly, macrocycle 23 is relatively strain-free
(4 kcal/mol) but exhibits atropisomerism via 1H NMR studies
(Supporting Information, Supporting Figure 2). Analysis of the
strain per backbone carbon provides an additional metric for
estimating the strain building capability of this reaction. These

Scheme 5. Formal Synthesis of Acerogenin E Utilizing an
Oxidative Homocoupling of Diboronic Ester 27

Table 2. Solid State Analysis of Macrocycles 2, 4, 12, 21, and 23a

aα represents the distortion of an aryl ring out of planarity. All strain calculations are B3LYP/6-31g(d). bBackbone carbons are shown in gray.
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values range from 0.93 kcal/mol per backbone carbon up to 1.7
kcal/mol per backbone carbon for 21. For perspective,
[12]CPP, which is synthesized using a high temperature
Suzuki−Miyaura cross-coupling and a highly exothermic
reductive aromatization protocol, registers at 0.67 (kcal/mol)
per backbone carbon. The oxidative homocoupling reaction can
generate these types of strained compounds directly at low
temperatures. Impressively, the strain of alkyne macrocycle 21
falls between average strain per backbone carbon in [8]CPP
(1.5 (kcal/mol)/carbon) and [7]CPP (2.0 (kcal/mol)/
carbon).7b Furthermore, the benzene displacement angle α is
a measure of how bent a benzene ring is from planarity and
another metric for molecular strain. As a frame of reference, the
bent benzene in haouamine A has an α of 14°.40 There is a
large variation in α for macrocycles 2, 4, 12, and 21 with peak
values between 13° and 14°. In addition to the α displacement,
the alkyne in macrocycle 21 is distorted by 6° toward the center
of the macrocycle.
Mechanistic Studies. In order to gain further insight into

the operating mechanism, we first turned to NMR experiments.
Adamo showed that, in the case of boronic acids, the catalytic
cycle could be manipulated to observe various intermediates.13a

First, when an excess of boronic acid was used relative to the
palladium peroxide 3, boronate coordination is observed. The
coordination event can be pushed to the first transmetalation
event by the addition of excess boronic acid relative to the
palladium. This unique transmetalation is second order in the
boronic acid and was supported by kinetic data. Next an
accumulation of the palladium hydroxide intermediate is
observed (step D, Figure 2). This is followed by a
transmetalation and reductive elimination akin to that of the
Suzuki−Miyraura cross-coupling. In our case, the two boronic
esters are tethered and are conformationally flexible enough to
interact with a single palladium center. This conformational
proximity might act to “preorganize” each boronic ester to favor
the first transmetalation, which had been shown to be second
order in the intermolecular case.
To explore these mechanistic steps, we carried out a set of

NMR experiments in air-saturated d8 THF. First, we
qualitatively tracked the conversion of diboronic ester 1 to
macrocycle 2 using the optimized conditions at room
temperature (Figure 3). Diboronic ester 1 and PdCl2(PPh3)2
were dissolved in d8 THF to produce an initial NMR spectrum
(t0) before fluoride activation. Potassium fluoride in D2O was
then injected followed by a collection of the spectrum. At this
initial time point (t1), we observed no product formation;
however, new signals consistent with the formation of
triphenylphosphine oxide were apparent with presumably
concomitant formation of Pd(0) from PdCl2(PPh3)2. Within
20 min, we began to observe product formation. Time points
are taken every 20 min for 2 h and finally an end point is taken
at 12 h, showing full conversion of starting material. At no point
during this reaction do we observe any signals indicative of the
formation of a palladium hydroxide intermediate nor do we
observe signals associated with a bis(aryl) Pd(II) prereductive
elimination step. The induction period observed upon addition
of fluoride followed by rapid substrate conversion was initially
attributed to the reduction of Pd(II) to Pd(0) and phosphine
oxidation formation.
In order to gain further insight, we decided to qualitatively

assess the reduction of PdCl2(PPh3)2 with in situ fluoride
activation by 1H NMR. Tetrabutylammonium fluoride was
chosen to avoid any miscibility issues. Figure 4 shows unbound

triphenylphosphine, triphenylphosphine oxide, and peroxo
palladium species 3 for reference. At t0, no fluoride is present;
the spectrum only contains peaks associated with
PdCl2(PPh3)2. The spectrum shows 2 min after fluoride
addition (t1) the disappearance of the parent complex entirely
and a complicated spectrum with several species emerging. The
most prominent species observed are consistent with
triphenylphosphine oxide. By 6 min (t2) we observe near-
quantitative conversion to triphenylphosphine oxide with no
apparent formation of peroxo species 3. This spectrum remains
relatively unchanged over the remaining time points t3 and t4.
At 90 min solid substrate 1 was added to the NMR tube along
with water. After 12 h the crude NMR (Figure 4) shows
complete consumption of diboronic ester 1 and conversion to
macrocycle 2. These results and those shown in Figure 3 have

Figure 3. Profile of reaction mixture by 1H NMR over multiple time
points.

Figure 4. In situ reduction of PdCl2(PPh3)2 using TBAF in d8 THF.
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led us to speculate that perhaps the discrete peroxo palladium
complex 3 is not being generated, but rather initially full
oxidation of phosphine ligands leaves a bare ligandless
palladium species. Under these oxidative conditions palladium
nanoparticles are known to form.41 Heterogeneous catalysis
also typically shows induction periods followed by rapid
conversion to product, similar to what was observed in our
studies (Figure 3). Intriguingly, gold nanoparticles have been
shown to effectively carry out the oxidative homocoupling of
boronic esters.42

Dynamic light scattering (DLS) was used to further probe
the possibility of nanoparticle generation. Similar conditions to
the NMR experiments above were used to generate the
nanoparticles in situ (Figure 5a). Particles on the order of 0.5−5

nm in diameter are immediately present upon addition of
TBAF to a solution of catalyst (Supporting Information,
Supporting Figures 14−18). This size regime persists over 24 h
(Figure 5b) and gradually shows a shift to larger particles (50−
100 nm) over 48 h. The solution produced after 24 h was also
analyzed by transmission electron microscopy (TEM). The
dark field (Figure 5c) shows evenly dispersed particles between
1 and 5 nm in diameter, consistent with DLS measurements.
The same stock solution used to image the nanoparticles was
then diluted to 1 mM with the addition of approximately 10%
THF/H2O by volume to simulate the reaction conditions used
in the oxidative homocoupling. Diboronic ester 1 was then
added without any additional base or boric acid and gave full
conversion of substrate and an isolable 30% yield of product
after 24 h. This supports the possibility that nanoparticles serve
as the active catalytic species in reaction, but does not rule out
equilibrium monomeric species. More detailed studies are
underway to explore this possibility.

■ CONCLUSION
In conclusion we have reported an exceptionally mild oxidative
homocoupling of aryl boronic esters to form strained and
conformationally restricted macrocycles. The hallmarks of this
process are the simple reaction setup, short reaction times, and
low temperatures. This methodology serves to compliment the
more widely employed nucleophile−electrophile cross-coupling
and electrophile-electrophile homocoupling, but with some
noteworthy advantages. The oxidative homocoupling was
shown to outperform Suzuki−Miyaura cross-coupling and is

more economically viable and simpler operationally than the
Yamamoto coupling to prepare comparable structures. Addi-
tionally, the recent increase in methodologies allowing direct
access to boronic acids and esters without the need for
halogenated intermediates provides greater impetus to further
explore this transformation. Although the reaction may follow
the proposed mechanism put forth by Adamo in 2005, 1H
NMR and DLS data suggest the possibility that this reaction
may proceed via a heterogeneous palladium nanoparticle
pathway. Further studies are underway to understand the
mechanistic possibility of this supposition. With the ability to
build more strained and conformationally restricted molecules
at significantly lower temperature, we anticipate this reaction
will find application across many disciplines including
medicinal, materials, and supramolecular chemistry.
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