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Abstract: Two new, homochiral, porous
metal-organic coordination polymers
[Zn,(ndc){(R)-man}(dmf)]-3DMF  and
[Zn,(bpdc){(R)-man}(dmf)]-2DMF
(ndc=2,6-naphthalenedicarboxylate;
bpdc=4,4"-biphenyldicarboxylate;

man =mandelate; dmf = N,N'-dimethyl-
formamide) have been synthesized by
heating Zn" nitrate, H,ndc or H,bpdc
and chiral (R)-mandelic acid (H,man)
in DMF. The colorless crystals were ob-
tained and their structures were estab-
lished by single-crystal X-ray diffrac-
tion. These isoreticular structures share
the same topological features as the
previously reported zinc(II) terephtha-
late lactate [Zn,(bdc){(S)-lac}-
(dmf)]-DMF framework, but have

figuration of the chiral centers. The en-
hanced pores size results in differing
stereoselective sorption properties: the
new metal-organic frameworks effec-
tively and stereoselectively (ee up to
62 %) accommodate bulkier guest mol-
ecules (alkyl aryl sulfoxides) than the
parent [Zn,(bdc){(S)-lac}(dmf)]-DMF,
while the latter demonstrates decent
enantioselectivity toward precursor of
chiral anticancer drug sulforaphane,
CH,SO(CH,),OH. The new homochi-
ral porous metal-organic coordination
polymers are capable of catalyzing a

Keywords: chirality - density func-
tional calculations - metal-organic
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highly selective oxidation of bulkier
sulfides (2-NaphSMe (2-C,,H,SMe)
and PhSCH,Ph) that could not be ach-
ieved by the smaller-pore [Zn,
(bdc){(S)-lac}(dmf)]' DMF. The sorp-
tion of different guest molecules (both
R and S isomers) into the chiral pores
of [Zny(bdc){(S)-lac}(dmf)]-DMF was
modeled by using ab initio calculations
that provided a qualitative explanation
for the observed sorption enantioselec-
tivity. The high stereo-preference is ac-
counted for by the presence of coordi-
nated inner-pore DMF molecule that
forms a weak C—H--O bond between
the DMF methyl group and the (S)-
PhSOCH; sulfinyl group.

larger pores and opposite absolute con-

Introduction

Chirality is one of the major phenomena in nature, since
most biological processes involve chiral reactants and cata-
lysts, and hence biological evolution is entirely dependent
on the occurrence of chiral recognition and catalysis. In the
last decades, the chemistry of chiral compounds has expand-
ed greatly, following the growing world’s demand for opti-
cally pure compounds. Tremendous research efforts have
been invested into the synthesis of artificial chiral poly-
mers,!! which has resulted in the emergence of a new class
of compounds, homochiral porous metal-organic polymers,?
which have the following attractive properties: versatile
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design opportunities as well as potential applications for ste-
reoselective sorption and catalysis.**

The importance of such potential applications is clear,
providing that the main consumers of synthetic chiral com-
pounds (such as pharmaceutical, cosmetic, agrochemical in-
dustries etc.’!) often require that such chemicals should be
present as single stereoisomers.*”) This means that for chiral
compounds obtained by various synthetic methods, subse-
quent purification is required to enrich them with the de-
sired stereoisomer. Enantioselective sorption and chroma-
tography are known, simple, and reliable methods for both
stereoselective resolution and fine purification of optical iso-
mers. To date, most chiral stationary phases are based on
polysaccharide derivatives immobilized on silica gel. Recent
work has demonstrated the high potential of enantiopure
(homochiral) porous coordination polymers as a new class
of chiral sorbents, capable of high stereoselectivity in cataly-
sis,® sorption®®**! and chromatographic separation!'!! of
racemic mixtures.

Versatility of design of metal-organic structures is another
advantage of this class of compounds, allowing customiza-
tion of the size and chirality of the pore structures for a par-
ticular chiral guest.! Despite these advantages, the availa-
bility of starting chiral materials and the synthesis of the
porous structure remain challenging problems for homochi-
ral coordination polymers. Fine-tuning of the pore size,
shape, and other structural features in the chiral frameworks
is an especially important task, which has been solved with
limited success.>!

Recently we have introduced a new approach for the syn-
thesis of porous homochiral coordination polymers, which
has resulted in a series of isoreticular zinc(II) camphorates
of similar structures with chiral centers and tunable pore
size.'] In an earlier example, a simple one-pot reaction of
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readily available chemicals produced the zinc(IT) terephtha-
late lactate [Zn,(bdc)(lac)(dmf)] (bdc=terephthalate, lac=
(S)-lactate dianion, dmf=N,N'-dimethylformamide)—a ho-
mochiral porous coordination polymer with a pore size of
about 5 A" This structure exhibited acceptable catalytic
activity and selectivity in sulfide oxidation to sulfoxides as
well as remarkable size and enantioselective sorption prop-
erties toward chiral sulfoxides.'”) More importantly, porous
zinc(II) terephthalate lactate was further utilized as a chiral
stationary phase for the semipreparative, enantioselective
chromatographic resolution of racemic sulfoxides.'"” How-
ever, the relatively small pore size of the chiral polymer
hampered the effective enantioseparation of sulfoxides bulk-
ier than methyl phenyl sulfoxide. In the present paper we
report the synthesis and properties of two new isoreticular,
homochiral, porous coordination polymers with longer
bridging ligands and different chiral centers [Zn,(xdc)(L*)-
(dmf)], in which xdc=ndc (2,6-naphthalenedicarboxylate)
or bpdc (4,4-biphenyldicarboxylate); L* =chiral (R)-mande-
late. All of these compounds share the same metal-organic
framework topology and other structural features. The en-
hanced porosity of the mandelate-based polymers allows the
enantioselective sorption performance for bulkier chiral
guests and selective oxidation of bulkier sulfides (e.g., 2-
NaphSMe (2-C,,H;SMe) and PhSCH,Ph) that could not be
oxidized in the presence of the smaller-pore [Zn,(bdc)(lac)-
(dmf)]. Furthermore, we carried out theoretical ab initio
calculations of host—guest interactions between host frame-
works and chiral substrates, which not only fully support the
experimental data, but provide important insights into the
nature of enantioselective discrimination and further devel-
opments of chiral porous absorbents for the fine purification
of chiral molecules.

Results and Discussion

Synthesis and structure: The homochiral porous metal-or-
ganic frameworks were prepared by heating Zn" nitrate, the
bridging ligand (H,ndc or H,bpdc) and chiral (R)-mandelic
acid (H,man) in DMF. The colorless crystals were obtained
and their structures were established by single-crystal X-ray
diffraction. The yield of crystalline compounds [Zn,-
(ndc){(R)-man}(dmf)]-3DMF (1) and [Zn,(bpdc){(R)-man}-
(dmf)]-2DMF (2) was moderately good; the phase purity
was confirmed by powder X-ray diffraction and the guest
composition was refined by elemental analysis and TG anal-
ysis. According to the results from X-ray diffraction, there
are two types of Zn** centers in the polymeric structures 1
and 2, each in a trigonal-bipyramidal environment and coor-
dination number five, similar to that we found previously in
the zinc(IT) terephthalate lactate structure [Zn,(bdc){(S)-
lac}(dmf)]-DMF (3).'” The Zn** ions, chiral man®~ ligands,
and carboxylate groups of the bridging ligands (bpdc*~ or
ndc®") form one-dimensional chiral chains along the a axis
(Figure 1a). These chiral chains could be considered as sec-
ondary building units, which are interlinked by linear
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Figure 1. a) The structure of the chiral chain as a secondary building unit;
b) and c) the perspective view along the chiral chains of the crystal struc-
tures of microporous homochiral coordination polymers 1 and 2, respec-
tively. Legend: Zn: green, O: red, C: grey. Hydrogen atoms and coordi-
nated dmf molecules (except the O atoms, shown by red spheres) are
omitted for clarity. Phenyl groups of the chiral mandelate ligand are
white.

spacers (bpdc*” or ndc*") into a three-dimensional, polymer-
ic, non-interpenetrated, coordination network with an open
architecture. The geometry of the pores could be approxi-
mated as rhombic channels, running along the same a direc-
tion and intersecting with smaller windows. The pendant
phenyl groups of the chiral mandelate anions occupy the in-
terstitial space, providing a chiral environment for the
porous structures 1 and 2. It is worth mentioning that the
mandelate ligands in the these metal-organic frameworks
participate as dianions owing to the hydroxyl group deproto-
nation, making these frameworks charge-neutral. The pore
sizes, estimated from the X-ray single crystal data, are about
6x10 A for 1 and 4x14 A for 2; however, the passages of
the channels are partially blocked by the coordinated DMF
ligands. These numbers are, as expected, notably higher
than the 5 A pore diameter in zinc(II) terephthalate lactate
3. The size of the smaller side windows are 4x4 A for 1 and
5x7 A for 2. Interestingly, the rhombic section of the chan-
nels for 1 is notably wider than for 2, probably due to some
steric repulsion of the ndc and man ligands (Figure 1b and
¢). Due to this effect, the accessible volumes for the guest-
free frameworks [Zn,(xdc)(man)(dmf)] are nearly identical
and were calculated to be 60 % for 1 and 59 % for 2, despite
the differences in the length of the dicarboxylate linkers.
Both numbers are higher than 40% for 3, which is also in
good agreement with elongation of the bridging ligand used
for the synthesis of 1 and 2. The open space in the porous
structures of the crystalline compounds is occupied by coor-
dinated and guest DMF molecules. Due to the disorder in
the spacious pores of metal-organic coordination polymer 1,
the exact positions of the DMF molecules were not estab-
lished from the X-ray diffraction experiment. In contrast,
we successfully located all DMF molecules in the narrower
pores of 2. In any case, the refined compositions of solvent
molecules for 1 and 2 were independently calculated and
confirmed from the elemental and thermogravimetric analy-
sis, assuming DMF as the only guest.
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Stereoselective sorption and catalytic behavior: The capabil-
ity of stereoselective sorption of organic molecules is one of
the most challenging properties of chiral metal-organic
frameworks. Recently, we have shown that zinc(II) tereph-
thalate lactate 3 absorbs small alkyl aryl sulfoxides with up
to 60 % ee.'"11 To further explore the chiral porous metal-
organic structures 1 and 2, we performed stereoselective
sorption experiments (Table 1). As one could expect, the
larger pore sizes of 1 and 2 allow for effective absorption of

Table 1. Enantioselective sorption of alkyl aryl sulfoxides over homochiral coordination polymers 1-3.1
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PhSOCH,Ph showed small sorption on both 1 and 2, evi-
dencing a poor accommodation of this substrate inside the
chiral pores.

We can conclude that the inner pore structure of 1 is
more appropriate for the sorption of sulfoxides, demonstrat-
ing a better sorption behavior with higher stereopreference.
It should be noted that homochiral metal-organic frame-
works 1 and 2, with R configuration of the chiral centers
(mandelic acid), in most cases demonstrate a higher affinity
toward the R isomers of sulfox-
ides  (exceptions are (S)-

PhSOMe for 1 and (S)-PhSOiPr

Frame- P.ore ) Sulfoxide Solvent  Cyoxae [M]  Sorption ee [% " for 2). In a similar manner, ste-
work size [A] [molecules per Zn,] . .
reoselective sorption on 3, fea-
1 3¢ 5x5 PhSOMe CH,Cl,  0.034 0.30 60 (S) . .
2 3d 5x5 PhSOPr CH,Cl, 0.06 0.25 s4(s)  turing the (S)-lactate chiral cen-
3 3 5x5 2-NaphSOMe CH,Cl, 0.8 0.13 a ters, showed higher sorption of
4 3 5x5 PhSOCH,Ph CH,Cl,  0.09 0 L (S)-sulfoxides  (Table 1, en-
P e R T S o b L2
X e ,Cl, X . . .
7 1 6x10  PhSOiPr CH,CN  0.08 0.51 62 (R) We also point out that in all
8 1 6x10 PhSOiPr CH,CL, 0.08 0.16 15 (R) cases the enantioselective inclu-
9 1 6x10 PhSOCH,Ph CH,Cl, 0.08 0.13 0 sion of sulfoxides into the chiral
10 1 6x10 2-NaphSOMe CH;CN 0.08 0.72 17 (R) pores of the metal_organic
11 1 6x10 2-NaphSOMe CH,Cl, 0.08 0.48 31 (R) frameworks was accompanied
12 2 4x14 PhSOMe CH,Cl, 0.08 0.08 12 (R) b ial 1 of DMF
13 2 4x14 PhSOiPr CH,CN  0.08 0.13 7(S) y a partial removal of
4 2 4x14 PhSOiPr CH,CL,  0.08 0.02 L guest molecules (Supporting In-
15 2 4x14 PhSOCH,Ph CH,Cl, 0.08 0.05 0 formation). Therefore, the ob-
16 2 4x14  2-NaphSOMe CHCN  0.08 0.44 21(R)  served phenomenon is best re-

[a] Entries 1, 2, 4 have been reported earlier.'”! [b] Absolute configuration of the adsorbed sulfoxide is given
in parentheses. [c] [Zn,(bdc)(lac)(dmf)]-DMF chiral porous framework was used. [d] ee not measured because
of low sulfoxide concentration. [e] Sulforaphane precursor CH;SO(CH,),OH was used.

the bulkier sulfoxide guest molecules, which was not possi-
ble for 3. Indeed, coordination polymers 1 and 2 have been
found to accommodate most of the alkyl aryl sulfoxides
tested (PhSOMe, PhSOiPr, 2-NaphSOMe (2-C;,H,SOMe),
see Table 1), demonstrating reasonable total sorption values
(from 0.3 to 0.7 guest sulfoxide molecules per formula unit),
in contrast to the earlier published results for 3, which could
only efficiently accommodate the least bulky sorbates
PhSOMe and PhSOiPr (Table 1). The porous chiral struc-
ture 1 with ndc®” linkers and a smaller pore size also demon-
strates moderate-to-good sorption with low-to-moderate
enantioselectivities in the cases of PhSOMe (19 % ee) and 2-
NaphSOMe (17% ee in CH;CN and 31% ee in CH,Cl,)
(Table 1, entries 6, 10, and 11). Surprisingly, for the sorption
of PhSOiPr, polymer 1 showed a rather moderate enantiose-
lectivity in CH,Cl, and a record ee value of 62% in CH;CN
(Table 1, entries 7, 8; the apparent stereoselectivity factor
Ky/Ks=T7), exceeding that for the sorption of PhSOMe in 3
(Table 1, entry 1).

The larger pore structure 2 readily absorbed 2-Naph-
SOMe, with moderate stereoselection (27% ee, Table 1,
entry 16), while for the sorption of other substrates (either
smaller sulfoxide PhSOMe, PhSOiPr or bulkier
PhSOCH,Ph), it demonstrated much lower sorption and
lower stereopreference (Table 1, entries 12-15). In fact,
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garded as guest exchange sorp-
tion.

Chiral sulfoxides constitute
an important class of biological-
ly active compounds and thera-
peutic drugs."™ For example, the active component of Nex-
ium™, one of the world’s most popular drugs with
$7.8 billion worldwide sales in 2008, is a magnesium salt
of chiral sulfoxide (S)-omepra-
sole. Another important exam-
ple is sulforaphane, an anticanc-

er and antimicrobial com- I
pound,™ ™ which could be he” S " Nes
found in some cruciferous vege- sulforaphane
tables.

Since sulforaphane itself is
unstable under the experimen-
tal conditions, the sorption of its precursor CH;SO-
(CH,),OH onto zinc(II) terephthalate lactate 3 was probed.
The sulforaphane precursor demonstrated a high sorption
along with encouraging enantioselectivity of 20% ee
(entry 5). Although these numbers are not very high them-
selves, they clearly suggest that homochiral porous coordina-
tion polymers could be utilized for the stereoselective sorp-
tion and fine purification of important bioactive molecules
including drugs. We believe that with all the structural
design versatility of coordination polymers, the stereoselec-
tive sorption performance could be improved in the future
to a level acceptable for real industrial applications in fine
chiral separation and purification.
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In previous work we reported the catalytic properties of
the zinc(II) terephthalate lactate 3: it catalyzed the highly
selective heterogeneous oxidation of thioethers to sulfoxides
with H,O, with remarkable size selectivity;'“!"*l however,
the small pore size allowed the oxidation of only rather
small substrates (see reference [10] and Table 2). The higher

Table 2. Sulfide oxidation with 30 % aqueous H,O, over 1, 2 and 3.

At a first step, using the [Zn,(bdc){(S)-lac}(dmf)] chiral
metal-organic framework, we investigated the sorption of
the S and R optical isomers of methyl phenyl sulfoxide
PhSOCH;. The optimized geometries and charge density
isosurfaces are shown in Figure 2. A charge density isosur-
face conveniently demonstrates the process of interaction

between the porous coordina-
tion polymer host and the en-

capsulated molecules. Starting

Sulfide Frame- Pore [SV[Zn]/[H,0,]
work size [A]
1 PhSMe 3 5x5 3:1:9
2 PhSMe 3 5x5 10:1:15
3 PhSCH,Ph® 3 5%x5 2:1:4
4 2-NaphSMe 1 6x10 12.5:1:25
5 PhSCH,Ph 1 6x10 12.5:1:25
6 2-NaphSMe 2 4x14 12.5:1:25
7 PhSCH,Ph 2 4x14 12.5:1:25

[a] Urea hydroperoxide was used as the oxidant, [S]:[Zn] =2:1.

pore size of 1 and 2 (with respect to 3) is the crucial point
determining the difference in their catalytic behaviors.
While 3 effectively catalyzed the oxidation of the small sub-
strate PhSMe and displayed virtually no activity towards the
oxidation of PhSCH,Ph (Table 2, entries 1-3), the larger-
pore polymers 1 and 2 afforded sulfoxides with high selec-
tivity on the oxidation of the much bulkier substrates 2-
NaphSMe and PhSCH,Ph, the remarkable chemoselectivity
being retained (Table 2, entries 4-7). Thus, the presented
Zn-based porous polymers constitute a family of catalysts
for chemo- and size-selective oxidation of sulfides to sulfox-
ides with H,O,. The catalytic systems presented are based
on biocompatible metal and chirality sources and use an en-
vironmentally benign oxidant; furthermore, they are sub-
stantially free from the major disadvantage of sulfoxidation
catalysts: insufficient chemoselectivity. To the best of our
knowledge, compounds 1-3 are the first heterogeneous Zn-
based selective sulfoxidation catalysts.

DFT modeling of the enantioselective sorption: In order to
investigate the nature of stereoselectivity as well as to
obtain quantitative data of the host—guest interaction ener-
gies, we carried out extensive first-principles calculations.
The selected methods are used to calculate the accurate ad-
sorption energies (E,q) as the difference between the bind-
ing energy of the adsorbed system (Ejos4guest) and those of
the empty metal-organic framework (E,.) and free guest
molecules (E,..y) [Eq. (1)].

Eads = Ehost+guesl_(Ehosl + Eguesl) (1)

A negative value of E,, means that the corresponding ad-
sorption state is thermodynamically favorable. Recently, we
have successfully applied the present theoretical approach
to explain the high sorption selectivity of acetylene from a
C,H,/CO, gas mixture on Cu" containing a microporous co-
ordination polymer.'" In all cases, the optimizations of both
atomic positions and cell volume were performed.

Solvent Conver- Select- . .
e e from the same guest location in
sion [%] ivity [%]
the channel of porous frame-
CH;CN 92 100 ks f both i full
CH.CN 94 08 works for o't isomers, a fu
CH,Cl, 3 _ geometry optimization was car-
CH,CN 78 99 ried out. Our calculations show
CH,CN 70 99 a large difference in absorption
CHCN 37 %8 energies between the § and R
CH,CN 78 98.5 energ :
isomers of PhSOCH;. The opti-
mization shows that only the §
a) S isomer b) R isomer ¢) R isomer

-1.568 kcal mol™! +9.432 keal mol™! +6.835 keal mol™!

Figure 2. Charge density isosurface of the host-guest structure for a) the
S isomer of PhASOCHj;; b) and c) the two different orientations of the R
isomer of PhNSOCH;. Red represents an accumulation of electrons and
blue a depletion of electrons.

isomer can be stabilized in the host framework due to the
negative value (—1.568 kcalmol™) of the calculated heat of
adsorption (see Figure 2a). The charge accumulation and
hence the formation of a weak C—H:--O hydrogen bond be-
tween the H atom of the methyl group in the pendant DMF
ligand and the O atom of (S)-PhSOCH; has been observed.
The calculated distance between the oxygen atom of
PhSOCH; and the DMF hydrogen atom was found to be
2.10 A. Such interaction is missing in the case of the R
isomer as shown in Figure 2b. In contrast, a repulsive inter-
action between the methyl group of guest PASOCH; and the
DMF ligand has been found. As a result, the heat of adsorp-
tion value is positive (+9.432 kcalmol '), indicating that the
host chiral framework could not effectively accommodate
this optical isomer. In order to realize a C—H--O bond and
avoid the repulsion, we rotated the (R)-PhSOCH; molecule
by 180° inside the host channel. From this starting configu-
ration, a geometry in which the weak C—H--O hydrogen
bond between the H atom of the methyl group in the DMF
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Figure 3. Presentation of the optimized chiral methyl phenyl sulfoxide
guest orientations inside the pores of the [Zn,(bdc)(lac)(dmf)] frame-
work: a) (S)-PhSOCHj;; b) (R)-PhSOCH;; c) alternative orientation of
(R)-PhSOCHj;. Legend: Zn: green, O: red, C: grey, H: white, N: blue, S:
yellow. Guest molecules are shown as a thick wire model, while the
purple dotted lines indicate C—H---O hydrogen-bond interactions.

ligand and the O atom of the R isomer can also be pro-
duced. The optimized geometry is shown in Figure 2¢c. For
this optimized picture, the C—H--O bond has a calculated
distance of 2.37 A. However, in the latter configuration, re-

Chem. Eur. J. 2010, 16, 10348 -10356
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pulsive interactions between the guest methyl group and the
neighboring DMF ligand as well as between the phenyl
rings of the guest and host framework (bdc) have been ob-
served. As a result, the adsorption of (R)-methyl phenyl
sulfoxide is still unfavorable due to the positive value of the
interaction energy (4-6.835 kcalmol ™). The large difference
in energy clearly supports the pronounced sorption enantio-
selectivity by zinc(IT) terephthalate lactate toward the S op-
tical isomers of small chiral sulfoxides, which was reported
previously.['*114]

Moreover, such theoretical calculations provide an ex-
planation of the nature of multiple host-guest interactions
responsible for the stereoselective recognition. Figure 3
shows the calculated orientations of PhSOCH; guest inside
the pores of host 3.

Using the same strategy, we probed the sorption ability of
the sulforaphane precursor CH;SO(CH,),OH onto the
porous host framework 3. Figure 4 shows the calculated ori-
entations of the chiral CH;SO(CH,),OH guest inside the

Figure 4. Presentation of the optimized chiral sulforaphane precursor
CH,;SO(CH,),OH orientations inside the pores of [Zn,(bdc)(lac)(dmf)]
framework: a) S isomer; b) R isomer. Legend: Zn: green, O: red, C:
grey, H: white, N: blue, S: yellow. Guest molecules are shown as a thick
wire model, while the purple dotted lines indicate C—H-+O hydrogen-
bond interactions.
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pores of the chiral host. In this case, both of the optical iso-
mers of sulforaphane show a favorable adsorption trend due
to negative value of the calculated heat of adsorption. How-
ever, a difference in the adsorption energy has been ob-
served. The interaction energy of the R isomer with the host
lattice is —5.442 kcalmol ™', which is larger than the corre-
sponding value for the S isomer of —3.415 kcalmol ™. The
charge density isosurface (see Figure SI_6 in the Supporting
Information) indicates a redistribution of charge along the
carbon chain of guest molecules and the formation of C—
H:--O hydrogen bonds in both cases. However, the absence
of a bulky phenyl ring in CH;SO(CH,),OH results in re-
duced repulsions between the guest and the host wall, which
is the case for (R)-methyl phenyl sulfoxide. These calcula-
tions also fully support the experimental data; however, the
smaller energy difference predictably results in a reduction
of enantioselectivity for the sulforaphane precursor
(Table 1).

It should be noted that the presence of a coordinated
DMF ligand is one of the key factors in stereoselective rec-
ognition due to the formation of weak hydrogen bond
through the oxygen atom of the sulfoxide. The thermally ac-
tivated metal-organic framework without pendant DMF li-
gands will have a large pore size and will be able to accom-
modate larger sulfoxide molecules. However, in this case,
the main stabilization factor will be based on weaker van
der Waals interaction and, hence, such coordination polymer
should, in general, demonstrate poorer stereopreference, as
has been shown experimentally for the activated [Zn,(bdc)-
(lac)(dmf)]-xDMF (x <0.4) framework.!'”

Conclusion

Using the rational modular approach, two new homochiral
porous metal-organic coordination polymers ([Zn,-
(ndc){(R)-man}(dmf)]-3DMF and [Zn,(bpdc){(R)-man}-
(dmf)]-2DMF) have been synthesised. These structures
share the same topological features as the previously report-
ed zinc(I) terephthalate lactate [Zn,(bdc){(S)-lac}-
(dmf)]-DMF framework, but have larger pores and opposite
absolute configuration of the chiral centres, thus giving ex-
amples of rational fine-tuning of essential structural proper-
ties in porous homochiral coordination polymers. The larger
pores size and different chiral centers structure result in dif-
fering stereoselective sorption properties: the new polymers
effectively and stereoselectively accommodate bulkier guest
molecules than the parent [Zn,(bdc){(S)-lac}(dmf)]-DMEF,
while the parent framework demonstrates higher sorption
and enantioselectivity toward smaller chiral drug precursor.
Furthermore, new chiral compounds are capable of catalyz-
ing a highly selective oxidation of bulkier sulfides (2-Naph-
SMe and PhSCH,Ph) that could not be oxidized in the pres-
ence of the smaller pore [Zn,(bdc){(S)-lac}(dmf)]- DMF. Im-
portantly, the sorption of two different guest molecules (R
and S isomers) into the chiral pores of [Zn,(bdc){(S)-lac}-
(dmf)] was modeled by using ab initio calculations; these re-
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sults provided a qualitative explanation for the observed
sorption enantioselectivity. In particular, the high stereopre-
ference is accounted for by the presence of coordinated
inner pore DMF molecule, which forms a weak C-H--O
bond between the DMF methyl group and the (S)-
PhSOCH; sulfinyl group.

Experimental Section

Materials and methods: All starting chemicals were used as purchased
without additional purification. Synthesis, sorption, and catalysis experi-
ments were performed in analytical grade organic solvents. 'H NMR
spectra were recorded on a Bruker AVANCE 400 MHz spectrometer at
400.13 MHz, using 5 mm cylindrical tubes. Chemical shifts were refer-
enced to internal reference TMS, with positive values in the low-field di-
rection. The enantiomeric excess (ee) values for the sulfoxides were mea-
sured by 'H NMR spectroscopy with [Eu(hfc);] (hfc=3-(heptafluoropro-
pylhydroxymethylene)-(4)-camphorate) as a chiral shift reagent in CCl,
or CCl/CDCl,, as reported in references [10,11a]. The enantiomeric
excess (ee) values for the sulphoraphane precursor CH;SO(CH,),OH
were measured on a KRUSS P3002RS polarimeter. The elemental CHN
analysis was carried out on EURO EA 3000.The powder diffraction data
were collected using Stoe Stadi and Siemens D5000 diffractometers (A=
1.54056 A). The IR spectra in KBr pellets were recorded on a Scimitar
FTS 2000 spectrophotometer. The TGA plots were recorded on the TG

209 F1 apparatus in an Ar atmosphere at a heating rate of 10°min~".

General sorption procedure: For the sorption experiments, porous coor-
dination polymers were used as prepared, that is, [Zn,(ndc)(man)-
(dmf)]-:3DMF (1), [Zn,(bpdc)(man)(dmf)]-2DMF (2) and [Zn,(bdc)(lac)-
(dmf)]'DMF (3). A racemic sulfoxide (0.05-0.1 mmol) was dissolved in
CH,Cl, (1 mL), and the appropriate powdered coordination polymer
(2040 mg) was added. After stirring the mixture for 16 h at room tem-
perature, the crystalline adsorbent was collected by filtration and flushed
with hexane (1 mL), which does not wash out the adsorbed compounds.
The solid was extracted with methanol (3x3mL) to retrieve the ad-
sorbed sulfoxide, and then the solvent was removed in vacuo. The re-
maining sulfoxide was dissolved in CCl, or CCl,/CDCl; and transferred
into an NMR tube.

General oxidation procedure: A mixture of a sulfide (0.15 mmol), the ap-
propriate coordination polymer (10 mg), and an oxidant (H,O,, 1-2 equiv
with respect to the sulfide) dissolved in the appropriate solvent (1.5 mL)
was stirred at room temperature for 16 h. Then, the solid catalyst was col-
lected by filtration, and the adsorbed sulfoxide was extracted with metha-
nol (3x3 mL). The extract and filtrate were combined, the volatiles were
removed in vacuo, and the composition of the reaction products and the
enantiomeric excess were measured by 'H NMR spectroscopy with the
chiral shift reagent [Eu(hfc);] in CCl,, as in references [10,11a].

Synthesis of [Zn,(ndc){(R)-man}(dmf)]-:3DMF (1): Zn(NO;),-6H,0
(4.5 g, 15 mmol), 2,6-naphthalenedicarboxylic acid (1.62 g, 7.5 mmol) and
(R)-mandelic acid (1.47 g, 9.67 mmol) were dissolved in DMF (300 mL)
and heated at 80°C for 4 days. After this time bundles of block-shaped
colorless crystals of 1 were collected, washed with DMF (3x 15 mL) and
air-dried for several hours. Yield: 3.72g (~58%); elemental analysis
caled (%) for C;,HyN,OyZn,: C 48.8, H 5.1, N 7.1; found: C 48.5, H,
5.0, N, 7.2; thermogravimetric analysis data: found solvent weight loss for
1:39.0% (37.1% calculated for 4 DMF).

Synthesis of [Zn,(bpdc){(R)-man}(dmf)]-2DMF (2): Zn(NO,),-6H,0
(600 mg, 2.0 mmol), 4,4'-biphenyldicarboxylic acid (242 mg, 1.0 mmol)
and (R)-mandelic acid (175 mg, 1.15 mmol) were dissolved in hot DMF
(40 mL). The solution was heated in a teflon autoclave for 2 days at
100°C. Colorless rod-shaped crystals of 2 were collected, washed with
DMF (3x10mL) and air-dried for several hours. Yield: 520 mg
(~70%); elemental analysis caled (%) for C;H;sN;0,0Zn,: C 50.3, H
4.8, N 5.7; found: C 50.2, H 4.7, N 5.4; thermogravimetric analysis data:
found solvent weight loss for 2: 28.7 % (29.6 % calculated for 3DMF).
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Single-crystal X-ray diffraction: Single-crystal X-ray diffraction data on 1
and 2 were collected on a Bruker X8 Apex CCD diffractometer equipped
with an area detector (Mog,, graphite monochromator, ¢ and w scans).
Data collection, frame integration, and data processing were performed
with the use of the APEX2 and SAINT program packages."”! The ab-
sorption correction was applied based on the intensities of equivalent re-
flections with the use of the SADABS program.l'”! The structures were
solved by direct methods and refined anisotropically (except for the H
atoms) by the full-matrix least-squares method using the SHELX-97 pro-
gram package."! Hydrogen atoms were placed geometrically and refined
using a rigid model. The unit cell volume of 1 included a large region of
disordered solvent that could not be modeled as discrete atomic sites. We
employed PLATON/SQUEEZE™ to calculate the contribution to the
diffraction from the solvent region and thereby produced a set of sol-
vent-free diffraction intensities. Furthermore, due to the disordering, it
was not possible to locate all the atoms of coordinated dmf molecule in
1. The final formula of 1 was calculated from the SQUEEZE results
(496 eper unit cell) combined with elemental analysis data. Crystal data
and results of the structure refinements are summarized in Table 3.
CCDC-764948 (1) and 764949 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.

Table 3. Crystal data and structure refinement for 1 and 2.

1 2
formula C3;,H,N,O,,Zn, C3H;35N30,Zn,
M, [gmol '] 787.42 740.36
T [K] 90(2) 100(2)
crystal system orthorhombic orthorhombic
space group P22,2, P2.2.2,
a[A] 10.2398(3) 10.1365(2)
b [A] 15.4892(6) 11.4134(3)
c[A] 23.7128(8) 29.2794(7)
vV [A7] 3761.0(2) 3387.39(14)
V4 4 4
Peatca [gEm ] 1.391 1.452
u [mm™] 1.335 1.474
F(000) 1632 1528
crystal size [mm] 0.92x0.32x0.10 0.93x0.16x0.03
0 [°] 2.16-31.18 1.92-26.37
hkl indicies —8<h<13 —12<h<8
—-16<k<21 —-14<k<12
—33<1<34 —-36<1<36
total/unique/observed  25199/9955/6687 18760/6324/5415
reflections
Rin 0.0327 0.0395
min/max transmission  0.8826/0.3744 0.9571/0.3410
restraints/parameters 30/309 204/416
goodness-of-fit on F? 0.967 1.034
final R indices R, =0.0462, R,=0.0373,
[1>20(1)] wR,=0.1118 wR,=0.0829
R indices (all data) R,=0.0734, R,=0.0496,
wR,=0.1204 WR,=0.0865
absolute structure 0.050(14) 0.003(12)
parameter
largest diff. 1.255/-0.473 0.464/—-0.452

peak/hole [e A7)

Calculations: All DFT calculations were performed using the Vienna Ab
Initio Simulation Package (VASP).”” The generalized gradient corrected
PWO91 exchange-correlation functional®! and the all-electron projector
augmented wave method™ were used in order to accurately describe the
interaction between the ion and electron. During the optimization proce-
dure, the plane-wave cutoff energy was set to 400 eV and the conver-
gence in energy and force were 104 eV and 3x107* eV A~!, respectively.
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The interaction energy between the guest molecules and host lattice was
evaluated using a higher value of cutoff energy (420 eV). Brillouin zone
integrations were performed on a Monkhorst-Pack grid.”!
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