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COVALENTLY LINKED ORGANIC FRAMEWORKS AND POLYHEDRA

BACKGROUND OF THE INVENTION

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims the benefit of U.S.
provisional application Serial No. 60/621,410 filed
October 22, 2004.

1. Field of the Invention

In at least one aspect, the present invention
relates to covalently linked organic networks and methods

for forming covalently linked organic networks.

2. Background Art

The formation of covalently 1linked organic
networks has been an elusive goal and an attractive
challenge in both molecular design and organic chemistry.
These networks can be defined as periodic especially “2-D
or 3-D” materials composed of strong, kinetically inert,
covalent bonds (e.g. between C, 0O, N, B). 1In addition to
its stimulating synthetic challenge, properties of these
new materials may have important industrial applications
taking advantage of their lightweight, inexpensive
starting materials, and potentially high chemical and
thermal stabilities. By employing specific organic units
in a periodic array at the molecular scale, one can
specifically tailor structure, functionality, and

material properties. For this to be achieved, one needs
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to operate under mild conditions that do not destroy the
structural or physical properties of the building blocks

that may be translated into the extended network.

Covalently Ilinked organic networks differ from
existing cross-linked ©polymers and other polymeric
materials whose properties are a result of various
processing techniques in that organic crystalline
networks have clearly defined molecular architectures
that are intrinsic to the material. Accurate control
over the position of selected organic wunits in an
extended structure is needed to allow optimum

exploitation of the material properties.

Existing crystalline covalently linked
materials such as diamond, graphite, silicon carbide,
carbon nitride, and boron nitride are formed under very
high pressures (1-10 GPa) or very high temperatures (500-
2400¢C) . These extreme synthetic conditions limit the
flexibility needed in the formation of extended or
functionalized structures, since the structural or
chemical integrity of many organic monomer units is not

preserved under these conditions.

Current attempts towards synthesizing covalent
networks under mild conditions have been unsuccessful in
producing extended materials that have periodic molecular
structures with long-range order. One such attempt
involved the pre-organization of organic moieties wvia
hydrogen bonding or metal-ligand interactions Pprior to
the diffusion of a reactive non-metallic cross~linking
agent into the channels. This linked the pre-arranged

organic molecules together, and the metal template ions
~.
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were subsequently removed. Incomplete polymerization or
loss of crystallinity upon removal of the metal template

ions, however, is often observed.

There has been an increasing demand for porous
materials in industrial applications such as gas storage,
separations, and catalysis. Some advantages of using
completely organic porous materials as opposed to their

inorganic or metal-organic counterparts, are that organic

materials are lighter in weight, more easily
functionalized, and have the potential to be more
kinetically stable. 1In addition, there are environmental

advantages to employing extended structures without metal

components.

Some current methods of inducing porosity
within polymers involve various processing methods or
preparation from colloidal systems. All glassy polymers
contain some void space (free volume), although this is
usually less than 5% of the total volume. It is possible
to “freeze-in” up to 20% additional free volume for some
glassy polymers with rigid structures by rapid cooling
from the molten state below the glass transition
temperature, or by rapid solvent removal from a swollen
glassy polymer. High free volume polymers are currently
used in industrial membranes for transporting either
gases or liquids. The voids in these materials, however,
are mnot interconnected and therefore reflect a low
accessible surface area as determined by gas adsorption.
Moreover, the pore structure 1s i1rregular and not

homogeneous.
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Another existing class of porous organic

materials includes polyacetylenes containing bulky

substituent groups. The high gas permeabilities of
poly(l-trimethylsilyl-1l-propyne) (“PTMSP") have been
observed since 1983. This material contained a large
free volume (~30%), and was able to separate organic
compounds from gases or water. The stability of PTMSP is

limited by its rapid loss of microporosity from reaction
by heat, oxygen, radiation, UV light, non-uniform pore

structure, or any combination of the above.

One recent display of porous organic materials
is the polymers of intrinsic microporosity (PIMs). These
polymers have been reported to contain relatively high
surface areas (430-850 m?/g) measured by gas adsorption
due to their highly rigid and contorted molecular
structures unable to efficiently pack in space. These
materials, however, display marked hysteresis at low

pressures.

Thermal dehydraﬁion of phenyl boronic acids has
been known to form six-member boronic acid anhydride
(boroxine) rings. Although crystal structures of
molecular compounds containing one boroxine ring have
been studied, little if anything is known about
materials produced from the condensation of multi-~topic

boronic acids.

SUMMARY OF THE INVENTION

The present invention solves one or more

problems of the prior art by providing in at least one
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embodiment a covalently linked organic network comprising
a plurality of boron-containing clusters linked together
by a plurality of 1linking groups. If the present
invention is further characterized by having each linking
group bonded to at least two distinct boron-containing
clusters. The covalently linked organic networks of the
invention are particularly useful lightweight,
crystalline, or semi-crystalline bulk products for gas

storage applications.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGURE 1 provides Powder X-ray Diffraction
("PXRD”) patterns of polymerization products from the

monomer described by formula XVII;

FIGURE 2 provides a nitrogen sorption isotherm
for (a) nonporous polymerization products and (b) the
product formed from triglyme solution each derived from

the monomer described by formula XVITI;

FIGURE 3 provides a nitrogen gas adsorption
isotherm (main pane) for COF-1 measured at 77 K with pore
size histogram (inset pane) calculated after fitting DFT

models to adsorption data;

FIGURE 4 provides a nitrogen gas adsorption
isotherm (main pane) for COF-5 measured at 77 K with pore
size histogram (inset pane) calculated after fitting DFT

models to adsorption data;
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FIGURE 5 provides an argon gas isotherm for

COF-1 measured at 87 K;

FIGURE 6 provides an argon gas isotherm for

COF~5 measured at 87 XK;

FIGURE 7 provides BET plot for COF-1 calculated

from nitrogen adsorption data;

FIGURE 8 provides BET plot for COF-5 calculated

from nitrogen adsorption data;

FIGURE 9 provides a BET plot for COF-1

calculated from argon adsorption data;

FIGURE 10 provides a BET plot for COF-5

calculated from argon adsorption data; and

FIGURE 11 provides a De Boer t-plot for COF-1.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT (S)

Reference will now be made 1in detail to
presently preferred compositions or embodiments: and
methods of the invention, which constitute the best modes

of practicing the invention presently known to the

inventors.

The term “cluster” refers to i1dentifiable
associations of 2 or more atoms. Such associations are
typically established by some type of bond - ionic,

covalent, Van der Waal, and the like.
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The term “covalent organic network” refers
collectively to both covalent organic frameworks and to

covalent organic polyhedra.

The term “covalent organic polvhedra” refers to
a non-extended covalent organic networks. Polymerization
in such polyhedra does not occur usually because of the

presence of capping ligands that inhibit polymerization.

The term “covalent organic framework” refers to
an extended covalent organic network having clusters
connected by linking groups. These structures are

extended in the same sense that polymers are extended.

As used herein, a line in a chemical formula
with an atom on one end and nothing on the other end
means that the formula refers to a chemical fragment that
is bonded to another entity on the end without an atom
attached. Sometimes for emphasis, a wavy line will

intersect the line.

In an embodiment of the present invention, a
covalently linked organic network is provided. The
covalently linked organic network of the invention
comprises a plurality of boron-containing clusters linked
together by a plurality of organic 1linking groups.
Variations of the covalently linked organic networks
(both the frameworks and polvhedra) have surface areas
from about 1 to about 20,000 m?/g. Other variations have
surface areas from about 1,000 to about 10,000 n@/g. The
present invention is further characterized by having each

linking group bonded to at least two distinct boron-
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containing clusters. In a variation of the present
embodiment, the covalently linked organic networks are
covalently linked organic frameworks (“COFs”) which are
extended structures. In a further refinement these COFs
are crystalline materials that may be either
polycrystalline or even single crystals. Because of the
extended nature of the covalently 1linked organic
frameworks of the invention, the plurality of boron-
containing clusters comprises at least 10 boron-
cohtaining clusters. In other variations of the
invention, the plurality of boron-containing clusters
comprises at least 100 boron-containing clusters.
Similarly, because of the extended nature of the

covalently linked organic frameworks, the plurality of

linking groups comprises at least 10 linking groups. In
other wvariations, the plurality of 1linking groups
comprises at least 100 linking groups. Since the

covalently bonded organic frameworks are extended
structures, variation may form into analogous nets to the
nets found in metallic organic frameworks as described in
Reticular Chemistry: Occurrence and Taxonomy of Nets and
Grammar for the Design of Frameworks, Acc. Chem. Res.
2005, 38, 176-182. The entire disclosure of this article

is hereby incorporated by reference.

In addition to the COFs, the covalent organic
networks of the present invention also include covalent
organic polyhedra. Covalent organic polyhedra are
covalent organic networks that comprise a plurality of
boron-containing clusters linked together by a plurality
of organic linking groups such that the spatial structure
of the network is a polyhedron. Typically, the polyhedra

of this variation are 2 or 3 dimensional structures.
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In an important variation of the invention, the
boron-containing clusters include a structure described
by the formula BxQ,C, wherein Q is oxygen, sulfur,
nitrogen, or phosphorus; x and y are integers such that
the valency of B is satisfied, and z is an integer from 0
to 6. In a particularly wuseful variation, the boron-
containing cluster has the formula BxOy. An example of
such a boron-containing cluster is described by Formulae

I and II:

0"
/B\O/B\ T
O__..
/
_.B\
0— IT

The boron-containing cluster of Formula I is able to be
bonded to 3 different linking groups while the cluster of
Formula II is most advantageously bonded to 2 different
linking groups with the two oxygen atoms bonded to a
single linking group that is bidentate at least on one
end. In another variation of the invention, the boron-

containing cluster is described by Formulae III-IV:
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wherein R, R’, and R” are each independently hydrogen,
alkyl, aryl, halogen, and the like. In the case of
Formula III, t-butyl is particularly useful.

As set forth above, the plurality of boron-
containing clusters are linked together by a plurality of
linking groups to form an extended framework or a
prolyhedron. Suitable linking groups include one or more
components selected from the group consisting of
substituted or unsubstituted aromatic rings, substituted
or unsubstituted heterocaromatic rings, substituted or
unsubstituted nonaromatic rings, substituted or
unsubstituted nonaromatic heterocyclic rings, or
saturated or unsaturated, substituted or unsubstituted,
hydrocarbon groups. The saturated or unsaturated
hydrocarbon groups may include one or more heteroatoms.
In a variation of the invention, the linking group is

described by Formula V:



WO 2006/047423 PCT/US2005/038195

10

15

20

wherein R;, Ry, R3, and Rs are each independently H, alkyl,

aryl, OH, alkoxy, sulfur-containing groups (e.g.,
thioalkoxy), silicon-containing groups, halogen, nitro,
amino, cyano, boron-containing groups, phosphorus-

containing groups, carboxylic acids, or esters.

In another variation of the invention, the

linking group is described by Formula VI:

VI

wherein R;, Rz, Rs, Rs, Rs, and Rg are each independently
H, alkyl, aryl, OH, alkoxy, sulfur-containing groups
(e.g., thiocalkoxy), silicon-containing groups, halogen,
nitro, amino, cyano, boron-containing groups, phosphorus-

containing groups, carboxylic acids, or esters.

- 11 -
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In another variation of the invention, the

linking group is described by Formulae VII-X:

5
R Ry Rs R
R4 R; Rg Ry VIT
Ry
10 VIII

- 12 -
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, T
5 Ro Ri6

wherein Ri, Rz, Rs, Rs, Rs, Rs, Ry, Rg, Ro, Rio, Rui, Riz, Ras,
Ris, Ris, and Ry are each independently H, alkyl, OH,
alkoxy, sulfur-containing groups (e.g., thiocalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,

carboxylic acids, or esters and T is a tetrahedral atom
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(e.g., carbon, silicon, germanium, tin) or a tetrahedral

group or cluster.

In another variation of the invention, the

linking group is described by Formula XI:

Ry Rg

XTI

wherein A;, Az, 23, A4, As, and 2Ag are each independently
absent or any atom or group capable of forming a sable
ring structure and Ri;, R, R3, Ry, Rs, Rg, Ry, Rg, Ry, Ryp,
Ri1, and R;; are each independently H, alkyl, OH, alkoxy,
sulfur-containing groups (e.g., thioalkoxy), silicon-
containing groups, halogen, nitro, amino, cyano, boron-
containing groups, phosphorus-containing groups,
carboxylic acids, or esters. Specific examples of Formula
VIII are provided by Formulae XII and XIII and ammonium

salts of the linking groups of Formulae XII and XIIT:
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Ry R
Ry Rs
N
B O ’
Rs  NN/N Ry
IR Ry
Ry Rio
XIT
R; Rg
Ry Rs
N
Ry PP Ry
@)
NS—N Rg
P
Rz Ry
Ryy Rio
XIIT
5
wherein Ri, Rz, Rs, R4, Rs, Rs, Ry, Rg, Ry, Rio, Rui, and Ria,
are each independently H, alkyl, OH, alkoxy, sulfur-
containing groups (e.g., thioalkoxy), silicon-containing
10 groups, halogen, mnitro, amino, cyano, boron-containing
groups, phosphorus-containing groups, carboxylic acids,
or esters.
In yet another variation of the invention, the
15 linking group is described by Formula XIV:
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RI R2 R9 RIO RS R6

R4 Ry Ryo Rig n Rg Ry
XIV

wherein R; through R;; are each independently H, alkyl,
OH, alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon~containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus~containing groups,
carboxylic acids, or esters; and n is an integer greater

than or equal to 1.

In still another embodiment of the invention, a
portion of the plurality of linking groups comprise a
linking group which forms a first bond with a first
boron-containing cluster and a second bond with a second
boron-containing cluster such that the angle between the
first bond and the second bond is less than 180 degrees.
Examples of such linking groups include linking groups

described by Formula XV:

Ry; Ros
Ry Ros
R
R25 24 XV
wherein Rpo, Rai, Ra2, Ro3, Ros, and Rys are each
independently H, alkyl, OH, alkoxy, sulfur-containing
groups (e.g., thioalkoxy), silicon-containing groups,

halogen, nitro, amino, cyano, boron-containing groups,

phosphorus-containing groups, carboxylic acids, esters,

- 16 -
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or a bond to a member of the plurality boron containing
cluster. This variation is further characterized with
the proviso that at least two groups of Ri-R¢ are bonds to
two distinct members of the plurality of boron containing
clusters such that the angle between these bonds are less

than 180°.

Another example of such linking groups are

described by Formula XVI:

Ry, Roo Ros Rog
Ro4 Ros Rao Rog Il

XVI

wherein R, through Rys are each independently H, alkyl,
OH, alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,
carboxylic acids, esters, or a bond to a member from the
plurality Dboron-containing cluster. This variation 1is
further characterized with the proviso that at least two
groups of R; to Rip are bonds to two distinct members of
the plurality of boron containing clusters such that the

angle between these bonds are less than 180°.

The covalently linked organic frameworks or
polyhedra of the invention optionally further comprise a
guest species. Such a guest species may increase the
surface area of the covalently linked organic networks.

Tn a similar manner, the covalently linked organic
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networks of the invention further comprises an adsorbed
chemical species. Such adsorbed chemical species include
for example, ammonia, carbon dioxide, carbon monoxide,
hydrogen, amines, methane, oxygen, argon, nitrogen,
organic dyes, polycyclic organic molecules, metal ions,
inorganic clusters, organometallic clusters, and

combinations thereof.

In another embodiment of the invention, a
method for forming the covalently linked organic
frameworks and polyhedra set forth above is provided. In
one variation of this embodiment, the method of the
invention wutilizes a monomer condenses into extended
crystalline materials be selected. Such monomers
typically have one or more boronic acid groups allowing
self-condensation of the monomer. The crystalline product
may be either polycrystalline or single crystal. In one
example of this variation, the reversibility of boroxine
ring formation and cleavage makes this system attractive
for single crystal formation. In general, the monomer
will be a multitopic boronic acid or Dboronic ester
derivative. For example, the condensation of multi-topic
boronic acid and boronic ester derivatives form porous,
semicrystalline to crystalline organic materials with
high surface areas. In another variation of this
embodiment, aromatic polyalcohols and compounds having
one or more boronic acid groups (polyboronic acids) are
reacted together to form either the covalent organic

frameworks or polyhedra of the invention.

In accordance with the methods of the
invention, phenylene bisboronic acids are condensed to

form microporous crystalline compounds with high surface.

- 18 -
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It has been reported in the structure of
triphenylboroxine that the central B;O; rings are found to
be nearly planar, and the phenyl groups are nearly

coplanar with boroxine ring(Scheme 1).

HO____OH
B 31,0
3 — >

o/B\o
| I
B\o _ B

boronic acid

boroxine anhydride
Scheme 1

In one variation of the method of the invention, the
prior art is extended by dehydration of the compound
described by Formula XVII to form COF-1 as depicted in

Scheme 2.

- 19 -
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O/B\o B\
| | I |
PRS0 <WVS ape
O 0 . /@/
-OH, ¥ ,/ \? I’ \?
O\p-0 0,0
o PNom B 152
diboroic acid - o
BDBA
XVII f oo
PO Kl O - Q -
B~ N B O\
O
COF-1
Scheme 2
5 The aromatic rings of both the starting materials and

products of Scheme 1 are optionally substituted with

alkyl, OH, alkoxy, sulfur-containing groups (e.g.,

thioalkoxy), silicon-containing groups, halogen, nitro,
amino, cyano, boron-containing groups, phosphorus-
10 containing groups, carboxylic acids, or esters.

The reactions of schemes 1 and 2 are extended
by Schemes 3 and 4. In accordance with Scheme 3, the
dehydration reaction between phenylboronic acid and

15 2,3,6,7,10,ll-hexahydroxytriphenylene (“HHTP") , a
trigonal building block, gives a new 5-membered BO2C;

ring.

- 20 -
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boronic acid

OH
HO,  OH ‘ OH
3
HO ‘ SH,0 ,0
+ — > B\
T °
OH
OH
hexahydroxy triphenykne
D

triboronate ester

Scheme 3

Scheme 4 provides a reaction for a substantially co-

5 planar extended sheet structure ("COF-5").
OH
HO___OH OH
B ()
3
HO
U
+ —eee——
e
1O~ >™oH OH
OH
diboronic acid hexahydroxy triphenylene
BDBA HHTP

- 21 -
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Scheme 4

The aromatic rings of both the starting materials and
products of Scheme 4 are optionally substituted with
alkyl, OH, alkoxy, sulfur-containing groups (e.g.,
thioalkoxy), silicon-containing groups, halogen, nitro,
amino, cyano, boron-containing groups, phosphorus-

containing groups, carboxylic acids, or esters.

The direct condensation of boronic acids with
tert-butylsilanetriol (“TBST”) in aromatic solvents with
azeotropic removal of H;0 is known to form borosilicate
cage compounds, specifically a Si —capped trigonal
biprismatic cluster which can be regarded as a trigonal
planar SBU. TBST is accepted as being the best reagent
for this co-condensation chemistry Dbecause the bulky

tert-butyl group of TBST kinetically inhibits its self-

- 22 -
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condensation to form dense and amoxrphous
polysilsequioxanes. Additionally, reaction of
organotrichlorosilanes (i.e. RSiCl;) with boronic acids is
another route to access borosilicate COFs where HC1 will
be the by-product rather than H,0. This strategy may be
more advantageous since acids/bases can easily be added
to control reaction rates facilitating nucleation of
crystalline COF phases. Scheme 5 provides the equation
for a reaction known to produce discrete

organoborosilicate clusters

HO\ OH Bu
. é
i
" 7\ AN
Bu 0 (9) O\
/
g _IhMe g B ‘P Br
HO/ l\:’OH 100°C, 24h \0 O‘ )
on  >90% N
Br ]1 B
Scheme 5

Extension of the reaction methodology in Scheme
5 to co-condensation with polytopic boronic acids
provides a novel strategy to produce 3-connected COFs
like those described above via formation of boroxine
rings. From structural data from the discrete
borosilicate compound illustrated above, the phenyl rings
adopt a co-planar conformation with the BO, plane via the
aforementioned intramolecular hydrogen Ibonding. So,
again, the rationalization provided above for the
topology of expected COF structures described above is
extended -here for borosilicate COFs. Initial work points
to dimproved stability toward hydrolysis compared to

boroxine and boronate ester COFs, a property perhaps
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imparted by the steric protection of the greasy tert-
butyl group that shrouds the SBU. Reactions in aromatic
solvents (e.g. toluene), 1like those used for discrete
compounds, represents a logical starting point for COF
synthesis. Scheme 6 provides an example of the reaction

of BDBA with TBST to form a 3-connected sheet.

HO Bu
\ /OH )
B /Sl\
tBu /O })O\
no” \'OH o 0!
o) AN
Si
N ol
HO" OH Bu
Scheme 6

In an analogous manner as set forth above, the aromatic
rings of Dboth the starting materials and products of
Scheme 6 are optionally substituted with alkyl, OH,
alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,

carboxylic acids, or esters.

With reference to Scheme 7, self-condensation
of tetrakis(phenyl-4-boryl(dihydroxy)] methane (TPBM)
leads to isolation of 4,3 connected COFs (designated as
“COF-10") wvia boroxine ring formation. The aromatic rings
of the TPBM of Scheme 7 (along with the corresponding
rings on the product) are optionally substituted with
alkyl, OH, alkoxy, sulfur-containing groups (e.g.,

thioalkoxy), silicon-containing groups, halogen, nitro,

- 24 -
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amino, cyano, boron-containing groups, phosphorus-

containing groups, carboxylic acids, or esters.

HO om
\
B/

CoH12/C4H50,
>100°C

COF-10

Scheme 7

With reference to Scheme 8, the co-condensation
10 of TPBM with 1,2,4,5-tetrahydroxybenzene (THB) to form an
expanded diamond structure 1is illustrated. In this
reaction THB functions as a linear link lying co-planar
with the phenyl rings of TPBM in the COF product. Again,
each of the aromatic rings in the TPBM and THB are
15 optionally substituted with alkyl, OH, alkoxy, sulfur-
containing groups (e.g., thioalkoxy), silicon-containing
groups, halogen, nitro, amino, cyano, boron-containing
groups, phosphorus-containing groups, carboxylic acids,

or esters.

20
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HO OH

HO

Scheme 8

5 Similarly, with reference to Scheme 9 reaction
of hexahydroxytriphenylene (“HHTP”) with TPBM provides a
route to synthesize a COF designated as COF-11:

HO on
\
B/

OH
HO O GO0 cora
O‘ >100°C
3
HO

10

Scheme 9

COF-11 includes moieties having formula XX.
15
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XX

With reference to Scheme 10, the formation of
1D crystalline polymers from reaction of BDBA with
pentaerythritol is provided. The products of this
reaction are exceptionally stable, and are in fact best
synthesized in water. It is believed that the presence of
a stable 6-membered ring in the product imparts this
stability. Moreover, pentaerythritol does not serve as a
linear link, i.e., it will connect boronic acid groups at
a -1459°, Scheme 10 provides the co-condensation of

Pentaerythritol with BDBA.
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. >< oH * —_— B: X B—@— B: X B
%0C,2d [¢] o’ [¢] o’
B n

HO 'OH
Scheme 10

Similarly, Scheme 11 illustrates the co-condensation of
TPBM with pentaeryhtritol to produce a covalently linked
organic network designated COF-12. COF-12 includes
moieties having formula XXI. Again, each of the aromatic
rings in Schemes 10 and 11 are optionally substituted
with alkyl, OH, alkoxy, sulfur-containing groups (e.g.,
thioalkoxy), silicon-containing groups, halogen, nitro,
amino, cyano, boron-containing groups, . phosphorus-

containing groups, carboxylic acids, or esters.

HO

COF-12

Scheme 11
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In another variation of the method of the
invention, the known reaction of organo-borondichloride
derivatives with boronic acid and with silyated amines to
vield borazines is extended. Extension of this
methodology to attain borazine COFs provides stable
materials owing to the aromaticity of the borazine ring.
Organo-borondichloride building blocks can be convenient
using simple and high-yielding chemistry via boronic acid
building blocks; amine reagents are commercially
available. An attractive feature of borazine COFs are the
ready points of derivatization provided by the wide
availability R-groups for amine reagents. These reactions
are normally carded out in apolar organic solvents at

various temperatures.
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L h ! h it
B B B
N.
NN S B/N‘H H,N\ B,N\H

Scheme 12

Again, each of the aromatic rings in Scheme 12 are
optionally substituted with alkyl, OH, alkoxy, sulfur-
containing groups (e.g., thioalkoxy), silicon-containing
groups, halogen, nitro, amino, cyano, boron-containing
groups, phosphorus-containing groups, carboxylic acids,

or esters.
The following non-limiting examples illustrate

the various embodiments of the present invention. Those

skilled in the art will recognize many variations that
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are within the spirit of the present invention and scope

of the claims.

I. Synthesis of covalently linke organic frameworks

The bisboronic acid starting materials used in
the methods of the invention are commercially available,
or can be easily synthesized. Moreover, the synthetic
approach of the invention can be extended to a variety of
boronic acids and esters with two or more
functionalities. Boroxine rings, for example, act as
trigonal building units and the organic linking groups,
with two or more points of attachment, serves to link
these into a network. Examples of suitable 1linking
groups are set forth above, and may be derived from
aromatic, aliphatic, multitopic and substituted boronic
acids and esters. Use of a diverse array of linking
groups enables the formation of specifically designed

materials of differing molecular architectures.

Thermal gravimetric analysis (TGA) of boronic
acid starting materials revealed that the observed weight
loss is in accordance with the calculated amount of water
produced after boroxine ring formation. This wvalue is
21.52 wt. % (21.72 calc.) for XVII, and 14.10 wt. %

(14.89 calc.) for XVIII.
HO.__OH
HO. ;.OH B

O (J
Ho B~on O

HO'B\OH

XVII XVIIT
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Several methods of attaining the desired extended organic
framework through the homo-polymerization of XVII are

explored, and are summarized in Table 1.

Table 1. Characterization of 1,4-phenylenebisboronic acid
polymerizations

N
Method PXRD (A) Activation sorption
(77 K)

as
synthesize
Solid-state amorphous d nonporous
as
synthesize

DMF 12.1, 10.3, 8.6, 7.4, 6.0 d nonporous

Toluene 12.4, 10.9, and 7.5 — _—
acetone
THF 12.2 and 3.3 wash nonporous
acetone SA = 591
Triglyme 12.8 and 3.3 wash m/g

Example 1. Condensation of 1,4-phenylene bisboronic acid:
homo-polymerization.

10

a) Solid-state synthesis. When compound XVII
is heated to 238 °C under vacuum (92 mtorr) for one day,
the resulting white powder is amorphous by PXRD, and

nonporous by low-pressure gravimetric nitrogen sorption

15 (T = 77 K). This lack of crystallinity and pore

accessibility may indicate the need of a space-filling
substance (e.g. solvent) during the synthesis around

which the desired product may form.

20 b) Solvent-based syntheses. A saturated

25

solution of compound XVII in DMF is heated to dryness,
the as-synthesized material is nonporous by low-pressure
gravimetric nitrogen sorption (T = 77 XK). The lack of
porosity may be due to DMF molecules tightly bound to the

framework within the pores. Although, activation methods
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such as washing with volatile solvent or evacuation under
mild heating may 1lead to porous materials, X-ray
diffraction shows such materials in general to be

crystalline.

After heating a solution of XVII in THF and
triglyme, or a suspension of XVII in toluene to 170 °C
for 2.5 days, the fine powders are filtered and washed
with acetone. The resulting products give rise to new
low-angle peaks in the powder X-ray diffraction patterns
(Figure 1). Some starting material remains in the case of
toluene, where the compound with formula XVII is not

completely soluble.

Example 2 - Alternative synthesis of COF-1. A Pyrex tube
measuring o.d. x i.d. = 10 x 8 mm? is charged with 1,4-
benzene diboronic acid (BDBA) (25 mg, 0.15 mmol, 2Aldrich)
and 1 mL of a 1:1 v:v solution of mesitylene:dioxane. The
tube is flash frozen at 77 K (LN2 bath), evacuated to an
internal pressure of 150 mtorr and flame sealed. Upon
sealing the length of the tube is reduced to 18 cm. The
reaction mixture is heated at 120 °C for 72 h yielding a
white solid at the bottom of the tube which is isolated
by filtration and washed with acetone (30 mL). Yield: 17
mg, 71 % for (C3H2BO) g* (CoHyn) 1. Anal. Calcd. For
(C3H2BO)ge (CoH1z)1: C, 63.79; H, 4.77. Found: C, 56.76; H,
4.34. Following guest S2 removal: Anal. Calcd. for C3H,BO:
Cc, 55.56; H, 3.10. Found: C, 51.26; H, 2.91. Note:
organoboron compounds typically 'give lowered carbon
values in elemental microanalysis due to the formation of

non-compbustible boron carbide by-products.
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Example 3 - Synthesis of COF-5. A Pyrex tube measuring

o.d. x i.d. = 10 x 8 mm2 is charged with 1,4-benzene

~diboronic acid (BDBA) (25 mg, 0.15 mmol, Aldrich),

2,3,6,7,10,11-hexahydroxytriphenylene [ (HHTP) 16 mg,
0.050 mmol, TCI] and 1 mL of a 1:1 wv:v solution of
mesitylene:dioxane. The tube is flash frozen at 77 K (LN2
bath) and evacuated to an internal pressure of 150 mtorr
and flame sealed. Upon sealing the length of the tube is
reduced to 18 cm. The reaction mixture is heated at 100
¢C for 72 h to yield a free flowing gray-purple powder.
Note that the purple color arises from oxidation of a
small fraction HHTP which exhibits a very large
extinction coefficient and is therefore very highly
colored. This side product becomes incorporated within
the pores imparting the purple color to the ‘as
synthesized’ form of COF-5. Following guest removal (see
adsorption results below) COF-5 is obtained as a light
gray solid. Yield: 15 mg, 73 % for C9H4BO2 following
guest removal. Anal. Calcld. for C9H4BO2: C, 69.67; H,
2.60. Found: CC, 66.48; H, 2.81. ©Note: organoboron
compounds typically give lowered carbon values in
elemental microanalysis due to the formation of
noncombustible boron carbide by-products. No evidence for
the formation of COF-1 is observed. Note that reaction of
BDBA alone at 100 °C to form COF-1 is sglow where after
168 h COF-1 it is obtained in only 25 % yield.

II. Adsorption Analysis

Activation of samples for gas adsorption
measurements. COF-~l: A 50 mg sample of COF-1 is heated to
150° C under dynamic vacuum for 12 h. The sample is

backfilled with nitrogen and then transferred in an air
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atmosphere to the required vessel for gas adsorption
measurements. COF-5: A 50 mg sample of COF-5 is placed in
a 5 mL glass vial which is subsequently filled with HPLC
grade (Aldrich) acetone. After 2 hours of exchange at
room temperature the majority of the now yellow-purple
acetone phase is decanted and the wvial refreshed with
acetone. After 12 hours the solvent is decanted again and
the solid washed with acetone (3 x 3 mL) and left to air
dry in a desiccator (CaSO,;) for 2 hours and then evacuated
for 12 h under dynamic vacuum at ambient temperature.
Following evacuation, the sample is back-filled with
nitrogen and then transferred in an air atmosphere to the

required vessel for gas adsorption measurements.

l. Sorption experiments for Example 1

Gas sorption measurements are conducted in
order to measure the accessible pore volume of the
materials produced. The nitrogen gas sorption isotherms
measured for products produced from solid state and DMF
or THF synthetic conditions reveal the low accessible
void volume of these materials (Figure 2a). The isotherm
measured for the product produced from triglyme, however,
shows that it has a rigid framework, and can maintain its
porosity in the absence of guests. An exact amount. of
the triglyme product is introduced into the microbalance
apparatus and evacuated at room temperature to 1073 torr,
according to an already published protocol. (Eddaoudi,
M.; Li, H.; Yaghi, O0.M. J. Am. Chem. Soc. 2000, 122,
1391-1397). The nitrogen gas sorption isotherm reveals
reversible type I behavior characterized by a plateau

reached at low relative pressure, which is indicative of
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sorption in monodisperse micropores contained in a robust

framework (Figure 2b).

The nitrogen apparent Langmuir surface area for

the trigylme product is calculated to be 591 nﬁ/g (P/Bgy =

0.102). Recently reported PIMs have surface areas
ranging 430 - 850 m?/g, but marked hysteresis at low
pressures is also observed. The same broad hysteresis

spreading over the whole region of relative nitrogen
pressures has been observed in other porous polymer
materials studied in the past, including polyphenylene
oxide polymers. (Ilinitch, 0.M.; Fenelonov, V.B.; Lapkin,
A.A.; Okkel, L.G.; Terskikh, V.V.; zamaraev, K.I.
Microporous and Mesoporous Materials, 1999, 31, 97-110) .
The cause has been assigned to swelling (intercalation)
of a microporous sorbent by the sorbate or to the
presence of mesopores accessible only through micropores.
The importance of permanent porosity (the lack of
framework deformation in the presence and absence of
guest species) within a material is crucial to maintain
performance over many cycles of use in future

applications.

2. Sorption experiments for Examples 2 and 3

With reference to Figures 3, 4, 5 and 6, gas
adsorption isotherms are measured volumetrically using a
Quantachrome Autosorb-1 automated adsorption analyzer. A
liquid nitrogen bath (77 K) is used for N, isotherms and
an argon bath (87 K) is used for Ar isotherms. Micropore

sorption data using CO, are collected a 273 K (ice water
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bath). The N;, Ar, and CO; gases used are UHP grade. For
all isotherm plots, closed «circles are wused for
adsorption data points and open circles are used to
indicate desorption data points. With reference to
Figures 7, 8, 9, and 10, the BET method is applied for
measurement of the specific surface areas (As, m?/g). In
general, measured uptakes from Ar isotherms are slightly
higher than for N;, however the more conservative N, data
for surface areas and pore volumes are provided herein.
The higher uptakes for Ar are likely do to its small size
which allows more adatoms to bind into adsorption sites
in the frameworks that are too small to accommodate

nitrogen.

The architectural stability and porosity of
COF-1 and COF-5 are confirmed by measuring the nitrogen
gas adsorption of the guest-free material. A sample of
synthesized COF-1 is evacuated with a dynamic pressure of
107 Torr vacuum and heated to 150 °C for 12 h to remove
all the guests. This sample is used for measurement of
the nitrogen isotherm at 77 K from 0 - 1 bar (1 bar = Po)
which shows a very sharp uptake from P/Po = 107°- 107!, a
signature feature of a microporous material (Fig. 3). The
Brunauer-Emmett-Teller (BET) model is applied to the
isotherm between P/P, = 0.04 - 0.1, resulting in an
apparent surface area of SBET = 711 n?gd; the pore volume
Vp = 0.32 cm®’g™ at P/P, = 0.90. These values surpass those
of other layered materials including graphite (10 m?g™),
clays (10-100 m’g™’), and pillared clays (50-300 m?’g™}) and
are in the range of the most porous =zeolites and many
porous carbons. At higher pressures a slow rise in the

isotherm occurs due to the existence of a small
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population of external mesopores between the
crystallites; this is not uncommon for

particles having platelet morphologies. The total surface
area 1is calculated to be 711 m’g™? with a micropore
contribution of 587 m’g™ (83 %) and mesopore contribution
of 124 m’g™ (17 %) from t-plot analysis. Argon and high-
temperature carbon dioxide isotherms collected in the
same pressure range are used to fit Density Functional
Theory (DFT) models which account for the microscopic
behavior of sorbed molecules. From these calculations a
very reliable pore size distribution can be calculated
and is shown (Fig. 3 inset). Corroborating the results
from t-plot analysis (Figure 11), the distribution is
largely populated between 6 and 12 A matching the
micropore dimensions expected from the structure of COF-
1, the range from 28 - 44 A arises from the
aforementioned‘interparticle mesopores. The cumulative
pore volume (0.34 cm3g"1) and surface area (640 ng"l) from
DFT calculations compare favorably with the values
determined above. Significantly, the isotherm for COF-1
is fully reversible and reproducible—a feature of stable
materials whose structures exhibit permanent porosity.
The nitrogen adsorption isotherm of COF-5 is measured
under the same conditions as COF-1. It shows a reversible
Type IV isotherm characteristic of mesoporous materials
(Fig. 4). There are two notable features in this
isotherm. The first is a sharp step observed for pore
condensation between P/Po = 0.11 - 0.15 caused by a
narrow distribution of mesopores; this is supported by
DFT calculations with a pore width of 27 A dominating the
distribution (Fig. 4 inset). Secondly, the absence of
hysteresis during desorption is a common feature of

materials containing hexagonally aligned one-dimensional
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mesopores with widths < 40 A. It is also apparent from
the pore size distribution that 23 % of the total surface
area can be assigned to micropore uptake. Since an
impurity phase has not been encountered, it is speculated
that the origin of the significant low pressure uptake
arises from partially slipped organic sheets that create
grottos along the mesopore walls where adsorbate
molecules are more strongly bound. The BET surface area
of COF-5 is found to be 1,590 m’g™?, corresponding to a
mesopore volume of 0.998 cm’g™l, values which are greater
than double that reported for 26 A MCM-41 materials (680
m’g™t, 0.26 cm’g™l)and exceed that of the highest reported
surface area of 1,300 m2g-1 for a macroporous ordered

silica.

While embodiments of the invention have been
illustrated and described, it is not intended that these
embodiments illustrate and describe all possible forms of
the invention. Rather, the words wused in the
specification are words of description rather than
limitation, and it is understood that various changes may
be made without departing from the spirit and scope of

the invention.
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WHAT IS CLAIMED IS:

1. A covalently linked organic network
comprising:

a plurality of boron-containing clusters; and

a plurality of linking groups, each linking
group bonded to at least two distinct boron-containing
clusters, wherein the plurality of boron-containing
clusters and the plurality of linking groups are arranged
to form either a covalently linked organic framework or a

covalently linked organic polyhedron.

2. The covalently linked organic network of
claim 1 wherein the plurality of Dboron-containing

clusters comprises at least 10 boron-containing clusters.

3. The covalently linked organic network of
claim 1 wherein the plurality of Dboron-containing
clusters comprises at least 100 boron-containing

clusters.

4. The covalently linked organic network of
claim 1 wherein the plurality of linking groups comprises

at least 10 linking groups.

5. The covalently linked organic network of
claim 1 wherein the plurality of linking groups comprises

at least 100 linking groups.

6. The covalently linked organic network of
claim 1 wherein the boron-containing cluster includes a
structure described by formula BxQ,C, wherein Q is oxygen,

sulfur, nitrogen, or phosphorus; x and y are integers
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such that the valency of B is satisfied, and z is an

integer from 0 to 6.

7. The covalently linked organic network of
claim 1 wherein the boron-containing cluster is selected

from the group consisting of:

I,

0— IT,

R III, and

W
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wherein R, R’, and R” are each independently hydrogen,

alkyl, aryl, or halogen.

8. The covalently linked organic network of
claim 1 wherein the linking group includes one or more
cyclic components selected from the group consisting of
saturated or unsaturated, substituted or unsubstituted,
hydrocarbon groups, substituted or unsubstituted aromatic
rings, substituted or unsubstituted heteroaromatic rings,
substituted or unsubstituted nonaromatic rings,
substituted or unsubstituted nonaromatic heterocyclic

rings.

9. The covalently linked organic network of
claim 8 wherein the linking group is described by Formula

vV-X:

R
R4
Rs
Rg¢

VI
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Ry Ry Rs Rg

R4 R3 Rg Ry VII

VIII
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Rs

wherein Ri, Rz, Rs, R4, Rs, Rs, Rz, Rs, Ro, Rio, Rii, Riz, Ris,
Ria, Ris, and Ry are each independently H, alkyl, OH,
alkoxy, sul fur-containing groups (e.g., thiocalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,
carboxylic acids, or esters and T is a tetrahedral atom

or a tetrahedral group or cluster.
10. The covalently 1linked organic network of

claim 8 wherein the linking group is described by

formulae XI-XIITI:
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Rl R6
Ry Rs
A N
R4 o A2 R7
R. AI zl‘x R
3 S2N 3 8
A4/
Rpp Rg
Ry; Rio
XTI
Rl R6
R, Rs
N
- O ’
BONAIN R
R12 R9
Ryj Ry
XIT
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Rq R¢
Ry, Rs
N
Y
Ry NN Rg
Ry Rg
Ryg Ry

XIIT

wherein A;, BA;, A3, 24, As, and B¢ are each independently

5 absent or any atom or group capable of forming a sable

ring structure and R;, Rz, Rs, Rs, Rs, Rg, R7, Rg, Rg,

I

Ria, and Ry are each independently H, alkyl, OH, alkoxy,

sulfur-containing groups, silicon-containing groups,

halogen, nitro, amino, cyano, boron-containing groups,

10 phosphorus-containing groups, carboxylic acids,

esters.

11. The covalently linked organic network of

15 claim 8 wherein the linking group is described by Formula
XIV:
Ry R, Ry Rio Rs R
Rj R Ry n R Ry
Ry 12 8 XTV
20 wherein
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Ry through Riz are each independently H, alkyl, OH,
alkoxy, sulfur-containing groups, silicon-containing
groups, halogen, nitro, amino, cyano, boron-containing
groups, phosphorus-containing groups, carboxylic acids,
or esters; and

n is an integer greater than or equal to 1.

12. The covalently 1linked organic network of
claim 1 wherein a portion of the plurality of linking
groups comprise a linking group which forms a first bond
with a first boron-containing cluster and a second bond
with a second boron-containing cluster such that the
angle between the first bond and the second bond is less

than 180 degrees.

13. The covalently 1linked organic network of
claim 12 wherein the linking group is described by

Formulae XV:

Ry Ry
Rao Rys
Ros R s
wherein Rgzo, Roi, Raz2, _R23, Ros4, and Rys are each
independently H, alkyl, OH, alkoxy, sulfur-containing

groups, silicon-containing groups, halogen, nitro, amino,
cyano, boron-containing groups, phosphorus-containing
groups, carboxylic acids, esters, or a bond to a member
from the plurality boron containing cluster, with the
proviso that at least two groups of R; to Rg are bonds to

two distinct members of the plurality of boron containing
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clusters such that the bonds to the two distinct members

are at an angle less than 180°.

14. The covalently linked organic network of
claim 12 wherein the linking group is described by

Formula XVI:

Rao Rys

Ry

2 2 R
Ro7
Ry4 Rys Ryg Rog n

XVI

wherein Ryy through Ryy are each independently H, alkyl,
OH, alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,
carboxylic acids, esters or a bond to a member from the
plurality boron containing cluster, with the proviso that
at least two groups of R; to Rig are bonds to two distinct
members of the plurality of boron containing clusters
such that the bonds to the two distinct members are at an

angle less than 180°.

15. The covalently linked organic network of

claim 1 further comprising a guest species.

16. The covalently linked organic network of

claim 1 further comprising an adsorbed chemical species.

17. The covalently linked organic network of

claim 18 wherein the adsorbed chemical species is
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selected from the group consisting of ammonia, carbon
dioxide, carbon monoxide, hydrogen, amines, methane,
oxygen, argon, nitrogen, argon, organic dyes, polycyclic

organic molecules, and combinations thereof.

18. The covalently linked organic network of
claim 1 wherein the surface area is from about 1 to about

20,000 m?/g.

19. The covalently linked organic network of
claim 1 made by the method comprising:

1) self condensation of a monomer having one or
more boronic acid groups; or

2) reacting an aromatic polyalcohol with a

compound having polyboronic acid groups.

20. A covalently linked organic network
comprising:

a plurality of the moiety described by Formula

07 "o
| I
B_ _B
707N I; and
a plurality of linking groups, each linking
group bonded to at least two distinct members of the

plurality of the moiety described by Formula I.
21. The covalently linked organic network of

claim 20 wherein the plurality of boron-containing

clusters comprises at least 10 boron-containing clusters.
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22. The covalently linked organic network of
claim 20 wherein the plurality of boron-containing
clusters comprises at least 100 boron-containing

clusters.

23. The covalently 1linked organic network of
claim 20 wherein the linking group includes one or more
cyclic components selected from the group consisting of
substituted or unsubstituted aromatic rings, substituted
or wunsubstituted hetercaromatic rings, substituted or
unsubstituted nonaromatic rings, substituted or

unsubstituted nonaromatic heterocyclic rings.

24. The covalently 1linked organic network of

claim 23 wherein the linking group is described by
R
Ry

R,
R3

Formula V-X:

VI
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Ry Ry Rs Rg

Ry R3 Rg Ry VII

VIIT
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Rs

wherein Ri, Rz, Riz, R4, Rs, Re, Ry, Rg, Ro, Rig, Ri1, Riz, Ruz,
Ris, Ris, and Ris are each independently H, alkyl, OH,
alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon-containing groups, halogen, nitro, amino, cyano,
boron-containing groups, phosphorus-containing groups,
carboxylic acids, or esters and T is a tetrahedral atom

or a tetrahedral group or cluster.

25. The covalently linked organic network of
claim 23 wherein the 1linking group 1s described by

formulae XI-XIII:
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R, R¢
R, Rs
A
R4 % I\AZ R7
| |
Af
R12 R9
Rll R10
XTI
5
R, R¢
Ry Rs
N
B O o
3 N N Rg
Rl 2 R9
Rl 1 Rl 0
XII
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Ry R
R, Rs
R, AN Ry
R [ [
3 NSIN R
Ryy Ry
Ryg Rjo

XITIT

wherein 2A,, A;, 23, A4, As, and As are each independently

5 absent or any atom or group capable of forming a sable

ring structure and R;, Ry, Ri, Ra

, Rs, Re, Ry, Rg, Ro, Rio,

Ri1, and Ryz are each independently H, alkyl, OH, alkoxy,

sulfur-containing groups, silicon-containing groups,

halogen, nitro, amino, c¢yano, boron-containing groups,

10 phosphorus-containing groups, carboxylic acids,

esters.

26. The covalently 1linked organic network of

claim 23 wherein the linking group is described by

15 Formula XIV:
Ry Ry Ry Rio Rs Re
R3 R Ry; n R Ry
Ry 12 8 XTV
wherein
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Ry through Ri;; are each independently H, alkyl, OH,
alkoxy, sulfur-containing groups (e.g., thioalkoxy),
silicon-containing groups, halogen, nitro, amino, c¢yano,
boron-containing groups, phosphorus-containing groups,
carboxylic acids, or esters; and

n is an integer greater than or equal to 1.

27. The covalently linked organic network of
claim 20 wherein a portion of the plurality of linking
groups comprise a linking group which forms a first bond
with a first boron-containing cluster and a second bond
with a second boron-containing cluster such that the
angle between the first bond and the second bond is less

than 180 degrees.

28. The covalently linked organic network of
claim 13 wherein the linking group is described by

Formula XV:

Ry Roo
Rao Ro3
R.
R25 24 XV
wherein Rpp, Roi, Raa, Ros, Roa, and Rys are each
independently H, alkyl, OH, alkoxy, sulfur-containing
groups (e.g., thiocalkoxy), silicon-containing groups,

halogen, nitro, amino, c¢yano, boron-containing groups,
phosphorus-containing groups, carboxylic acids, esters,
or a bond to a member from the plurality boron containing

cluster , with the proviso that at least two groups of R;



WO 2006/047423

10

15

PCT/US2005/038195

to Rs are bonds to two distinct members of the plurality

of Dboron containing clusters.

29. The covalently linked organic network of

claim 20 further comprising a guest species.

30. The covalently 1linked organic network of

claim 20 further comprising an adsorbed chemical species.

31. The covalently 1linked organic network of
claim 30 wherein the adsorbed chemical species 1is
selected from the group consisting of ammonia, carbon
dioxide, carbon monoxide, hydrogen, amines, methane,
oxygen, argon, nitrogen, argon, organic dyes, polycyclic

organic molecules, and combinations thereof.
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Figure 2. Nitrogen sorption isotherm for (a) nonporous products
and (b) the product formed from triglyme solution.
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