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Abstract This Account describes work by our research group that
highlights opportunities to utilize organoboron molecules to direct
chemical reactivity in the organic solid state. Specifically, we convey a
previously unexplored use of hydrogen bonding of boronic acids and
boron coordination in boronic esters to achieve [2+2]-photocycloaddi-
tions in crystalline solids. Organoboron molecules act as templates or
‘shepherds’ to organize alkenes in a suitable geometry to undergo re-
gio- and stereoselective [2+2]-photocycloadditions in quantitative
yields. We also provide a selection of publications that served as an in-
spiration for our strategies and offer challenges and opportunities for
future developments of boron in the field of materials and solid-state

chemistry.
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1 Introduction

Organoboron compounds represent a long-standing
class of auxiliary molecules for organic synthetic transfor-
mations. A testament of the synthetic value of this class of
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molecules is the development of C-C bonds through the
Suzuki-Miyaura coupling (or Suzuki coupling) through
metal-catalyzed cross-coupling reactions with boronic acid
derivatives (i.e., 2010 Nobel Prize in Chemistry).! Although
boron reagents continue to inspire new methodologies in
synthetic chemistry,> the potential of supramolecular
chemistry of boron compounds, particularly from boronic
acids and derivatives, has remained largely underexplored
in the context of synthetic transformations.

Versatility of supramolecular chemistry of boronic acid
and derivatives relies on the unique electronic properties
resulting from the trivalent boron that possess one carbon-
based substituent (i.e., C-B bond). The boron atom possess-
es a vacant p-orbital due to sp? hybridization, which is or-
thogonal to the substituents.? Depending on reaction con-
ditions, boronic acids and derivatives can act as either
Bransted-Lowry or Lewis acids.*

For instance, boronic acids can act as hydrogen-bond
donors with suitable bases (e.g., pyridines) (Scheme 1a) or
can form reversible covalent chelates (i.e., boronic esters)

a) OH O-H---X
R-B,  +2X R-E,
OH 0-H---X

X = H-bond acceptor

b
) OH  Ho 0
R-B  + R-BE
OH HO o—

+2H0

C

' o- N

R-B, + X v B
o— X o—

X = Lewis base

Scheme 1 Supramolecular interactions of boronic acids and boronic
esters: (a) hydrogen bonding, (b) esterification, (c) Lewis base coordina-
tion.
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upon condensation with diols (Scheme 1b). In turn, boronic
esters can coordinate Lewis bases via the empty p-orbital to
generate adducts (Scheme 1¢).3»

All of the observations above inspired us to introduce
the use of boronic acids (Figure 1a) and boronic esters (Fig-
ure 1b) as templates or ‘shepherds’ to position alkenes in
suitable geometries for [2+2]-photocycloadditions in the
organic solid state through hydrogen bonding and boron
coordination (i.e., BN interaction), respectively. By doing
so, the capacity of boronic acid derivatives to function as
tools to make use of organic solids as media to construct
unique and novel molecules can be realized.
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Figure 1 Template strategy using (a) hydrogen bonds in boronic acids
and (b) B<N interactions in boronic esters.
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1.1 Template Strategy for [2+2]-Photocycloaddi-
tions in the Solid State

The template strategy has mostly involved the use of di-
topic molecules to direct chemical reactivity in the organic
solid state. The approach exploits weak, noncovalent inter-
actions to align otherwise photostable alkenes parallel and
within a distance of 4.2 A according to the geometry criteria
of Schmidt (Scheme 2a).f Specifically, we introduced the
use of molecules in form of linear templates to reliably stack
C=C bonds into positions to react and, at the same time, en-
able the modular construction and access a variety of prod-
ucts.” The first example of a linear molecular template in-
volved the cocrystallization of resorcinol (res) with trans-
1,2-bis(4-pyridyl)ethene (bpe). The resulting cocrystals
consisted of four-component assemblies, or macrocycles,
wherein two res molecules (templates) organizes bpe mole-
cules (reactants) through (C)O-H--N hydrogen bonds. UV-
light irradiation resulted in the quantitative formation of
rctt-tetrakis(2-pyridyl)cyclobutane (tpcb) stereoselectively
and gram scale (Scheme 2b). The molecular template can be
conveniently removed from tpcb following photoreaction
by basic extraction.”

The inherent modularity of the template strategy was
subsequently exploited to assemble and preorganize
polyenes to generate [2.2]cyclophanes® and [n]ladderanes®
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(Figure 2a,d), where n = 3 (Figure 2b) and 5 (Figure 2c)
whose solution-phase organic syntheses had been a chal-
lenge and largely limited to exceptionally low yields.!°

Our group has since expanded the library of organic and
inorganic molecular templates to promote [2+2]-photocy-
cloadditions in solids (e.g., halophenols,'! catechol,'? haloge-
nated molecules,"® diacids,'* silver,'> and gold'® salts). The
use of boron molecules to aid photochemical transforma-
tions in solids had not been explored.

2 Boronic Acids as Templates for [2+2]-Pho-
tocycloadditions in the Solid State

Boronic acids are a quintessential class of reagents, be-
ing based on the -B(OH), moiety.? The ability of boronic ac-
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Scheme 2 (a) Template strategy for [2+2]-photocycloadditions in the
solid state through cocrystallization; (b) formation of tpcb from bpe us-
ing res as template.

ace

paracyclophane

Figure 2 (a) Targets of [2+2]-photocyloadditions using template strat-
egy, (b) [3]-ladderane, (c) [5]-ladderane, and (d) [2.2]paracyclophane.
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ids to engage in supramolecular recognition has rapidly
surfaced after reports of boron-based pharmaceutics'” and
saccharide receptors.'® Seminal work by Pedireddi and col-
laborators,? for instance, provided the first evidence for the
potential of boronic acids to act as receptors for aza-donor
molecules in the solid state. In the study, phenylboronic
acid (ba) was cocrystallized with 4,4'-bipyridine (bpy),
trans-1,2-bis(4-pyridyl)ethene (bpe) affording a series of
cocrystals facilitated by (B)O-H--N hydrogen bonds and
77 interactions (Figure 3a). An extension to the recogni-
tion capacity of boronic acids was realized by the genera-
tion of polymeric supramolecules (Figure 3b).

a)
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b Oty \ Q
r +  contact " -
Ay 5§ (3)0-H..O
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- hydrogen bond

(B)O—H---N
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Figure 3 Supramolecular assemblies of boronic acids (H-bond donors)
with acceptors: (a) infinite stacks and (b) polymers.

The close structural similarity of linear templates (e.g.,
res) used to achieve [2+2]-photocycloadditions in the solid
state inspired our group to employ phenylboronic acids as
templates.?°

Our initial studies to achieve [2+2]-photocycloadditions
in solids involved the formation of cocrystals through dry
mortar-and-pestle grinding of 4-methoxy- and 4-acetyl-
phenylboronic acids (4-MeO and 4-AcO, respectively) with
bpe (Scheme 3). In the solids, the boronic acids organize
bpe into four-component discrete assemblies sustained by
(B)O-H--N hydrogen bonds and - interactions (Figure 4,
a and b). The assemblies in the solid were photoactive. Spe-
cifically, UV irradiation generated tpcb stereoselectively
and in up to 96% yield. Dry grinding - a process in the field
of mechanochemistry?! - of the components after photore-
action and subsequent UV-light irradiation generated tpcb
quantitatively.

Remarkably, the templated reaction using the boronic
acid proceeded as a rare single-crystal-to-single-crystal
(SCSC) transformation that provided insight into the photo-
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chemical process in the solid state (Figure 4c). The SCSC

demonstrated that hydrogen bonding in boronic acids dis- 2 B ;W ~~~~~~ - : ;

play flexibility in single crystals that promote crystal reac- 70 contact £

.. 20 $ L e, N
tivity. (B)O-H--N M

hydrogen bond

2.1 Supramolecular Catalysis of [2+2]-Photocyc- b)
loadditions in the Solid State Using Boronic Acids

[2+2]-Photodimerization of bpe was also achieved by
supramolecular organocatalysis in the solid state?? using
boronic acids. A combination of dry grinding and continu-
ous UV irradiation using substoichiometric 4-MeO and 4-
AcO with bpe resulted in the quantitative formation of tpcb
in a catalytic cycle (Scheme 4). Our observations demon-
strated that mechanochemistry facilitates turnover (i.e.,
displacement of tpcb from cocrystal and stacking of addi-
tional bpe) and supports full conversion of reactants to
products.??

Figure 4 Crystal structure of (4-MeO)-(bpe): (a) discrete assembly, (b)
space-filling view of adjacent assemblies, and (c) SCSC [2+2]-photocy-
loaddition.

3 Boronic Esters as Templates for [2+2]-Pho-
tocycloadditions in the Solid State

Boronic esters are an exceptional class of molecules that
exhibit dynamic covalent chemistry (i.e., ability of covalent
bond to form or break upon external stimuli).?> Owing to
the protection of the -B(OH), moiety, the empty p-orbital
of boron, located orthogonally to the substituents, becomes
readily available for dative bonding with suitable Lewis bas-
es (e.g., pyridines).?* Boron coordination is accompanied
with a change in geometry of the boron center from trigo-
nal planar to tetrahedral (Scheme 5a).%

A OO

4-MeO-ba or 4-AcO-ba bpe (reagent)
tpcb (product) (catalyst) é

release

Scheme 3 Template strategy using hydrogen bonds in boronic acids.

molecular uv @
rearrangement irradiation

solid

Scheme 4 Supramolecular catalysis of [2+2]-photocycloadditions in the solid state using boronic acids.
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Scheme 5 (a) BN interaction between the empty p-orbital of boron

with a Lewis base (e.g., pyridine), (b) macrocycle formation through
B<N interaction, (c) crystal structure of macrocycle, and (d) host-
guest complexes based on B<N interaction.

In this context, B«N interaction has been an emerging
supramolecular force in the last decade for the construction
of supramolecular materials (e.g., optical,® conductive,?’
porous?®). Although the BN interaction is relatively weak
in solution,? it has been demonstrated to be a reliable and
directional force in the solid state.>*® Pioneering studies by
Severin and Hopfl demonstrated that the B<N interaction
can lead to the construction of diverse extended architec-
tures such as discrete macrocycles (Scheme 5b),>° as well as
2D3%% and 3D?8 extended networks.

The potential of the B<N interaction to form host-guest
systems had also been evaluated by us in collaboration with
the groups of Hopfl and Morales-Rojas.?! In our study, two
units of 2,4-difluorophenylboronic acid catechol ester were
coordinated to 4,4'-bipyridine (bpy) through BN interac-
tion. The electron-deficient surface of bpy in combination
with C-H---F contacts facilitated the m-stacking of electron-
rich aromatics (Scheme 5c¢). The adaptability of the host to-
wards guests of different size and electronic properties has
enabled the formation separation of materials for separa-
tion of petrochemicals®' and organic semiconductors (Fig-
ure 5).27

Motivated by the above observations, we turned to
make use of the B«N interaction to facilitate reactivity in

the solid state. Our strategy involved the combination of 4-
stilbazole (4-sbz) with phenylboronic acid catechol ester
(be). Specifically, we showed the adduct (be)-(4-sbz) to as-
semble into a dimer based on electronic complementarity.
Stacking of the C=C bonds in the dimer fulfilled the geomet-
ric criteria of Schmidt for a [2+2]-photocycloaddition af-
fording rctt-1,3-bis(4'-pyridyl)-2,4-bis(phenyl)cyclobutane
(ppcb) upon UV irradiation (Scheme 6).32

@[Z?B@ : NQ—\\_Q

self-assembly

Scheme 6 Template strategy using the B<N interaction in boronic es-
ters to afford ppcb.

Crystallization of the components afforded a T-shaped
boronic ester adduct of composition (be)-(4-sbz) wherein
4-sbz was positioned orthogonally to be. Self-assembly of
two monoboron adducts generated a discrete dimer with a
head-to-tail geometry (ht) sustained by m--m and C-H--x
contacts (Figure 6a,b). The dimers interact through C-H--xt
contacts. The crystalline powder (be)-(4-sbz) was highly
photoactive upon UV irradiation as revealed by complete
conversion into the diboron adduct 2(be)-(ht-ppcb) in a pe-
riod of 20 min.

==
1

Pk =t
TR

benzene toluene

#

\ Al A
o-xylene \ m-xylene p-xylene

Figure 5 Crystal structures of host-guest complexes based on B<N
boronic ester adducts with aromatics.
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Figure 6 Crystal structure of (be)-(4-sbz): (a) supramolecular dimer,
(b) space-filling view of discrete dimeric assemblies.

3.1 Application of Photoproducts: Separation of
Thiophene from Benzene through Crystallization

Photoproduct 2(be)-(ht-ppcb) was determined to act as
a supramolecular sponge when recrystallized with benzene
(2(be)-(ht-ppcb)>2(CgHg), Figure 7a) and thiophene
(2(be)-(ht-ppcb)>6(C4H,S), Figure 7b). Specifically, solvent
molecules were confined within cavities generated from
the be units and the terminal phenyl rings of ppcb. The sol-
vent molecules were sustained by a combination of face-to-
face and edge-to-face m---m contacts. In the case of 2(be)-(ht-

Figure 7 Crystal structures of (a) 2(be)-(ht-ppcb)>2(C¢Hg) and (b)
2(be):(ht-ppcb)>6(C,H,S).

660

ppcb)>6(C,H,S), a higher affinity of the boron host was as-
cribed to additional C-H---S forces.

The higher affinity of the diboron sponge towards thio-
phene was exploited for the separation of a mixture of ben-
zene/thiophene, an important and challenging process in
petrochemistry due to close similarities in the physico-
chemical properties of both solvents.?® Specifically, frac-
tional crystallization resulted in a 94% thiophene enrich-
ment after five cycles as indicated by '"H NMR spectroscopy.

3.2 Crystal Reactivity of B—N-Bonded Adducts:
The Case of Styrylthiophenes

Generality of the approach using the B«N interaction of
boronic esters to achieve [2+2]-photocycloadditions was
evaluated with thiophene trans-1-(4-pyridyl)-2-(2-thie-
nyl)ethylene (pte).3* [2+2]-Photodimerizations of thio-
phenes are extremely rare both in solution and in the solid
state despite being desirable for the fields of electronics and
organic semiconductors.3®> The template approach to per-
form [2+2]-photodimerizations involved B+N coordination
of pte with be to afford a T-shaped monoboron adduct
(be)-(pte). Photoreaction generates a diboron host with a ht
geometry rctt-1,2-bis(4-pyridyl)-3,4-bis(2-thienyl)cyclobu-
tane 2(be)-(4p2tcb) (Scheme 7).

Scheme 7 Template strategy using the B<N interaction in boronic es-
ters to afford 4p2tcb.

Single-crystal X-ray diffraction analysis revealed that
[2+2]-photodimerization of (be)-(pte) to proceed as a SCSC
transformation to generate 2(be)-(4p2tch) (Figure 8a). The
SCSC behavior of (be)(pte) enabled us to gain unique
mechanistic insight into structural changes that occur
during the [2+2]-photodimerization involving B«<N coordi-
nation. The formation of the cyclobutyl ring in
2(be)-(4p2tcb) was accompanied with titling of the thio-
phenyl ring and rotation of the aryl ring. The photoproduct
2(be)-(4p2tcb) was also employed as a host for chloroform
solvent molecules, which were accommodated in channels
formed by adjacent hosts and sustained by C-Cl---t contacts
(Figure 8b).
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Figure 8 (a) Overlay of crystal structures of (be)-(pte) and
2(be)-(4p2tcb), and (b) channel formation involving 2(be)-(4p2tcb)
with chloroform molecules.

4 Conclusions and Perspectives

In this Account we have described the ability of organo-
boron molecules to direct and support reactivity in the or-
ganic solid state. Hydrogen bonding using boronic acids and
boron coordination using boronic esters organize olefins in
a suitable geometry for [2+2]-photocycloadditions. The
work has expanded on original synthetic uses of organobo-
ron molecules as synthetic intermediates and provides a
platform to generate synthetic targets of increasing com-
plexity in solids (e.g., ladderanes, [2.2]cyclophanes). Cy-
clobutanes are also core architectures of pharmaceutics and
natural products.3% Solid-state reactivity using the template
strategy has further enabled structural diversification of
cyclobutane architectures that has resulted in functional
molecular materials with intriguing properties (i.e., multi-
responsive solids,3” chemical patterning,3® photoactua-
tors3?).

Looking forward, we envision pathways to new uses and
applications of supramolecular chemistry to organoboron
molecules in the context of solid-state reactivity. The fields
of organic synthetic chemistry and crystal engineering
stand to benefit from synthetic efforts that aim to diversify
uses of boronic acids and derivatives.? The recognized abili-
ty to chemically decorate and functionalize organoboron
molecules can be expected to result in the discovery of ad-
ditional molecular boron-based templates that could be in-
corporated into an everyday toolbox of the synthetic organ-
ic chemists for the design and syntheses of creative and
previously unattainable cyclobutane architectures.
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