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Six variably functionalized phenanthrene-based bis(cate-
chol) derivatives have been synthesized and their ability to
undergo dynamic covalent assembly with 1,4-benzenedi-
boronic acid (BDBA) to give discrete, shape-persistent [2+2]
assemblies has been investigated. Systematically varying the
functionality of the bis(catechol) derivatives is found to influ-
ence both the reaction conditions necessary to promote their
self-assembly with BDBA as well as the stability of the re-

Introduction

The thermodynamically driven dynamic assembly[1] of
extended framework materials has been the focus of in-
creasing interest in the materials science community over
the past two decades with the emergence of metal organic
frameworks[2] (MOFs) in the mid-1990s[3] and the discovery
of covalent organic frameworks[4] (COFs) in 2005.[5]

Formed through the reversible covalent linkage of organic
subunits, COFs are particularly attractive synthetic targets,
in large part because of their many advantageous physical
properties. These lightweight, highly ordered, porous poly-
mers exhibit high thermal stabilities, low densities, tunable
pore sizes and high internal surface areas,[4a–4c,5,6] leading
to potential applications in optoelectronics,[7] electron
transport,[8] heterogeneous catalysis,[9] and gas sequestra-
tion and storage.[10] According to the principles of reticular
chemistry[11] coupled with the selection of appropriately re-
versible dynamic covalent reactions, specific combinations
of organic subunits can allow for the rational design of
COFs with predictable framework geometries, pore sizes,
and chemical properties. Boronic acids have proven espe-
cially useful in this regard as they are able to reversibly self-
condense into boroxine anhydrides and can also undergo
dynamic assembly with diols, such as catechol derivatives,
to produce boronate esters.[12] Both systems are well suited
for the modular assembly of periodic 2- and 3-dimentional
COFs; indeed, structurally diverse polyfunctional boronic
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sulting assemblies in the presence of protic solvents. A model
is proposed to describe how solvent choice and starting ma-
terial functionality must be carefully balanced in order to
shift many competing equilibria toward the formation of dis-
crete, soluble covalent organic polygons. The results are ex-
pected to provide additional insight into optimizing the syn-
thesis of other boronate ester polygons/polyhedra as well as
related, “infinite” covalent organic frameworks (COFs).

acids and oligo-catechols have been used to produce the
majority of COFs to date.[4a–4c,13]

Despite the increasing interest in the synthesis and char-
acterization of COFs derived from boronic acids, discrete
assemblies formed from boronic acids are less common. Ex-
amples of porous covalent organic polygons or polyhedra
(COPs) prepared from boronic acid and oligo-catechol
monomers include porous boronate-ester cages, macro-
cycles, capsules, and cavitands, and boroxine cyclo-
phanes.[14–19] Related examples of discrete boronic acid
based assemblies have also been reported as complexes with
sp2 hybridized nitrogen compounds.[12,20] Generally absent
from this array of macromolecules are discrete assemblies
that are structurally analogous to COFs and prepared from
monomers that are similar or identical to those used to pre-
pare extended frameworks. If soluble, these “COF ana-
logue” COPs can aid in elucidating the dynamic and kinetic
details of COF formation and may provide insight regard-
ing the optimization of solvent systems and reaction condi-
tions used in COF synthesis. Furthermore, discrete COPs
are porous, shape-persistent[21] structures with potential ap-
plications that may extend beyond those of COFs, as they
are likely to form aggregates and higher-order assemblies in
solution and on solid substrates. With their potential to
form higher-order assemblies in solution, COPs may find
applications as liquid crystalline materials,[22,23] in self-as-
sembled monolayer formation,[24] and in solution-pro-
cessable organic photovoltaics.[7c,7d] Additionally, soluble
boronate ester assemblies offer opportunities to tune their
solid-state suprastructures[25] through coordination[20] with
Lewis basic groups such as bipyridyls.

In spite of their potential, there remain very few exam-
ples of discrete, shape-persistent assemblies derived from
boronic acids, likely because their synthesis and study is
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complicated by the same difficulties that have made the
characterization and study of COF materials quite chal-
lenging. In particular, the inherent insolubility of boronic
acid derived COFs, most COPs, and their boronic acid sec-
ondary building units (SBUs) has presented several chal-
lenges to their preparation and characterization. In the
roughly twenty years since the first reports of MOFs, over
6,000 distinct MOF structures[2c] have been synthesized and
characterized. In a dramatic contrast, over the nine years
since the first report of a COF fewer than 50 distinct COFs
have been reported in the literature.[4b] Similarly, in contrast
to the many examples of single crystalline MOFs, no single
crystal of a boronic acid derived COF has been reported.
To date, and to the best of our knowledge, only four exam-
ples of single crystalline COFs have been reported in the
literature.[26,27] The insolublity of COFs has also been a sig-
nificant barrier to detailed mechanistic and kinetic analysis
of COF formation, however Dichtel and co-workers have
recently demonstrated that turbidity analysis can be used to
quantify the kinetics of early stage COF formation from
within homogeneous reaction solutions,[28] a considerable
advance in the study of COFs and related materials. Still,
the insolubility of such frameworks remains a persistent
challenge to their characterization, investigation, and syn-
thetic optimization.

Those groups that have reported soluble, discrete assem-
blies based on boronic acid (Scheme 1) have been forced to
confront issues related to poor solubility. Kobayashi and
co-workers reported[16] soluble boronate ester cavitands
based on tetra-boronic acid calixarenes and 1,2-bis(3,4-di-
hydroxyphenyl)ethane. Despite the inherent flexibility of

Scheme 1. Representative examples of discrete, shape-persistent assemblies that incorporate boronic acid secondary building units (SBUs):
(a) calixerene-based assemblies investigated by Kobayashi,[16] (b) a ferrocene-bridged boroxine cyclophane reported by Miljanić,[19] (c)
boronate ester rectangles,[29] and (d) triptycene-based boronate ester cuboctahedra reported by Mastalerz.[18a]
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both the calixarene and the bis(catechol) starting materials,
tetra-functionalization of the calixarene with alkyl groups
(heptyl or phenylethyl) was necessary to promote assembly
formation and to ensure the solubility of the resulting cages.
In the related realm of boroxine anhydrides, the triply ferro-
cene-bridged boroxine cyclophane reported by Miljanić and
co-workers[19] could be obtained upon crystallization out of
a solution of mesitylene and dioxane (1:1), but was other-
wise poorly soluble. In a previous work, we reported[29] the
synthesis and characterization of soluble covalent organic
boronate ester rectangles composed of rigid triphenyl bis-
(catechol) derivatives and benzenediboronic acid. Hexyloxy
functionalization was found to be necessary for solution
phase self-assembly and characterization. Very recently,
Mastalerz and co-workers synthesized[18a] an impressive
mesoporous cuboctahedral boronate ester cage by refluxing
a tetrahydroxy triptycene derivative and 1,3,5-benzene
triboronic acid in chloroform. The introduction of solubi-
lizing ethyl-groups on the triptycene monomer was found
to be essential for cage assembly and analysis. The solubility
of the boronate ester cuboctahedron was found to be so
precarious that, upon desolvation, the resulting solid could
not be redissolved to any extent. Collectively, these results
highlight the sensitivity of dynamic covalent assembly to
the solubility of both the secondary building unit (SBU)
precursors and the desired assemblies themselves.

The preparation of assemblies derived from boronic acid
is further complicated by their often-observed sensitivity to
the choice of reaction solvent or solvents. The choice of an
appropriate solvent system that promotes the high-yielding
formation of desired assemblies from within complex, dy-
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namically exchanging mixtures of oligomers and secondary
building units often requires combinatorial screening of
many different solvent mixtures in varying ratios. There is
considerable literature precedent[15a,16a,16d,17b,17c,18,29] for
the dynamic assembly of boronate ester materials in hydro-
phobic solvents such as dichloromethane, chloroform, tolu-
ene, and benzene. Boronate ester COFs, by contrast, are
typically synthesized under solvothermal conditions in mix-
tures of mesitylene and dioxane.[4–7] Some examples of dis-
crete assemblies derived from boronic acid have also been
prepared in mesitylene:dioxane (1:1), such as the ferrocene-
based boroxine cyclophane prepared by Miljanić and co-
workers[19] (Scheme 1, b). With respect to the other discrete,
shape-persistent boronate ester assemblies presented in
Scheme 1, the mesoporous cubeoctahedron prepared by
Mastalerz and co-workers (Scheme 1, d) was assembled in
chloroform.[18a] Chloroform has also been used by Kobaya-
shi and co-workers[16] (Scheme 1, a) to prepare boronate es-
ter cavitands. Protic solvents such as methanol, ethanol,
and water have played varying roles in the synthesis of
boronate ester and boroxine anhydride assemblies. The for-
mation of boronate ester rectangles (Scheme 1, c), for exam-
ple, could not be achieved in pure chloroform,[29] however a
mixture of chloroform and methanol (10:1) gave the desired
rectangles in high yields. Dichtel[28] and Lavigne[13a,13d] have
demonstrated that the addition of small amounts of meth-
anol or water can increase the rate of boronate ester as-
sembly and COF formation in solution, while Wan[24e] and

Figure 1. Chemical structures of phenanthrene-based bis(catechol) derivatives 1–6 functionalized with hexyloxy (hexyl), diethylene glycol
monomethyl ether (DEG-CH3), or 1,3,5-tris(hexyloxy) benzyl (THB) groups to vary their solution phase characteristics. Biaryl-linked
bis(catechol) derivatives are shown in (a) while π-extended, acetylene-linked bis(catechol) derivatives are shown in (b). The bis(catechol)s
are designed to self-assembly with 1,4-benzenediboronic acid (BDBA) to give shape-persistent boronate ester ovals 7–12.
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Lackinger[24d,24f] have observed similar phenomena during
the formation of COFs on solid substrates. It is believed
that these small quantities of protic solvents likely catalyze
the dynamic exchange of boronic acid and catechol deriva-
tives. Iwasawa has even observed[17c] that the molar ratio
and concentration of mixtures involving benzene, chloro-
form, and methanol can select for different diastereomeric
boronate ester macrocycles from within complex mixtures.
Large equivalents of methanol or water, however, have been
shown by Kobayashi,[16a] Lavigne,[30] and us[29] to promote
the disassembly of boronate ester assemblies and frame-
works. To complicate matters further, the ferrocene-based
boroxine anhydride assembly shown in Scheme 1 (b) can
be soaked in pure ethanol without any disruption of the
assembly,[19] however the assembly hydrolyzes within min-
utes in the presence of water.

From these examples alone it is clear that the successful
formation of assemblies based on boronic acid, whether in-
finite (COFs) or discrete (COPs), is significantly influenced
by both SBU structure and the choice of solvent(s). A care-
ful balance must be struck between providing (i) sufficient
solubility of the starting material SBUs to initiate assembly,
(ii) adequate reversibility of initial oligomers and kinetic
intermediates to allow for error correction, and (iii) a robust
tolerance of thermodynamically stable product assemblies
within the solvent mixture such that they do not revert back
to starting materials. Ultimately, the structures and solubili-
ties of both starting materials and products in a given sol-
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vent mixture will determine both what species are present
at equilibrium, how stable they are, and what analytical
methods can be used to investigate them.

Herein we expand upon earlier work in the area of solu-
ble boronate ester rectangles to explore, in greater depth,
the roles that starting material and product solubilities play
in the synthesis and analysis of discrete boronate ester
assemblies. In the current study, we report the synthesis of
six variably functionalized, phenanthrene-based bis(cate-
chol) derivatives and evidence for their dynamic self-as-
sembly with benzene-1,4-diboronic acid (BDBA) to form
shape-persistent boronate ester ovals (Figure 1). Insight
gained from examining the influence of different solubiliz-
ing groups attached to the phenanthrene bis(catechol)s will
contribute more generally to our overall understanding of
assembly formation and help pave the way toward a greater
variety of discrete, soluble boronate ester assemblies.

Results and Discussion

In previous investigations of discrete boronate ester rect-
angles (Scheme 1, c), solubility of linear bis(catechol)s was
imparted by functionalization of their central phenyl rings
with hexyloxy chains. Upon the successful use of these lin-
ear bis(catechol) SBUs in the self-assembly of discrete
boronate ester rectangles it became of interest to explore
the scope of this synthetic approach. Phenanthrene-based
subunits were chosen for the current study in part because
of the increased π-conjugation of their polycyclic aromatic
core. Boronate ester rectangle assemblies were found to
fluoresce in the violet-blue region of the visible spectrum

Scheme 2. Synthetic routes to (a) biaryl- and acetylene-linked bis(catechol)s 1–6 and (b) 1,3,5-tris(hexyloxy) benzyl derivative 28.
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(350–460 nm), and the increased conjugation of phenan-
threne may enable fluorescence to be shifted further toward
longer wavelengths. Furthermore, multiple routes are avail-
able for the addition of solubilizing groups at positions 9
and 10 of phenanthrene as well as subsequent functionali-
zation of positions 3 and 6 with catechol derivatives
(Scheme 2). Three different functionalities were added at
positions 9 and 10 in an effort to vary the solubility of both
the starting bis(catechol) phenanthrene derivatives and their
resulting assemblies: hexyloxy substituents (compounds 1
and 2); diethylene glycol monomethyl ether substituents
(DEG-CH3, compounds 3 and 4); and 3,4,5-tri(hexyloxy)-
benzyl substituents (THB, compounds 5 and 6). This selec-
tion of substituents was chosen to compare the relatively
hydrophobic nature of hexyloxy substituents vs. the more
hydrophilic nature of DEG-CH3 substituents, along with
the influence of a significantly larger solubilizing group
(THB) that has the potential to promote aggregation[31] in
solution. The catechol moieties were introduced such that
they can be oriented syn-periplanar and thus the bis(cate-
chol)s can function as 180° secondary building units. Ad-
ditionally, the catechol units at positions 3 and 6 of phenan-
threne were either linked directly as biaryls (compounds 1,
3, and 5) or linked via an acetylene spacer (compounds 2,
4, and 6). The acetylene-linked compounds (2, 4, 6, and 24–
26) were notably less soluble than their biaryl counterparts,
both complicating their purification and resulting in lower
product yields. Preparing bis(catechol)s with the two dif-
ferent linkages was valuable as they result in boronate ester
assemblies with larger or smaller shape-persistent cores,
thus allowing the relationship between increased or de-
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creased π-surface area and the solubility of resulting assem-
blies to be investigated. Overall the design is expected to
promote the [2+2] condensation of bis(catechol)s 1–6 with
BDBA (Figure 1) to give discrete, oval-shaped boronate es-
ter assemblies.

Sparingly Soluble Assemblies

Initial investigations focused on hexyloxy-functionalized
bis(catechol)s 1 and 2. Both phenanthrene-based bis(cate-
chol) derivatives were found to be poorly soluble in chloro-
form, despite the presence of two hexyloxy substituents.
The di-boronic acid linker BDBA is insoluble in chloro-
form. Combining equimolar amounts of BDBA with either
1 or 2 in chloroform leads to heterogeneous mixtures, with
no evidence of assembly formation at ambient temperature
or upon heating to 50 °C. The addition of 10% methanol,
however, aided in the dissolution of both starting materials
and promoted their dynamic assembly (Scheme 3).

Scheme 3. Assembly of biaryl-linked bis(catechol)s 1 and 3 with
BDBA in CDCl3/CD3OD (10:1) gives sparingly soluble discrete
assemblies 7 and 9. Assembly of acetylene-linked bis(catechol)s 2
and 4 with BDBA under the same conditions gives insoluble
boronate ester assemblies. Assembly in CDCl3 results in hetero-
geneous mixtures and no boronate ester formation.

The formation of boronate ester assemblies was evalu-
ated by 1H NMR spectroscopy (CD3COCD3). Preliminary
evidence supportive of the dynamic assembly of hexyloxy-
substituted bis(catechol) 1 and BDBA to give boronate ester
species was observed by the disappearance of catechol –OH
signals at δ = 8.08 and 8.04 ppm along with the appearance
of a new singlet at δ = 7.84 ppm corresponding to the incor-
poration of BDBA (see Supporting Information). The over-
all symmetry of signals observed by 1H NMR spectroscopy
suggested the formation of symmetric assemblies, likely cor-
responding to boronate ester oval 7. While promising, the
low solubility of the assembly prevented conclusive analysis
based on 1H NMR spectra alone. Combining acetylene-
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conjugated bis(catechol) 2 with BDBA in CDCl3/CD3OD
(10:1) and heating to 50 °C resulted in the formation of an
insoluble precipitate that precluded analysis by 1H NMR
spectroscopy. Attempts to obtain NMR spectra in alterna-
tive solvents (C6D6, CD3CN, CD2Cl2, CD3SOCD3, and
C2D2Cl4) gave similar results.

The assembly of DEG-CH3-substituted biaryl- and
acetylene-linked bis(catechol)s 3 and 4, respectively, with
BDBA under the same conditions gave similar results as
related bis(catechol)s 1 and 2. Stirring and heating an equi-
molar mixture of BDBA with biaryl-linked bis(catechol) 3
resulted in the formation of a sparingly soluble assembly.
Analysis by 1H NMR spectroscopy (CD3COCD3) again re-
vealed the disappearance of catechol –OH signals between
8.0–8.1 ppm and the concomitant appearance of a singlet
at δ = 7.83 ppm consistent with the formation of boronate
ester species. The assembly product formed upon mixing
BDBA with acetylene-linked bis(catechol) 4, on the other
hand, was again found to be insoluble in all available sol-
vents.

NMR spectroscopic analysis consistent with the forma-
tion of discrete, shape-persistent boronate ester assemblies
7 and 9 cannot rule out the potential formation of highly
symmetric boronate-ester oligomers. Furthermore, NMR
analysis of assemblies 8 and 10 provided no insight into
their structure as they were insoluble in all available NMR
solvents. Accurate mass MALDI mass spectrometry was
therefore employed to more conclusively establish the mol-
ecularity of assemblies 7–10. The MALDI mass spectra of
ovals 7 and 9 reveals peaks of m/z = 1376.6329 [M]+ and
1448.5331 [M]+ respectively (Figure 2). Both these values
are in agreement with the calculated values of 1376.6330 for
boronate ester assembly 7 and 1448.5297 for boronate ester
assembly 9, quantitatively supporting the formation of the

Figure 2. Accurate mass MALDI mass spectra of 7 and 9 reveals
that both species are discrete [2+2] boronate ester ovals.
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discrete boronate ester ovals. It is interesting to note that
the MALDI-MS of 9 reveals a second, weaker signal at
m/z = 1471.5298 corresponding to the [M + Na]+ species,
potentially resulting from chelation of Na+ by the DEG-
CH3 substituents of 7. Quantitative mass spectra of acetyl-
ene-conjugated boronate ester assemblies 8 and 10 could
not be obtained, likely due to their insolubility.

Infrared (IR) spectroscopy provided more definitive
analysis of the chemical structures of boronate ester assem-
blies 7–10. All four phenanthrene-based bis(catechol) deriv-
atives displayed broad peaks centered at 3300 cm–1 corre-
sponding catechol O–H stretching modes. These peaks dis-
appear upon assembly with BDBA, indicating the absence
of OH functionalities in the resulting assemblies and, by
extension, the complete consumption of both bis(catechol)
and BDBA starting materials. Evidence specific to boronate
ester formation is observed primarily in the fingerprint re-
gion of the IR spectra of assemblies 7–10. Strong bands
centered between 658–660 cm–1 were observed for each of
the four assemblies, corresponding to out-of-plane displace-
ments of boron and oxygen atoms specific[32] to boronate
ester functionalities. Boroxine anhydrides, by contrast, are
characterized by out-of-plane boron displacements above
700 cm–1. Furthermore, assemblies 7–10 each displayed
sharp B–O and C–O stretching modes between 1050–
1070 cm–1 and between 1230–1250 cm–1, respectively.
Stretches in these ranges are also diagnostic of boronate
ester functionalities. Overall, IR spectroscopic analysis of
assemblies 7–10 is supportive of the conclusion that all
starting materials have been consumed (absence of O–H
stretching modes) and boronate esters have been formed.
No evidence of the formation of boroxine anhydride species
could be found, indicating consumption of BDBA occurred
through its reaction with starting bis(catechol)s 1–4 rather
than through self-condensation.

Boronate ester assemblies 7–10 each display characteris-
tically high extinction coefficients, and therefore UV/Vis
and fluorescence spectra of dilute solutions (10–5 m in acet-
one) of each assembly could be obtained even though the
same solutions had proven too dilute for the acquisition of
well-resolved 1H and 13C NMR spectra: 7 (λabs = 328 nm,
ε = 2.1 �104 m–1 cm–1), 8 (λabs = 348 nm, ε =
6.8 �104 m–1 cm–1), 9 (λabs = 327 nm, ε = 3.5�104 m–1 cm–1),
and 10 (λabs = 348 nm, ε = 4.3 �104 m–1 cm–1). All four
assemblies showed significant fluorescence intensity, with 7
and 9 emitting in the violet region of the spectra (λem =
413 nm for both), and 8 and 10 emitting in the blue range
at λem = 474 and 475 nm, respectively. The absorbance and
fluorescence spectra of minimally soluble acetylene-linked
assemblies (proposed structures 8 and 10) are both red-
shifted relative to biaryl assemblies 7 and 9 on account of
the greater π-conjugation within their structures. Molecular
modeling of the shape-persistent core of biaryl-linked
boronate ester ovals 7 and 9 (see Figure S5 of the Support-
ing Information) predicts that the catechol and phenan-
threne moieties twist ca 36.2° relative to each other. This
biaryl twist causes the ovals to adopt a bowl-shaped confor-
mation wherein the phenanthrene moieties of the assembly
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are tilted 144° with respect to the central plane of the as-
sembly. All atoms within the shape-persistent core of the
acetylene-linked assemblies, by contrast, are predicted to be
coplanar.

Taken together the collective spectroscopic evidence is
supportive of the formation of boronate ester ovals 7–10.
In particular, MALDI mass spectrometric analysis of
assemblies 7 and 9 indicates that they are discrete boronate
ester [2+2] assemblies. However both of these discrete
boronate ester ovals are poorly soluble in common organic
solvents. In the case of assemblies involving acetylene-
linked bis(catechol)s 2 and 4, neither hexyloxy nor DEG-
CH3 substituents are capable of providing sufficient solubil-
ity to balance the higher π-surface area of the polycyclic
aromatic core of each assembly. The assemblies were found
to be thermally robust as all four compounds display melt-
ing points above 200 °C.

Given the significant structural similarity between target
boronate ester assemblies 7–10 and previously reported
boronate ester rectangles (Scheme 1, c) it is both surprising
and interesting to observe such a dramatic difference in the
solubility of this new series of compounds relative to those
previously studied. Within this series it appears that the in-
crease in π-surface is the dominant influence limiting the
solubility of proposed boronate ester assemblies 7–10. Each
of the target assemblies 7–10 possesses greater π-surface
area at their core than the notably more soluble boronate
ester rectangles. Only assemblies 7 and 9, i.e. those with less
overall π-surface area within a smaller shape-persistent
core, could be definitively characterized by mass spectro-
metric analysis as being discrete boronate ester oval assem-
blies. The larger acetylene-linked assemblies (8 and 10) with
greater π-surface area proved to be too insoluble for charac-
terization by NMR or mass spectrometry. It is of interest to
investigate whether functionalization of the phenanthrene
moieties of biaryl- and acetylene-linked bis(catechol)s with
larger solubilizing groups would be sufficient to overcome
the observed insolubility imposed by their relatively large
π-surface areas. Toward this aim, THB-substituted bis(cate-
chol)s 5 and 6 (Figure 1) were synthesized and their as-
sembly with BDBA was investigated.

Soluble Boronate Ester Assemblies

The synthetic route used to prepare phenanthrene bis-
(catechol)s 1–4 (Scheme 2, a) is easily adaptable to allow a
variety of solubilizing groups to be incorporated at posi-
tions 9 and 10 of their phenanthrene moiety. In an attempt
to prepare notably more soluble analogues of boronate ester
assemblies 7–10, 3,4,5-tris(hexyloxy) benzyl bromide 28, a
derivative of gallic acid (Scheme 2, b), was introduced.
THB-functionalized bis(catechol)s 5 and 6 were synthesized
upon reacting 3,6-dibromophenanthrene-9,10-diol (15) with
benzyl bromide 28.

Initial attempts to assemble THB-substituted boronate
ester ovals 11 and 12 (Scheme 4, bottom) relied upon the
same reaction conditions used to prepare assemblies of
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BDBA with bis(catechol)s 1–4, namely stirring an equi-
molar amount of BDBA and bis(catechol) derivative 5 or 6
at 50 °C in a 10:1 mixture of CDCl3 and CD3OD. 1H NMR
spectra recorded shortly after mixing (ca. 15 min) revealed
significantly increased solubility of the species in solution.
After 3 h of mixing the 1H NMR spectrum remained highly
complex and it was clear that multiple species, including a
significant percentage of starting materials, were present in
solution. It is a common characteristic of dynamic covalent
self-assembly[1] that initial 1H NMR spectra reveal multiple
species as different oligomers and kinetic intermediates
equilibrate toward a final, thermodynamically stable prod-
uct. In the case of target boronate ester assemblies 11 and
12, however, signals in each assemblies’ 1H NMR spectra
did not sharpen as a function of time. These results were
somewhat surprising given the overall structural similarities
boronate ester ovals 11 and 12 share with assemblies 7 and
9, which did collapse to give one predominant structure at
equilibrium as indicated by 1H NMR spectroscopy and
MALDI mass spectrometry.

Scheme 4. Dynamic covalent assembly of THB-functionalized
boronate ester ovals 11 and 12 from bis(catechol)s 5 and 6, respec-
tively, is achieved in CDCl3. In a mixture of CDCl3/CD3OD (10:1)
gives only starting materials and oligomers.

The primary difference between assemblies 7 and 9 vs.
11 and 12 is the introduction of hexyloxy-substituted gallic
acid derivatives. It was hypothesized that these larger solu-
bilizing groups may have changed the solubility of bis(cate-
chol) starting materials 5 and 6 so significantly that in a
10:1 mixture of CDCl3/CD3OD the dynamic equilibrium is
shifted toward starting materials and small oligomers bear-
ing terminal –OH functionalities. To investigate this hy-
pothesis further the self-assembly of boronate ester ovals 11
and 12 was attempted in pure CDCl3. Returning to purely
hydrophobic conditions and forgoing the catalytic methanol
proved successful, and provided assemblies 11 and 12 in
good yields (Scheme 4, top). The formation of boronate es-
ter ovals 11 and 12 as dominant, though not necessarily
exclusive, species in solution is supported by key shifts in
their 1H NMR spectra (Figure 3). Most notably, catechol –
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OHα and –OHβ signals, which appear at δ = 6.1 and
5.8 ppm for bis(catechol) 6, disappear upon assembly. The
disappearance of catechol –OH signals is coincident with
the emergence of singlet Hγ at δ = 7.96 ppm, which corre-
sponds to the proton of BDBA in assembly 12. Free BDBA
and its corresponding anhydride are insoluble in chloro-
form, therefore appearance of an aromatic boronate ester
signal around 7.96 ppm is strongly indicative of the as-
sembly of BDBA with bis(catechol) 6. Assembly is further
supported by 0.6–0.3 ppm downfield shifts of aromatic cat-
echol unit peaks. As can be seen in Figure 3 the 1H NMR
spectrum of assembly 12 is not cleanly resolved, showing
evidence of baseline noise and the existence of trace signals
not attributable to 12. It is likely that minor quantities of
alternative assemblies are present at equilibrium, as is often
the case in dynamic combinatorial libraries. The intensity
of signals corresponding to 12, however, suggests that it is
the dominant species at equilibrium. Analogous changes
were observed for the formation of boronate ester oval as-
sembly 11 (see Figure S1 of the Supporting Information).

Figure 3. Partial !H NMR spectra (CDCl3, 400 MHz, 298 K) of
THB-functionalized bis(catechol) 6 (a) and boronate ester assembly
12 (b) indicating shifts of diagnostic proton signals observed upon
self-assembly.

The sensitivity of boronate ester ovals 11 and 12 to protic
solvents was further investigated by adding increasing
equivalents of CD3OD to a CDCl3 solution of each as-
sembly. The resulting 1H NMR spectra became disordered
upon the addition of 10 equiv. of CD3OD, and continued
to increase in disorder until the dynamically equilibrating
species had fully reverted to starting materials by 50 equiv.
of CD3OD (see Figure S2 of the Supporting Information).
For comparison, initial attempts to self-assemble boronate
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ester ovals 11 and 12 in a mixture of 10:1 CDCl3/CD3OD
corresponded to approximately 1000 equiv. of CD3OD, far
exceeding the 50 equiv. found sufficient to favor disas-
sembly. This observation is in direct contrast to sparingly
soluble boronate ester assemblies 7 and 9, which showed no
indication of product formation in pure CDCl3 and pro-
longed stability in 10% CD3OD. For additional compari-
son, the closely related boronate ester rectangle assemblies
(Scheme 1, c) could only be reverted to starting materials
by refluxing in a mixture of 1:1 D2O/CD3OD.[29] These ob-
servations provided additional evidence that the 3,4,5-tris-
(hexyloxy)benzyl substituents of bis(catechol) derivatives 5
and 6 both increase the solubility of boronate ester assem-
blies 11 and 12 while also decreasing their stability in the
presence of protic solvents.

Further support for the formation of boronate ester ovals
was obtained by IR spectroscopy. Strong intensity bands
were observed at 1225, 1063, 638 cm–1 (oval 11) and at
1222, 1050, and 659 cm–1 (oval 12). These three IR bands
are characteristic[32] of boronate esters and correspond to
symmetric C–O stretching, B–O stretching, and out-of-
plane displacement of boron and oxygen atoms within the
boronate ester C2O2B ring. These IR results are consistent
with the observed results for minimally soluble ovals 7–10.
The UV/Vis and fluorescence spectra (10–5 m in CHCl3)
were also found to be comparable with the results obtained
for assemblies 7–10, with high extinction coefficients for
assemblies 11 (332 nm, ε = 4.2�104 m–1 cm–1) and 12 (λabs

= 353 nm, ε = 3.7�104 m–1 cm–1), and emission in the blue
region of the visible spectrum (11, λem = 394 nm and 12,
λem = 409 nm).

As discussed previously, 1H NMR and IR spectroscopy
alone cannot rule out the formation of highly symmetric
boronate ester oligomers as opposed to discrete assemblies.
Mass spectrometry was attempted to quantitatively estab-
lish the molecularity of proposed boronate ester ovals 11
and 12. Unfortunately, despite considerable effort, mass
spectral analysis of both assemblies by MALDI and electro-
spray ionization, both considered generally “soft” ioniza-
tion techniques, revealed only starting materials and frag-
ments. In general, all investigations of proposed assemblies
11 and 12 have shown that they are significantly more labile
than related boronate ester assemblies 7–10 and previously
studied boronate ester rectangles. Differential scanning
calorimetry (DSC) and melting point analyses of all six
boronate ester assemblies also indicate that THB-substi-
tuted assemblies 11 and 12 are less thermally stable than
hexyloxy and DEG-CH3 functionalized assemblies 7–10.
DSC traces of 11 revealed sudden decomposition, without
a coherent melt, at 195 °C. Similarly, assembly 12 was ob-
served to decompose at 185 °C. By comparison, the less sol-
uble assemblies 7–10 were each stable well above 200 °C. It
is believed that the general lability of highly functionalized
assemblies 11 and 12 is the primary factor underlying in the
difficulty of obtaining mass spectra of the discrete assem-
blies. It is of course possible that the proposed boronate
ester assemblies 11 and 12 are not in fact discrete and are
instead mixtures of various oligomers. Such oligomers
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would have near identical IR spectra as boronate ester ovals
11 and 12. However, it is believed that the proposed discrete
assemblies 11 and 12 are the principle, thermodynamic spe-
cies in solution given that initially complex mixtures of dy-
namically equilibrating species collapse to form a domi-
nant, well-defined final structure observed by 1H NMR
spectroscopy.

Model of Boronate Ester Assembly Formation

Analysis of THB-functionalized boronate ester assem-
blies 11 and 12 indicates that sufficiently large solubilizing
groups are able to overcome the general insolubility ob-
served for assemblies 7–10. Within this series of com-
pounds, however, increased solubility comes at the cost of
increased lability in the presence of protic solvents. Collec-
tively, the results presented herein help build a better under-
standing the varying roles solubility, functionality, and reac-
tion conditions can play in the self-assembly, isolation, and
characterization of shape-persistent boronate ester assem-
blies. Shown in Figure 4 is a model that summarizes these
roles within the context of the current research.

In Figure 4 different pathways potentially leading to the
formation of discrete, shape-persistent boronate ester
assemblies are indicated by different equilibrium arrows:
dashed arrows represent unproductive pathways while solid
arrows indicate pathways that may lead to assembly forma-
tion. Furthermore, bold arrows indicate precipitation,
which removes species from dynamic covalent libraries
(DCLs) and can contribute to driving equilibria in a given
direction. As can be seen in the Figure different reaction
conditions allow entrance into the dynamically equilibrat-
ing libraries of species depending on the functionality of
bis(catechol) SBUs. Less soluble hexyloxy and DEG-CH3-
substituted species 1–4 are prevented from entering into a
DCL when mixed with BDBA in pure chloroform, even at
elevated temperatures. The addition of 10% CD3OD, how-
ever, provides the sufficient solubility. In the case of THB-
substituted bis(catechol)s 5 and 6, however, the presence of
CD3OD shifts the equilibrium too far toward starting mate-
rials thus preventing productive dynamic covalent exchange.
In the absence of CD3OD, the thermodynamics (and there-
fore equilibrium) shift back toward the assembly of 5 and
6 with BDBA.

Finding productive pathways out of a dynamically con-
verting mixture of intermediates is of equal importance to
successful assembly formation. When and how readily a
given assembly is removed from of a DCL, potentially
driven by precipitation or aggregation, is especially impor-
tant. Precipitation rates and pathways influence crystal
growth and quality, the ability to form co-assemblies and
co-crystals, and underlie the (unproductive) precipitation of
undesired kinetic intermediates. Assemblies involving
acetylene-linked bis(catechol)s 2 and 4, for example, are so
poorly soluble that they readily precipitate out of solution.
It is believed that a primary driving force for precipitation
is the formation of closed, discrete macrocycles that (i) lack
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Figure 4. Generalized model of the varying pathways that favour the dynamic assembly of boronate ester assemblies and how differences
in SBU structure and reaction conditions influence self-assembly.

any hydroxy functionalities and (ii) are able to interact and
aggregate[33] through aromatic stacking interactions. The
planar, acetylene-conjugated assemblies formed from 2 and
4 are therefore observed to be the least soluble of the series
investigated. Assemblies formed between biaryl bis(cate-
chol)s 1 and 3 with BDBA display a more productive bal-
ance wherein their low solubility aids in pulling discrete
species out of solution while biaryl twisting disrupts intra-
molecular π-stacking and aggregation. The resulting assem-
blies 7 and 9 are therefore stable enough to withstand
hydrolysis (equilibrium favoring products) yet still soluble
enough to characterize.

The greatly increased solubility of THB-substituted bis-
(catechol)s 5 and 6, however, renders their resulting assem-
blies with BDBA highly labile to disassembly in protic sol-
vents. The equilibrium between dynamically interconverting
species and discrete assemblies 11 and 12 is tenuous and
readily favors starting materials and small oligomers in the
presence of trace water or methanol. It is therefore observed
that significantly increasing solubility, while helpful in pro-
viding pathways into DCLs, can actually limit the ability
to form and characterize discrete boronate ester assemblies.
Such highly soluble and readily labile assemblies are less
likely to drive dynamically converting equilibria toward a
desired product by precipitation or aggregation processes.
This subtle balance between the solubility and stability of
discrete assemblies directly influences some of their most
valuable attributes, namely their ability to form stable,
higher-order aggregates in solution, on surfaces, and within
materials applications. While Figure 4 is drawn specifically
in relation to results gathered in the current study it is likely
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that similar models can be applied to other discrete covalent
organic polygons and, potentially, the synthesis and isola-
tion of covalent organic frameworks.

Conclusions

The results presented herein suggest that the balance be-
tween SBU solubility, assembly formation, and assembly
stability can be highly sensitive. This research builds upon
recent related work where seemingly subtle differences in
functionality can dramatically influence the success or fail-
ure of obtaining discrete, shape-persistent boronate ester
(or boroxine anhydride) assemblies. In order to fully de-
velop the chemistry and applications of discrete boronate
ester assemblies it is necessary to obtain a better under-
standing of the many factors that determine (i) whether dis-
crete assemblies will form, (ii) to what extent such assem-
blies will form, and (iii) under what conditions such assem-
blies will remain stable. Understanding the roles that func-
tionality, solubility, and stability play in the assembly of
discrete boronate ester COPs can be expected to also con-
tribute to the optimization of reaction conditions used to
synthesize related COFs. Without a thorough understand-
ing of the experimental and structural influences that
underlie the assembly of discrete boronate ester polygons/
polyhedra, and infinite boronate ester COFs, it can be ex-
pected that the discovery of new frameworks and the opti-
mization of their synthesis will largely be an effort of trial
and error. The results presented herein hope to chart some
small, yet important, steps toward a better understanding
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of boronate ester self-assembly with the ultimate goal of
more judicious, de novo design and synthesis of new shape-
persistent boronate ester framework assemblies, both dis-
crete and infinite.

Experimental Section
General: Chemicals were obtained from commercial sources and
used as purchased. Reagent-grade solvents were used as obtained
from commercial sources. Anhydrous solvents were dried using an
Innovative Technologies SPS-400-5 solvent purification system. 1H
and 13C NMR spectra were recorded with a Varian Mercury
(300 MHz and 75 MHz, respectively) spectrometer using residual
solvent as the internal standard. All chemical shifts are quoted
using the δ scale and all coupling constants are expressed in Hertz
[Hz]. Infrared spectroscopic analysis was performed on a Perkin–
Elmer Spectrum BX FT-IR system. UV/Vis spectroscopy was re-
corded on a Varian Cary 100 Bio UV/Vis spectrophotometer.
Differential scanning calorimetry (DSC) was performed on a TA
Instruments DSC Q20 equipped with an RCS90 cooling system
and were acquired at rates of 10 °C min–1 (heating) and 5 °C min–1

(cooling). ESI/APCI-MS and MALDI-MS analyses were carried
out at the University of California, Riverside, Mass Spectrometry
Facility.

Compound 28: To a solution of triphenylphosphine (6.3 g,
24.10 mmol) in dichloromethane (80 mL) was added carbon tetra-
bromide (4.0 g, 12.05 mmol). A solution was prepared of 27[34]

(4.9 g, 12.05 mmol) in dichloromethane (24 mL), which was added
to the stirring triphenylenephosphine and carbon tetrabromide
solution at 0 °C. The reaction was stirred at 0 °C for 1.5 h, at which
point water was added (150 mL), and the crude product extracted
with chloroform (3 �100 mL). The combined organic layers were
washed with brine (150 mL), dried with MgSO4, and concentrated
under reduced pressure. The crude residue was purified using a pad
of silica, eluting with 1:1 hexanes/dichloromethane, affording pure
28 as a colourless oil (4.7 g, 83%). ESI/APCI (m/z) [MH]+ calcu-
lated for C25H44O3Br, 471.2468, found 471.2464. 1H NMR (CDCl3,
300 MHz): δ = 6.58 (s, 2 H), 4.45 (s, 2 H), 4.00–3.92 (m, 6 H),
1.85–1.74 (m, 6 H), 1.50–1.46 (m, 6 H), 1.35–1.33 (m, 12 H), 0.96–
0.89 (m, 9 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 153.2, 132.3,
107.0, 73.4, 69.1, 47.0, 31.7, 31.5, 30.2, 29.3, 25.7, 22.6, 14.0 ppm.

General Method for the Preparation of Dibromophenanthrene Deriv-
atives 16–18: To a mixture of 15,[35] the appropriate alkyl halide
or tosylate (3 equiv.), potassium carbonate (4–6 equiv.), 18-crown-
6 (catalytic), and lithium bromide (catalytic) were added under an
inert atmosphere in a minimum amount of dry dimethylformamide.
The reaction solution was stirred at 80 °C overnight, cooled, and
poured over water. The organic material was extracted (3 �) with
an organic solvent, and the combined organic layers washed twice
with water, dried with MgSO4, and concentrated under reduced
pressure. The crude product was purified by flash chromatography.

Compound 16: The crude product was extracted with hexanes and
eluted from the column with 10% dichloromethane in hexanes. Re-
action scale: 15 (0.8 g, 2.17 mmol), yield (0.9 g, 82%). Spectro-
scopic characterization matched that reported in the literature.[35]

Compound 17: The crude compound was extracted with ethyl acet-
ate and eluted from the column with 3:1 hexanes/ethyl acetate, af-
fording a pale yellow oil that gradually solidified. Reaction scale:
15 (313 mg, 0.85 mmol), yield (410 mg, 88% yield), m.p. 55.7–
56.6 °C. APCI-MS (m/z) [M + H]+ calculated for C24H29O6Br2,
571.0325, found 571.0334. 1H NMR (CDCl3, 300 MHz): δ = 8.65
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(s, 2 H), 8.26 (d, J = 9.4 Hz, 2 H), 7.71 (d, J = 11.4 Hz, 2 H), 4.43–
4.39 (m, 4 H), 3.88–3.84 (m, 4 H), 3.72–3.69 (m, 4 H), 3.61–3.58
(m, 4 H), 3.42 (s, 6 H) ppm. 13C NMR (CDCl3, 75 MHz): δ =
142.9, 130.5, 128.9, 128.5, 125.2, 124.7, 120.5, 72.4, 72.0, 70.5, 70.4,
59.1 ppm.

Compound 18: The crude product was extracted with hexanes, and
eluted from the column with 1:1 dichloromethane/hexanes, afford-
ing the pure product as yellow solid. Reaction scale: 15 (135 mg,
0.368 mmol), (261 mg, 62%), m.p. 73–75 °C. ESI/APCI (m/z)
[MNH4]+ calculated for C64H96NO8Br2, 1164.5497, found
1164.5459. 1H NMR (CDCl3, 300 MHz): δ = 8.65 (s, 2 H), 8.06 (d,
J = 8.8 Hz, 2 H), 7.66 (d, J = 9.7 Hz, 2 H), 6.6.4 (s, 4 H), 5.20 (s,
4 H), 3.94 (t, J = 6.0 Hz, 4 H), 3.88 (t, J = 6.7 Hz, 8 H), 1.79–1.70
(m, 12 H), 1.51–1.40 (m, 12 H), 1.38–1.29 (m, 24 H), 0.92 (t, J =
6.3 Hz, 18 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 153.2, 143.1,
138.2, 131.9, 130.4, 128.8, 128.5, 125.3, 120.6, 106.8, 75.8, 73.4,
69.1, 31.7, 31.5, 30.2, 25.7, 22.6, 14.0 ppm.

General Procedure for Preparing Diaryl-Substituted Phenanthrenes
21–23: To a heavy walled glass vessel was added phenanthrene di-
halide, 14 (2.5 equiv.), and potassium phosphate (4 equiv.). The
flask was flushed with nitrogen, and palladium(II) acetate (2 mol-
%) and SPhos ligand (4 mol-%) were added. The flask was purged
and backfilled with nitrogen (3 �), and degassed toluene and water
(10:1, 0.5 m with respect to phenanthrene) were added. The flask
was sealed with a Teflon® screw-cap and stirred at 100 °C over-
night. The reaction suspension was cooled and filtered through Ce-
lite, eluting with dichloromethane. The filtrate was concentrated
under reduced pressure and purified via column chromatography.

Compound 21: Note: for this compound, Sphos Palladacycle
(4 mol-%) was used in place of palladium(II) acetate and Sphos
ligand. Similarly, potassium carbonate (4 equiv.) was used in place
of potassium phosphate. The product eluted with 10:1 hexanes/
dichloromethane, and the pure product isolated as an white solid.
Reaction scale: 16 (404 mg, 0.712 mmol), yield (753 mg, 99%
yield). (Note: 21 has also been isolated using the same reaction
conditions as 22, with a lower yield of 50 %) M.p. 104.9–105.7 °C.
APCI-MS (m/z) [M + H]+ calculated for C62H99O6Si4, 1051.6513,
found 1051.6511. 1H NMR (CDCl3, 300 MHz): δ = 8.81 (s, 2 H),
8.27 (d, J = 8.5 Hz, 2 H), 7.79 (d, J = 8.5 Hz, 2 H), 7.31–7.23 (m,
4 H), 6.97 (d, J = 7.6 Hz, 2 H), 4.24 (t, J = 12 Hz, 4 H), 1.99–1.89
(m, 4 H), 1.64–1.57 (m, 4 H), 1.44–1.39 (8 H), 1.05 (s, 18 H), 1.04
(s, 18 H), 0.95 (t, J = 6.0 Hz, 6 H), 0.29 (s, 12 H), 0.27 (s, 12 H)
ppm. 13C NMR (CDCl3, 75 MHz): δ = 147.1, 146.6, 143.1, 138.1,
134.8, 128.8, 128.6, 125.8, 122.8, 121.4, 120.4, 120.3, 73.7, 31.7,
30.5, 25.9, 22.7, 18.6, 14.1, –4.0 ppm.

Compound 22: The product eluted with 12:1 dichloromethane/ethyl
acetate, affording 22 as a pale yellow solid Reaction scale: 17
(365 mg, 0.638 mmol), yield (623 mg, 90% yield), m.p. 89.4–
92.3 °C. APCI-MS (m/z) [M + Na]+ calculated for C60H94O10N-
aSi4, 1109.5816, found 1109.5851. 1H NMR (CDCl3, 300 MHz): δ
= 8.80 (s, 2 H), 8.32 (d, J = 8.5 Hz, 2 H), 7.73 (dd, J = 8.5, 1.5 Hz,
2 H), 7.43–7.09 (m, 8 H), 6.83 (d, J = 8.2 Hz, 2 H), 4.46–4.43 (m,
4 H), 3.90–3.87 (m, 4 H), 3.74–3.71 (m, 4 H), 3.63–3.60 (m, 4 H),
3.43 (s, 6 H), 1.03 (s, 18 H), 1.01 (s, 18 H), 0.27 (s, 12 H), 0.24 (s,
12 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 147.1, 146.7, 142.8,
138.3, 134.8, 132.1, 129.5, 128.9, 128.4, 125.8, 123.5, 123.2, 121.4,
120.4, 120.3, 72.4, 72.1, 70.6, 59.1, 26.1, 18.6, –4.0 ppm.

Compound 23: The pure product eluted from the column in pure
dichloromethane. Reaction Scale: 18 (230 mg, 0.200 mmol), yield
(157 mg, 47%), yellow solid, m.p. 55–57 °C. ESI/APCI (m/z) [MNa]
+ calculated for C100H158O12NaSi4, 1686.0723, found 1686.0682.
1H NMR (CDCl3, 300 MHz): δ = 8.83 (s, 2 H), 8.28 (d, J = 8.5 Hz,
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2 H), 7.77 (d, J = 8.5 Hz, 2 H), 7.27–7.22 (m, 4 H), 6.97 (d, J =
7.9 Hz, 2 H), 7.75 (s, 4 H), 5.5 (s, 4 H), 3.99–3.91 (m, 12 H), 1.82–
1.71 (m, 12), 1.54–1.41 (m, 12 H), 1.39–1.27 (m, 24 H), 1.06 (s, 18
H), 1.05 (s, 18 H), 0.95–0.86 (m, 18 H), 0.29 (s, 12 H), 0.28 (s, 12
H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 153.2, 147.2, 146.7,
143.1, 138.4, 138.0, 134.7, 132.5, 129.0, 128.3, 125.8, 123.0, 121.4,
120.4, 120.3, 106.6, 75.8, 73.4, 69.1, 31.8, 31.6, 30.3, 29.4, 26.0,
25.8, 22.6, 18.5, 14.0, –4.0 ppm.

General Procedure for Preparing Ethynyl-Spaced Phenanthrenes 24–
26: To a nitrogen-charged Schlenk flask was added 9,10-disubsti-
tuted 3,6-dibromophenanthrene (1 equiv.), 20 (3 equiv.), and tri-
phenylphosphine (0.2 equiv.). To the mixture was added trans-
dichlorobis(triphenylphosphine)palladium (0.1 equiv.), and copper
iodide (0.2 equiv.) in that order. The flask was evacuated, purged
with nitrogen, and wrapped in foil. To the reaction flask was added
dry, degassed piperidine and tetrahydrofuran (0.27 m and 0.125M
with respect to phenanthrene), and the reaction stirred for ca. 65 h,
at which point water was added, and the product extracted with an
organic solvent. The combined organic layers were washed with
brine, dried with MgSO4, and concentrated under reduced pressure.
The crude product was purified by column chromatography.

Compound 24: The crude product was extracted with dichlorometh-
ane, and eluted from the column in 10% dichloromethane in hex-
anes. Reaction scale: 16 (177 mg, 0.331 mmol), yield 160 mg
(0.145 mmol, 44%). The product was isolated as a yellow oil.
APCI-MS (m/z) [M]+ calculated for C66H98O6Si4, 1096.6435, found
1098.6437. 1H NMR (CDCl3, 300 MHz): δ = 8.80 (s, 2 H), 8.19 (d,
J = 8.2 Hz, 2 H), 7.73 (d, J = 8.2 Hz, 2 H), 7.13–7.08 (m, 4 H),
6.83 (d, J = 8.2 Hz, 2 H), 4.22 (t, J = 7.3 Hz, 4 H), 1.96–1.87 (m,
4 H), 1.63–1.58 (m, 4 H), 1.43–1.36 (m, 8 H), 1.03 (s, 18 H), 1.01
(s, 18 H), 0.94 (t, J = 7.3 Hz, 6 H), 0.27 (s, 12 H), 0.24 (s, 12 H)
ppm. 13C NMR (CDCl3, 75 MHz): δ = 148.0, 146.8, 143.7, 129.8,
129.2, 127.9, 126.0, 125.6, 124.2, 122.4, 121.1, 120.9, 116.1, 90.2,
88.4, 73.8, 31.7, 30.4, 25.9, 22.7, 18.5, 14.1, –4.0 ppm.

Compound 25: The crude product was extracted with ethyl acetate,
and eluted from the column in 5% ethyl acetate in dichlorometh-
ane. Reaction Scale: 17 (1.4 g, 2.45 mmol), yield 695 mg
(0.612 mmol, 25%). The product was isolated as a dark oil. APCI-
MS (m/z) [M + Na]+ calculated for C64H94O10NaSi4, 1157.5816,
found 1157.5848. 1H NMR (CDCl3, 300 MHz): δ = 8.80 (s, 2 H),
8.82 (d, J = 8.5 Hz, 2 H), 7.73 (d, J = 8.5 Hz, 2 H), 7.13–7.08 (m,
4 H), 6.84 (d, J = 8.2 Hz, 2 H), 4.46–4.43 (m, 4 H), 3.90–3.86 (m,
4 H), 3.74–3.71 (m, 4 H), 3.63–3.60 (m, 4 H), 3.43 (s, 6 H), 1.03 (s,
18 H), 1.01 (s, 18 H), 0.27 (s, 12 H), 0.24 (s, 12 H) ppm. Low
solubility precluded the collection of a well-resolved 13C NMR
spectrum.

Compound 26: The reaction was not extracted, but instead was fil-
tered through Celite, eluting with dichloromethane. The filtrate was
concentrated under reduced pressure, and the crude material puri-
fied by column chromatography, eluting with 1:1 hexanes/dichloro-
methane, affording pure 26 as a yellow semisolid. Reaction scale:
18 (120 mg, 0.104 mmol), yield (93 mg, 52%). ESI/APCI (m/z) [M
+ Na]+ calculated for C104H158O12NaSi4, 1734.0723, found
1734.0746. 1H NMR (CDCl3, 300 MHz): δ = 8.81 (s, 2 H), 8.17 (d,
J = 8.6 Hz, 2 H), 7.70 (d, J = 8.6 Hz, 2 H), 7.16–7.08 (m, 4 H),
6.84 (d, J = 8.2 Hz, 2 H), 6.69 (s, 4 H), 5.23 (s, 4 H), 3.99–3.87 (m,
12 H), 1.80–1.74 (m, 12 H), 1.54–1.42 (m, 12 H), 1.36–1.30 (m, 24
H), 1.04 (s, 18 H), 1.01 (s, 18 H), 0.93–0.89 (m, 18 H), 0.27 (s, 12
H), 0.25 (s, 12 H) ppm. 13C NMR (CDCl3, 75 MHz): δ = 153.2,
148.0, 146.8, 138.2, 132.2, 129.8, 129.0, 128.1, 126.0, 125.6, 124.2,
122.6, 121.3, 121.1, 116.0, 106.9, 90.4, 88.3, 75.8, 73.4, 69.1, 31.8,
31.6, 30.3, 29.3, 26.0, 25.8, 22.6, 14.0, –4.1 ppm.
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General Procedures for the Deprotection of TBDMS Groups to Af-
ford Phenanthrene-Bis(catechol)s 1–6. Method I: To a solution of
TBDMS-protected phenanthrene monomer dissolved in dry di-
methylformamide (0.1 m with respect to phenanthrene) was added
potassium fluoride (8 equiv.), followed by concentrated hydro-
bromic acid (0.6 equiv.). The reaction was monitored by TLC and
stirred overnight, at which point 2 m HCl was added (excess), and
the product extracted with an organic solvent. The combined or-
ganic layers were washed with brine, dried with MgSO4, and con-
centrated under reduced pressure. The crude product was purified
by column chromatography. Note: yields were not optimized for
phenanthrene deprotections.

Method II: To a given TBDMS-protected phenanthrene derivative
was added an excess of tetraethylene-glycol (80 equiv.). Tetra-
hydrofuran was slowly added, with stirring, until reaction became
homogeneous. Potassium fluoride (8 equiv.) was added, provoking
an immediate color change. The reaction was monitored by thin
layer chromatography, and was complete within 30 min. Water was
added, and the product extracted with diethyl ether. The combined
organic layers were washed with water and brine. The combined
aqueous layers were back extracted with diethyl ether, and the com-
bined organic layers dried with MgSO4 and concentrated under
reduced pressure. The residue was purified by column chromatog-
raphy. The low solubility of compounds 2, 3, 4, and 6 made chro-
matographic purification nontrivial, significantly impacting prod-
uct yields. For bis(catechol)s 1–6 carbon spectra were omitted due
to very low solubility resulting in little to no discernible signal
above baseline noise.

Compound 1 (isolated using Method I): To quench the reaction,
20 mL 2 m HCl was added, and the crude product was extracted
with diethyl ether. The pure product eluted from the column with
100% ethyl acetate. Reaction Scale: 21 (570 mg, 0.542 mmol), yield
274 mg (0.461 mmol, 85%). The product was isolated as a lavender
solid, m.p. 148–154 °C. APCI-MS (m/z) [M]+ calculated for
C38H42O6, 594.2976, found 594.2995 (ppm error = 3.2). 1H NMR
(CO(CD3)2, 300 MHz): δ = 9.01 (s, 2 H), 8.28 (d, J = 8.8 Hz, 2 H),
8.08 (s, 2 H), 8.04 (s, 2 H), 7.88 (dd, J = 8.8, 1.8 Hz, 2 H), 7.40 (d,
J = 2.4 Hz, 2 H), 7.27 (dd, J = 8.2, 2.4 Hz, 2 H), 6.99 (d, J =
8.2 Hz, 2 H), 4.26 (t, J = 6.4 Hz, 4 H), 2.00–1.91 (m, 4 H), 1.69–
1.59 (m, 4 H), 1.47–1.36 (m, 8 H), 0.94 (t, J = 7.3 Hz, 6 H) ppm.

Compound 2 (isolated using Method I): Instead of dimethylform-
amide, the solvent used for this reaction was a 2:1 solution of tetra-
hydrofuran:dimethylformamide. To quench the reaction, 10 mL of
2M HCl was added, and the crude product was extracted with di-
ethyl ether. The pure product eluted from the column with 1:1 hex-
anes/ethyl acetate. Reaction Scale: 24 (158 mg, 0.144 mmol), yield
50 mg (0.078 mmol, 54%). The product was isolated as a purple
solid, m.p. 131–133 °C (note, the dark, oily nature of this material
makes observing the melting point difficult). APCI-MS (m/z) [M +
H]+ calculated for C42H43O6, 643.3054, found 643.3063. 1H NMR
(CO(CD3)2, 300 MHz): δ = 8.94 (s, 2 H), 8.31 (s, 4 H), 8.24 (d, J
= 8.5 Hz, 2 H), 7.74 (d, J = 8.5 Hz, 2 H), 7.12 (d, J = 1.8 Hz, 2
H), 7.04 (dd, J = 8.2, 1.8 Hz, 2 H), 6.88 (d, J = 7.9 Hz, 2 H), 4.23
(t, J = 6.6 Hz, 4 H), 1.97–1.88 (m, 4 H), 1.65–1.55 (m, 4 H), 1.43–
1.38 (m, 8 H), 0.92 (t, J = 6.9 Hz, 6 H) ppm.

Compound 3 (isolated using Method I): To quench the reaction,
20 mL of 2M HCl was added, and the crude product was extracted
with ethyl acetate. The pure product eluted from the column with
100% ethyl acetate. Reaction Scale: 22 (620 mg, 0.570 mmol), yield
(161 mg, 45%). Product was isolated as dark red oil. APCI-MS
(m/z) [M + Na]+ calculated for C36H38O10Na, 653.2357, found
653.2346 (ppm error = –1.7). 1H NMR (CO(CD3)2, 300 MHz): δ
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= 9.01 (s, 2 H), 8.45 (d, J = 8.8 Hz, 2 H), 8.10 (s, 2 H), 8.05 (s, 2
H), 7.88 (dd, J = 8.5, 1.5 Hz, 2 H), 7.40 (d, J = 2.1 Hz, 2 H), 7.29
(dd, J = 8.2, 2.1 Hz, 2 H), 6.99 (d, J = 8.2 Hz, 2 H), 4.46–4.43 (m,
4 H), 3.92–3.89 (m, 4 H), 3.72–3.69 (m, 4 H), 3.59–3.56 (m, 4 H),
3.35 (s, 6 H) ppm.

Compound 4 (isolated using Method I): To quench the reaction,
30 mL of 2 m HCl was added, and the crude product was extracted
with dichloromethane. The pure product eluted from the column
with 1:1 acetone/hexanes. Reaction Scale: 25 (690 mg, 0.608 mmol),
isolated yield (33 mg, 12 %). The product was isolated as a dark
solid, m.p. 93–94 °C (note, the dark, oily nature of this material
makes observing the melting point difficult). APCI-MS (m/z) [M +
H]+ calculated for C42H37O10, 701.2381, found 701.2370. 1H NMR
(CO(CD3)2, 300 MHz): δ = 8.92 (s, 2 H), 8.40 (d, J = 8.5 Hz, 2 H),
8.31 (s, 4 H), 7.72 (d, J = 8.5 Hz, 2 H), 7.10 (d, J = 1.8 Hz, 2 H),
7.02 (dd, J = 8.2, 1.9 Hz, 2 H), 6.86 (d, J = 7.9 Hz, 2 H), 4.43–4.40
(m, 4 H), 3.86–3.84 (m, 4 H), 3.67–3.64 (m, 4 H), 3.54–3.51 (m, 4
H), 3.31 (s, 6 H) ppm.

Compound 5 (isolated using Method II): The pure product eluted
with 25% diethyl ether in dichloromethane as a dark yellow solid.
Reaction scale: 23 (153 mg, 0.092 mmol), yield (89 mg, 80%). De-
composition: 125–135 °C. ESI/APCI (m/z) [M + Na]+ calculated
for C78H102O12Na, 1229.7264, found 1229.7233. 1H NMR (CDCl3,
300 MHz, 0.05 m, chemical shifts of several aromatic signals were
found to vary with concentration): δ = 8.40 (s, 2 H), 8.20 (d, J =
8.5 Hz, 2 H), 7.60 (d, J = 8.1 Hz, 2 H), 7.12–6.86 (m, 6 H), 6.71 (2
H), 6.51 (s, 4 H), 5.50 (2 H), 4.47 (s, 4 H), 4.04 (t, J = 6.6 Hz, 4
H), 3.79 (t, J = 6.4 Hz, 8 H), 1.86–1.78 (m, 12 H), 1.74–1.66 (m,
12 H), 1.41–1.26 (m, 24 H), 0.91 (t, J = 6.7 Hz, 18 H) ppm.
(CO(CD3)2, 300 MHz): δ = 9.01 (s, 2 H), 8.29 (d, J = 8.5 Hz, 2 H),
8.06 (s, 4 H), 7.85 (d, J = 8.5 Hz, 2 H), 7.39 (s, 2 H), 7.26 (dd, J =
7.9, 2.2 Hz, 2 H), 7.0 (d, J = 7.9 Hz, 2 H), 6.83 (s, 4 H), 5.27 (s, 4
H), 3.94–3.88 (m, 12 H), 1.77–1.66 (m, 12 H), 1.56–1.40 (m, 12 H),
1.39–1.27 (m, 24 H), 0.89 (t, J = 6.5 Hz, 18 H) ppm.

Compound 6 (isolated using Method II): The product was extracted
with ethyl acetate, and eluted from the column with 10% diethyl
ether in dichloromethane, affording 6 as a dark yellow solid Reac-
tion Scale: 26 (130 mg, 0.076 mmol), yield (41 mg, 43%). Decom-
poses at 199 °C. ESI/APCI (m/z) [M + Na]+ calculated for
C78H102O12Na, 1229.7264, found 1229.7233. 1H NMR (CDCl3,
300 MHz, 0.05 m): δ = 8.59 (s, 2 H), 8.05 (d, J = 8.5 Hz, 2 H), 7.56
(d, J = 7.9 Hz, 2 H), 7.08–6.84 (m, 6 H), 6.73 (s, 4 H), 6.11 (s, 2
H), 5.78 (s, 2 H), 5.15 (s, 4 H), 3.99 (t, J = 5.6 Hz, 4 H), 3.90 (t, J
= 6.4 Hz, 8 H), 1.80–1.70 (m, 12 H), 1.53–1.49 (m, 12 H), 1.37–
1.26 (m, 24 H), 0.90 (t, J = 5.9 Hz, 18 H) ppm.

Conditions to Afford Phenanthrene Assemblies 7–12. Method I: To
a mixture of organic tetra-ol (1 equiv.) and 1,4-benzenediboronic
acid (1 equiv.) was added 10:1 chloroform/methanol (chloroform
0.01 m with respect to reagents). The reaction solution was stirred
at 50 °C for 3 h at which point 4 Å molecular sieves were added,
and the reaction stirred overnight at room temperature. The reac-
tion mixture was dried with MgSO4, filtered (rinsing with acetone),
and the solvents removed via rotary evaporation. The solid residue
was subjected to high vacuum at 90 °C for 1 h to afford solvent
free assemblies.

Method II: A suspension was prepared of organic tetra-ol (1 equiv.)
and 1,4-benzenediboronic acid (1 equiv.) in CDCl3 (0.002 m) and
refluxed at 90 °C overnight. The resulting solution was cooled,
passed through a Teflon® syringe filter, and concentrated under
reduced pressure to afford the desired assembly. For assemblies 7–
12 carbon spectra could not be obtained because of their insolubil-
ity.
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Assembly 7 (isolated using Method I): Reaction Scale: 1 (17.0 mg,
0.029 mmol), yield 18.8 mg (95%). The product was isolated as a
grey solid that was sparingly soluble in acetone, m.p. � 200 °C. IR
(powder, ATR): ν̃ = 1605, 1395, 1325, 1250, 1121, 1018, 804, 699,
660 cm–1. MALDI (m/z) [M]+ calculated for C88H84

11B4O12,
1376.6330, found 1376.6329. 1H NMR (CD3COCD3, 300 MHz): δ
= 8.99 (s, 4 H), 8.48 (s, 4 H), 8.28 (d, J = 4.2 Hz, 4 H), 8.04–8.03
(m, 4 H), 7.90–7.83 (m, 12 H), 6.97 (d, J = 4.1 Hz, 4 H), 4.27 (t, J
= 6.6 Hz, 8 H), 2.05–1.93 (m, 8 H), 1.72–1.58 (m, 8 H), 1.51–1.38
(m, 16 H), 0.96 (t, J = 6.6 Hz, 12 H) ppm.

Assembly 8 (isolated using Method I): Reaction Scale: 2 (21.0 mg,
0.033 mmol), yield 23.4 mg (97%). The product was isolated as a
black solid, m.p. � 200 °C. IR (powder, ATR): ν̃ = 1699, 1607,
1489, 1396, 1325, 1234, 1066, 1017, 805, 698, 659, 576 cm–1.

Assembly 9 (isolated using Method I): Reaction Scale: 3 (32.1 mg,
0.052 mmol), yield 26.5 mg (72%). The product was isolated as a
grey solid that was sparingly soluble in acetone, m.p. � 200 °C. IR
(powder, ATR): ν̃ = 1601, 1476, 1393, 1316, 1230, 1050, 1018, 810,
659 cm–1. MALDI (m/z) [M]+ calculated for C84H76

11B4O20,
1448.5297, found 1448.5331. 1H NMR (CD3COCD3, 300 MHz): δ
= 8.97 (br. s, 4 H), 8.67 (br. s, 4 H), 8.42 (d, J = 8.7 Hz, 4 H), 7.92
(d, J = 8.4 Hz, 4 H), 7.84 (s, 8 H), 7.38 (d, J = 8.6 Hz, 4 H), 6.97
(d, J = 7.8 Hz, 4 H), 4.50–4.39 (m, 8 H), 3.95–3.82 (m, 8 H), 3.78–
3.62 (m, 8 H), 3.62–3.51 (m, 8 H), 3.35 (br. s, 12 H) ppm.

Assembly 10 (isolated using Method I): Reaction Scale: 4 (17.9 mg,
0.026 mmol), yield 17.9 mg (82%). The product was isolated as an
grey solid, m.p. � 200 °C. IR (powder, ATR): ν̃ = 1604, 1477, 1396,
1319, 1234, 1060, 997, 813, 660 cm–1.

Assembly 11 (isolated using Method II): Reaction scale: 5 (12.9 mg,
0.0107 mmol), yield orange solid 11 (13.9 mg, 99%). Decomposes
at 199 °C. IR (powder, ATR): ν̃ = 1591, 1378, 1332, 1290, 1225,
1110, 1063, 1039, 1000, 638 cm–1. 1H NMR (CDCl3, 300 MHz): δ
= 8.65 (s, 4 H), 8.28–8.12 (m, 4 H), 8.23 (s, 8 H), 7.83–7.70 (m, 8
H), 7.36–7.30 (m, 8 H), 6.72 (s, 8 H), 5.22 (s, 8 H), 3.98–3.88 (m,
24 H), 1.81–1.72 (m, 24 H), 1.55–1.43 (m, 24 H), 1.40–1.23 (m, 48
H), 0.91 (t, J = 5.0 Hz, 36 H) ppm.

Assembly 12 (isolated using Method II): Reaction scale: 6 (15.7 mg,
0.0125 mmol) yield orange solid 12 (13.9 mg, 82%). Decomposes
at 185 °C. IR (powder, ATR): ν̃ = 1592, 1435, 1353, 1316, 1222,
1110, 1078, 1050, 1018, 820 cm–1. 1H NMR (CDCl3, 300 MHz): δ
= 8.51 (s, 4 H), 8.06 (d, J = 20 Hz, 4 H), 7.96 (s, 8 H), 7.63–7.59
(m, 8 H), 7.20–7.15 (m, 8 H), 6.56 (s, 8 H), 4.80 (s, 8 H), 3.93 (t, J
= 6.6 Hz, 8 H), 3.86 (t, J = 6.2 Hz, 16 H), 1.81–1.72 (m, 24 H),
1.52–1.42 (m, 24 H), 1.40–1.29 (m, 48 H), 0.93 (t, J = 6.6 Hz, 36
H) ppm.
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