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Coordinative alignment of molecules
in chiral metal-organic frameworks

Seungkyu Lee,"?>>* Eugene A. Kapustin,>>>* Omar M. Yaghi®>>3*5¢

A chiral metal-organic framework, MOF-520, was used to coordinatively bind and align
molecules of varying size, complexity, and functionality. The reduced motional degrees of
freedom obtained with this coordinative alignment method allowed the structures of
molecules to be determined by single-crystal x-ray diffraction techniques. The chirality of
the MOF backbone also served as a reference in the structure solution for an unambiguous
assignment of the absolute configuration of bound molecules. Sixteen molecules representing
four common functional groups (primary alcohol, phenol, vicinal diol, and carboxylic acid),
ranging in complexity from methanol to plant hormones (gibberellins, containing eight
stereocenters), were crystallized and had their precise structure determined. We distinguished
single and double bonds in gibberellins, and we enantioselectively crystallized racemic
jasmonic acid, whose absolute configuration had only been inferred from derivatives.

ingle-crystal x-ray diffraction is a powerful
technique for the definitive identification of
chemical structures. Although most mole-
cules and molecular complexes can be crys-
tallized, often enthalpic and entropic factors
introduce orientational disorder that prevents de-
termination of a high-resolution structure (7). Sev-
eral strategies based on the inclusion of guests
in a host framework (2-4) that helps maintain
molecular orientation have been used to over-
come this challenge. However, most of these meth-
ods rely primarily on weak interactions to induce
crystalline order of the included molecules.
Here, we demonstrate a strategy for crystalli-
zation of molecules within the pores of chiral
metal-organic frameworks (MOFs) (5). This strategy
provides the following advantages: (i) The mole-
cules make covalent bonds to well-defined metal
sites of the MOF; these bonds anchor them and
lower their motional degrees of freedom, thereby
promoting their alignment into an ordered pattern
across the interior of the crystalline framework.
(ii) The absolute structure of the chiral MOF
serves as a reference for the direct determination
of the absolute configuration of bound chiral mol-
ecules (6). This latter feature avoids the reported
pseudosymmetry problems that have obscured
the absolute structures that specify the enantio-
morph in achiral host framework systems (7-9).
Specifically, we used this coordinative alignment
(CAL) method to successfully crystallize 16 different
molecules in the interior of MOF-520 [Alg(u-OH)g
(HCOO)4(BTB),; BTB = 1,3,5-benzenetribenzoate]
(10). These molecules represent a range of func-
tionality, flexibility, and complexity. The first 12 are
relatively simple molecules: benzoic acid 1, meth-
anol 2, ethylene glycol 8, 3-nitrophenol 4, heptanoic
acid 5, 3-hydroxybenzoic acid 6, 3,5-diaminobenzoic
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acid 7, trimesic acid 8, 4-bromophenol 9, 2-(2,6-
dichloranilino)phenylacetic acid (diclofenac) 10,
5,7-dihydroxy-3-(4-hydroxyphenyl)chromen-4-one
(genistein) 11, and tert-butyloxycarbonyl-(RS)-3-
amino-1,2-propanediol 12. In addition, this meth-
od led us to successfully crystallize two different

A-MOF-520

plant hormone types within the MOF: gibberellins
(form A4, 13, and form Ag, 141) with eight stereo-
centers, and (+)-jasmonic acid (15, 16). The pre-
cision of the crystal structures with only 30%
occupancy of the bound gibberellins enabled us
to distinguish the single bond in 13 from the
double bond in 14, this being the only difference
between the two complex molecules. The crystal
structure of (+)-jasmonic acid, whose absolute
configuration had only been inferred from deriv-
atives, was obtained enantioselectively, with each
enantiomorph of the MOF binding only one enan-
tiomer of jasmonic acid.

We chose MOF-520 as the framework for imple-
menting the CAL method of crystallization because
of its high crystallinity, robustness, and chirality
(Fig. 1). Its secondary building units (SBUs) are
rings of eight aluminum octahedra sharing corners
through eight u-OHs and four formate ligands.
Each of these SBUs is linked by 12 BTB units, and
each BTB is linked to three SBUs to make a three-
dimensional, extended porous framework. Two
types of ellipsoidal pores are formed from elongated
arrangements of SBUs that are octahedral (10.01 A x
10.01 A x 23.23 A) and tetrahedral (5.89 A x 5.89 A x
6.21 A). The framework of MOF-520 crystallizes
in the noncentrosymmetric space group P4,2,2,
with a chiral atomic arrangement. The absolute

A-MOF-520

Fig. 1. Structures of MOF-520 enantiomorphs and their building units. MOF-520 comprises the SBU,
Alg(u-OH)g(HCO0)4(-CO0),, and BTB linker. Each SBU is coordinated by 16 carboxylates, 12 from BTB
linkers and 4 from formate ligands (highlighted in yellow on the SBU). The absolute structure descriptors
A-MOF-520 (A) and A-MOF-520 (B) are assigned on the basis of absolute configuration of the BTB linker.
The large yellow and small orange balls represent the octahedral and tetrahedral pores, respectively.
Color code: black, C; red, O; blue polyhedra, Al.
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structure of each enantiomorph is designated as
A or A according to the chirality of the BTB linker
in the respective crystal structure (Fig. 1, A and
B). Although each single crystal is nearly en-
antiomorphically pure according to the Flack pa-
rameters of the refined structures—0.049(17)
for A and 0.031(11) for A (11)—the overall bulk
sample is a racemic conglomerate containing both
enantiomorphs (tables S1 to S3).

The distinctive nature of this MOF lies in each
of the aluminum SBUs having four formate lig-
ands in addition to 12 carboxyl units from BTB
linkers to complete the octahedral coordination
sites of the aluminum centers (Fig. 1). These formate
ligands occupy two sites on each face of the SBU in a
chiral tetrahedral arrangement with D, symmetry.
We anticipated that through acid-base chemistry,
we could substitute these formates with incoming
organic molecules such as carboxylates, alkoxides,
and phenolates (Fig. 2A). Given that the interior of
the MOF has large octahedral pores, it is reason-
able to expect molecules of varying size and com-
plexity to diffuse into this space and covalently
bind to the metal sites (Fig. 2B), thereby aligning
themselves within the MOF to be amenable to
x-ray structure determination (see below).

Before examining the incorporation of molecules
into the pores of MOF-520, we used single-crystal
x-ray diffraction (SXRD) techniques (10, 12) to ensure
full characterization of the structure of the MOF. We
confirmed the chemical composition of the evacuated
MOF-520 by 'H nuclear magnetic resonance (NMR)
of digested samples (calculated formate/BTB ratio,
1.1; found, 1:0.93) and by elemental analysis [cal-
culated weight percent (wt %), C 58.81, H 314, N 0.0;
found wt %, C 59.20, H 319, N < 0.2]. The porosity of
MOF-520 was confirmed by measurement of N,
type I isotherm at 77 K, which led to a final uptake
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of 770 em® g™ at 1 atm, similar to a calculated up-
take, 821 cm® g7, based on the structure obtained
from the SXRD data (both values at standard tem-
perature and pressure). The MOF-520 samples were
also characterized by infrared spectroscopy to en-
sure the absence of solvent in the pores, thermal
gravimetric analysis to confirm the thermal stability
of the MOF, and powder x-ray diffraction to con-
firm the bulk purity of the crystals (12).
Molecules 1 to 16 have functionalities that include
primary alcohol, phenol, vicinal diol, and carboxylic
acid (Fig. 2A). These molecules were covalently
bonded to the MOF by immersion of single crystals
of MOF-520 in a concentrated solution of the re-
spective molecule followed by heating (40° to 100°C)
for at least 12 hours (72). One of the single crystals in
the resulting racemic conglomerate batch was
chosen and SXRD data were collected. The archi-
tectural robustness and high chemical stability of
MOF-520 enabled the substitution of the symmet-
rically equivalent four formates in the SBU with
the carboxylates of incoming molecules and their
covalent binding to the SBUs with full retention of
crystallinity. In the case of alkoxides and phenolates,
only two formates on the same face of the SBU were
replaced in addition to u-OHs (Fig. 2B). This substi-
tution pattern led to a doubling of the unit cell in
the c-direction without affecting the connectivity of
the MOF backbone. Consecutive SBUs along ¢ were
substituted strictly on the opposite face of the ring,
leading to a change in the space groups of the A-
and A-frameworks, P4,2,2, to an enantiomorphic
pair, P452,2 (A) and P4,2,2 (A), respectively.
Relatively small achiral molecules were chosen
to describe in detail the four different binding
modes in A-MOF-520 for all incoming molecules:
benzoic acid 1 as a carboxylic acid, methanol 2 as
a primary alcohol, ethylene glycol 3 as a vicinal

OH H.N NH, =
o0F 08, A9\ o
OgwAl—0 R0
oAl —0" oAl
O OH (0] OH 0Q OH HO, 'OD
Al Al
6 T od “on HO  Bo
H H
020 0—Ar9y

A-MOF-520-1

A-MOF-520-3

. A 1
0¥ o
o o ? N

diol, and 3-nitrophenol 4 as a phenol. Benzoic
acid shared the same binding mode as formate,
where for 2, two methoxides replaced two for-
mates on the same face of the ring and doubly
bridged the Al in a u> manner, thus changing the
corner-sharing Al octahedra to edge-sharing. This
geometry change induced further substitution of
two u-OHs with the methoxides. Overall, four
alkoxides replaced two formates and two p-OHs,
with two coordinated formates remaining on the
C, symmetric SBU. The binding mode of 3 was
similar to that of 2, where the formates and u-OHs
were substituted and the same geometry change of
the SBU occurred. The main difference is that the
remaining two formates are now bonded to the
SBU as terminal ligands, which had previously
been bridging ligands on the SBU of A-MOF-520.
In the case of 4, two different binding modes were
observed with positional disorder; one is similar to
that of 2, and the other is shown in Fig. 2B (two of
four phenolic oxygen atoms are bridging).

The resulting substituted frameworks, MOF-
520-2 and MOF-520-3, have a larger pore width
relative to the original MOF-520 [distance between
the Al atoms of adjacent SBUs = 14.70 + 0.04 A and
14.13 + 0.05 A, respectively, versus 13.73 = 0.04 A for
MOF-520] (fig. S16). Thus, we used MOF-520 for
the crystallization of incoming molecules 1 to 10,
12, 15, and 16; MOF-520-2 for 11; and MOF-520-3
for 13 and 14«

The crystal structures of all molecules bound to
the MOF were determined by SXRD and show the
binding modes outlined above. All of the structures
were refined anisotropically (Fig. 3). In general, the
value of anisotropic displacement parameters
of the incorporated molecules increased with
their distance from the binding sites; this was as
expected, because the orientations of the bound
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Fig. 2. Structures of incoming molecules (1 to 16) and coordination modes of their deprotonated forms on the SBU of A-MOF-520. (A) The
structures of 1 to 16 represent the molecules binding to the SBU, where their functionalities are highlighted with colors: red, carboxylic acid; purple,
primary alcohol; green, vicinal diol; blue, phenol. (B) The SBU of A-MOF-520 is shown in the center, with the four formate ligands (yellow) highlighted. The
deprotonated forms of 1 to 4 replace all (1) or some (2 to 4) of the formate ligands and u-OH on the SBU; the resulting coordination modes and the
functionalities of the molecules are colored. For clarity, the chiralities of A-MOF-520-2 and -4 are converted to A configuration.
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Fig. 3. Refined structures of 1 to 16 crystallized in A- or A-MOF-520. (A to P) The refined structures of the molecules obtained from SXRD data are
indicated with 50% probability thermal ellipsoids. The surroundings of the coordination sites of A- and A-MOF-520 are shown with orange and blue space-
filling models, respectively. Intramolecular interactions [except for (A) and (F)] between the moieties of the molecules and the surroundings of the
coordination sites are indicated with dotted lines and distances (A). In the case of positional disorder, only one conformation of bound molecules is shown
for clarity. Color code: gray, C; red, O; white, H; pale violet, N; green, CI; brown, Br.

molecules are mainly governed by a single site of
covalent attachment. Those parts of the bound
molecules that are far from the binding sites are
stabilized by noncovalent interactions such as
n-nt interactions and weak hydrogen bonds with
the aromatic rings and carboxylates of the frame-
work (Fig. 3 and table S4).

The bound molecules 1, 2, 3, and 6 are simple
and small in their structure; their ordering within
the MOF is sustained only by covalent bonds to alu-
minum, with no weak interactions with the frame-
work observed (Fig. 3, A, B, C, and F). The covalent
binding is sufficient to anchor these molecules
and lower their degrees of freedom, an aspect that
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is present in all crystal structures of 1 to 16; weak
interactions play a role for some molecules but not
all. For example, in A-MOF-520-6, the closest dis-
tance from the covalent bond 6 to the framework
is 4.46 A, which corresponds to the distance between
the ortho-carbon of 6 and the adjacent aromatic
ring of the MOF; this indicates that there are no
contributing secondary interactions with the frame-
work (Fig. 3F). However, the entire structure of 6
was solved without ambiguity. The OH group of
6 is pointing away from the framework, which
suggests a possible repulsive interaction with the
adjacent aromatic ring of the linker. No detect-
able residual electron density was observed in

the structure refinement for the second OH
group at the other meta position.

Within the MOF, molecules 10 and 11 were
also ordered by anchoring through covalent bond-
ing to aluminum, but their order was further
enhanced by the presence of n-n (T-shaped for
10 and parallel-displaced for 11) and hydrogen
bonding (N-H:--O for 10 and O-H---n for 11)
interactions to the framework (Fig. 3, J and K).
Similar interactions were also observed for the
molecules 4, 5, 7 to 9, and 12 to 16. Details of
the structural information (including the covalent
bond distances, the types of closest noncovalent
interactions between the bound molecules and
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Fig. 4. Comparison of the molecular geometries of 13 and 14. Ball-and-stick models of the struc-
tures of 13 and 14 crystallized in A-MOF-520-3 are shown in red and blue, respectively. Their con-
formations are overlaid in the middle. The structural difference, a single bond between C; and C, for
13 and a double bond for 14, can be distinguished from the distances and the angles indicated on the
models. For clarity, only atoms C; and C, are labeled.

the framework, and refinement parameters) are
given in table S4.

Because the CAL method yields highly ordered
arrangements for molecules within the MOF, their
structure can be determined even with low occu-
pancy at the binding sites. This feature makes it
possible to obtain structures of larger and more
complex molecules with high accuracy and to
determine the absolute configuration of chiral
molecules with high certainty. The structures of
gibberellins 13 and 14, two derivatives of a nat-
ural plant hormone, illustrate the power of the
CAL method (Fig. 3, M and N, and Fig. 4). All non-
hydrogen atoms of these complex molecules with
eight stereocenters could be assigned from an oc-
cupancy of only 30%. The final structures were
refined without any geometrical constraints or re-
straints applied on the gibberellin molecules (tables
S17 and S18). The accuracy of our method is docu-
mented by the characterization of the subtle struc-
ture difference between 13 and 14, where we find
C;-C, to be a single bond (157 + 0.02 A) in 13 and
a double bond (1.30 + 0.03 A) in 14. The C-C-C bond
angles at C; and C, are 105.0° + 1.5° and 113.3° + 14° in
13 and 121.6° + 1.7° and 117.8° + 1.8° in 14, indicative
of sp? and sp” hybridization, respectively. Ball-and-
stick representations of the structures are super-
imposed for direct comparison in Fig. 4.

The absolute structures of A-MOF-520-3-13
and -14 were assigned on the basis of their Flack
parameters—0.063(9) and 0.05(2), respectively—
despite the low occupancies of the molecules. In
previous reports, the absolute configurations of the
guests were determined in achiral host frameworks
(7-9, 13). In those methods, pseudocentrosymmetry
problems were reported and the absolute structure
determinations were obscured, even though the
structures of the guests were identified in the
structure solution. This problem may be caused by
several factors, such as low guest occupancy (7, 9),
lack of high-angle reflections because of disorder
of the guest (9, 14), and the nearly centrosymmetric
nature of the guest (8, 9, 15). The chiral MOFs show
anomalous scattering from the framework itself,
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regardless of any included chiral molecules (15, 16).
The strong enantiomorph-distinguishing power orig-
inates mainly from the scattering of the chiral frame-
work and is enhanced by chiral and achiral bound
molecules. It is sufficient for determining the ab-
solute structure of the resulting crystal, including
the absolute configuration of the bound mole-
cule, even when the occupancy of the latter is low.

One advantage of the CAL method for the de-
termination of the absolute configuration of mol-
ecules is that it may reduce dependence on the
absolute structure parameters of the inclusion crys-
tal data. For example, when a single crystal with
absolute structure A has been determined by SXRD
and subsequently used in the inclusion, the abso-
lute configuration of the incorporated molecule
can be directly deduced from the predetermined A
structure. In this case, the correctness of the ab-
solute configuration of incorporated molecules is
highly dependent on the predetermined absolute
structure and the knowledge of the enantiopur-
ity of the single crystal used for the inclusion (6).

Finally, to demonstrate that the chirality of
the binding sites of MOF-520 can separate en-
antiomers when one of them interacts more
favorably with the binding site of one of the
enantiomorphs of the MOF, we determined the
absolute configuration of another plant hor-
mone, jasmonic acid, for which a crystal struc-
ture has heretofore not been reported. A solution
of a racemic mixture of (-)-jasmonic acid 15 and
(+)-jasmonic acid 16 was reacted with a racemic
conglomerate of MOF-520, and SXRD data for
two enantiomorphic crystals were collected after
the reaction. The molecules 15 and 16 selectively
attached to A-MOF-520 and A-MOF-520, respec-
tively (Fig. 3, O and P). The positions of the last
three carbons were not clearly defined, presum-
ably because of their conformational flexibility,
the low occupancy of 33%, and the ensuing over-
lap with the electron density of residual disor-
dered solvent. However, the atoms defining the
stereocenters of 15 and their absolute configu-
rations, R for C; and R for C;, were observed un-

ambiguously with a Flack parameter of 0.037(8).
This result corresponds to that deduced from the
absolute configurations of a derivative of 15,
(-)-methyl jasmonate, which were determined
by a synthetic approach (7). The enantiomer 16
attached to A-MOF-520 showed the opposite
absolute configuration, as indicated by a refined
Flack parameter of 0.040(8). We note that the
enantiomerically pure molecules 13 and 14 had
an occupancy that was sufficiently high for un-
ambiguous structure and absolute configuration
determination only in one of the two enantio-
morphs. This enantioselective binding can poten-
tially be applied to the absolute configuration
determination of samples that contain a minor
enantiomer, without the need for chiral high-
performance liquid chromatography separation
before carrying out the inclusion procedure (7).
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Editor's Summary

Stop wiggling and hold that pose

X-ray crystallography can be the definitive method for determining the structure and chirality of
small organic molecules, but orientational disorder in the crystal can limit itsresolution. Lee et al. used
achiral metal-organic framework containing formate ligands that can bind and align molecules ¢
ovalently to reduce this motion (see the Perspective by Ohrstrdm). The structure and absolute
configuration——i.e., which spatial arrangement of atoms is the R or Sisomer ——of several organic
molecules can thus be measured. These range from small molecules, such as methanol, to complex plant
hormones, such as gibberellins that have eight stereocenters or jasmonic acid, whose absolute
configuration had not previously been directly established.
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