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Enantiopure struts containing pillar[Slarenes incorporating planar
chirality have been linked together with Zn;O clusters in order to
create metal-organic frameworks that include homochiral active
domains and so have the potential to act as a solid support in chiral
chromatography.

Pillar[n]arenes," macrocycles composed of n hydroquinone rings
connected through their para-positions by methylene bridges, are a
new family of cavitands which have quickly become important
players in the field of host-guest chemistry” since their initial
report by Ogoshi and co-workers.'® As a result of their novel
structures® and the tunability of their pendant functional groups,”
pillar[z]arenes have been incorporated into many types of materials
including polymers,'>> nanoparticles® and liquid crystals.” Recently,
we have reported® the incorporation of a rigid A1/A2-difunctionalised
pillar[5Jarene strut rac-1 (Scheme 1) into the metal-organic frame-
work (MOF) rac-P5A-MOF-1. The pillar{5]arene cavities in rac-P5A-
MOF-1 served to create active domains® within the porous
framework wherein an ordered distribution of guests can be
maintained through highly specific charge-transfer interactions
between the n electron-rich pillar[5]arene hosts and electron-poor
guests. These active domains have the ability to take up large
amounts of pyridinium cations and p-dinitrobenzene, and the
pillar[5]arenes were demonstrated to be selective towards guests
which are more electron deficient.

The substituents present in the pillar{z]arenes oblige them to exhibit
planar chirality.’ In 1,4-dimethoxypillar[5]arene (DMpillar{5]arene),*
there are five planes of chirality which are coplanar with the
1,4-dimethoxybenzene rings and the two contiguous methylene
carbons at the 2/5 ring positions. The chiralities in the
two lowest energy enantiomeric conformational isomers of
DMpillar[5]arene can be described with Cahn-Ingold-Prelog
nomenclature as RyR,R,R,R, and S,S,S,S,S, which we have
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Scheme 1 The organic strut rac-1 can be employed to synthesise rac-
P5A-MOF-1 (top) or it can be resolved to give (Sp)-1 (red) and (Rp)-1 (blue)
which can then be used in separate reactions to form homochiral
(Sp)-P5A-MOF-1 and (Ry)-P5A-MOF-1.

abbreviated here to R, and S;,. The R, and S, conformational
isomers rapidly equilibrate as a result of ring rotations at room
temperature, making it impossible to isolate an enantio-
merically enriched sample of DMpillar[5]arene. The rate of
the inversion process can be curtailed in pillar[n]arene deriva-
tives such as in A1/A2-dihydroxy-pillar[5]arene,'® and arrested
completely in some derivatives, such as pillar[5]arenes with
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bulky substituents'' or pillar[5]arenes constituting mechani-
cally interlocked compounds.?

In our previous work® a racemic mixture of the organic strut
rac-1, which cannot undergo stereochemical inversion on account
of its rigid difunctionalisation, was connected through Zn,O
secondary building units (SBUs) to create rac-P5A-MOF-1. The
active domains in this MOF consist of pillar[5]arene recognition
sites with randomly distributed chiralities. Herein, we report the
resolution of rac-1 and the incorporation of the enantiopure struts
(Rp)1 and (Sp)1 into the homochiral porous frameworks of
(Rp)-P5A-MOF-1 and (Sp,)-P5A-MOF-1 (Scheme 1).} Although there
have been many examples of homochiral MOFs reported' with
components which have either stereogenic centres™ or axes' of
chirality, the incorporation of planar chirality into homochiral
MOFs is a relatively unexplored phenomenon. Porous frameworks,
which contain enantiopure active domains, are also an area of
interest as a result of their potential application as highly engi-
neered chiral stationary phases for carrying out the separation of
enantiomers by high-performance liquid chromatography (HPLC).

We have demonstrated® previously that the methyl ester of strut
rac-1 can be resolved on the analytical scale by chiral HPLC. In order
to produce homochiral versions of P5A-MOF-1 and assess the porous
frameworks for their ability to separate small molecule racemates,
rac-1 must be resolved on a larger scale. While preparative scale
chiral HPLC would likely be suitable for the resolution of rac-1, the
technique is cost-prohibitive and not widely available. Therefore, we
sought to develop a method to resolve rac-1 which would be operable
on the gram scale without the use of chiral chromatography. In
order to realize this objective, the enantiomers (S,)-1 and (R,)-1 can
be functionalised with an enantiomerically pure chiral auxiliary,
thereby converting the enantiomers into two diastereoisomers which
can then be separated using normal phase chromatography.
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After separation, the chiral auxiliaries can be removed to reveal
the enantiomerically pure struts (Sp)-1 and (R,)-1.

The synthetic protocol we have employed in order to obtain
enantiomerically pure struts (S,)-1 and (R,)-1 (Scheme 2) begins
with the previously reported® pillar{5]arene ditriflate 2 which
can be prepared in three steps from DMpillar[5]arene. Ditriflate
2 can be reacted with the (S)-prolinol-substituted 4-carbonylphenyl-
boronic acid pinacol ester 3 in a Pd-catalyzed Suzuki reaction to
produce the diastereoisomers (SSSp,)-4 and (SSR,)-4. This reaction
proved to be slightly diastereoselective in favour of (SSR;,)-4. The
two diastereoisomers of 4 can be easily separated on the hundreds
of milligrams scale by employing normal phase silica HPLC (see
Fig. 51 in the ESIY). Single crystals of (SSS;,)-4 and (SSR;,)-4, suitable
for X-ray crystallography, were obtained from the slow evaporation
of CH,Cl,. The solid-state structures§ can be used to assign the
absolute stereochemistry of the pillar[5]arenes in (SSSp)-4 and
(SSR,)-4 since the absolute configuration of the (S)-prolinol
is known. The (S)-prolinol auxiliaries in (SSSp)-4 and (SSR,)-4
were easily removed by alkaline amide hydrolysis to give the
enantiomerically pure pillar[5]arene struts (Sp)-1 and (R,)-1.

Circular dichroism (CD) spectroscopy of (S,)-1 and (R,)-1 (Fig. 1)
confirms that the conditions employed for amide hydrolysis do not
lead to racemization of the strut. The positive Cotton effect observed
for (Rp)-1 and the negative Cotton effect for (Sp)-1 agree well with the
Cotton effects witnessed for previously reported''*'® enantio-
merically pure pillar{5Jarene derivatives. The optical purities of the
methyl esters of (S,)-1 and (R,)-1 were assessed by analytical scale
chiral HPLCY (see Fig. S2 in the ESIf) and samples of both
enantiomers were shown to have enantiomeric ratios of over 97: 3.

The homochiral frameworks (S,)P5A-MOF-1 and (R,}P5A-MOF-1
were obtained from (S,)-1 and (R,,)-1, respectively, and Zn(NO;),-6H,O
in DMF at 100 °C (see the ESIY). Crystals of (S,)-P5A-MOF-1 and

(SSS,)-4

Scheme 2 Pure enantiomers of the chiral organic strut 1, (Sy)-1 and (Ry)-1 on account of planar chirality can be synthesised from the previously
reported® ditriflate 2 using chiral auxiliaries in order to aid the separation of the diasterecisomers of intermediate 4, namely (5SSp)-4 and (SSRp)-4. The
solid-state structures of (S55,)-4 and (SSR,)-4 are shown on the right (C atoms are grey, O atoms are white, N atoms are blue, H atoms have been

removed for the sake of clarity).
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Fig. 1 Circular dichroism (CD) spectroscopy of (Sp)-1 (red) and (R,)-1 (blue).
The solid line spectra were collected from (S,)-1 and (R,)-1 (MeCN, 0.5 mM)
as synthesised and the dashed line spectra were collected from digested
(Sp)-P5A-MOF-1 and (Rp)-P5A-MOF-1 dissolved (~0.5 mM) in MeCN.

(Rp)-P5A-MOF-1 were large and cubic with approximate average
volumes of 0.125 mm? (see Fig. S7 in the ESI{). Single-crystal
X-ray diffraction analysis of the homochiral MOFs were found
to not be well enough resolved to discern individual atoms in

(Sp)-P5A-MOF-1

(Ry)-P5A-MOF-1

(002)

(204)

(Sp)-P5A-MOF-1

(Ro)-P5A-MOF-1

Model P5A-MOF-1 (P1)

26

Fig. 2 The powder X-ray diffraction (PXRD) patterns of (S,)-P5A-MOF-1 (red)
and (Rp)-P5A-MOF-1 (blue), shown above as graphical representations, match
closely those PXRD patterns of the modelled P5A-MOF-1 structure.
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the solid-state structure. In common with rac-P5A-MOF-1, the disorder
within the homochiral frameworks is most likely a consequence of
the rotational freedom of the pillaf{5]arene rings with respect to
the terphenylene linker.® The powder X-ray diffraction (PXRD)
patterns of (Sp)-P5A-MOF-1 and (R,)-P5A-MOF-1 are in almost
complete agreement (Fig. 2) and match well with the PXRD
pattern of the modelled version® of rac-P5A-MOF-1 in a P1 space
group. The PXRD data indicates that the enantiopure
pillar{5]arene active domains in the homochiral frameworks do
not change significantly the overall structure of the MOF. CD
spectroscopy on samples of digested crystals of (S,)-P5A-MOF-1
and (R,)-P5A-MOF-1 (Fig. 1) provide evidence that racemization of
(Sp)-1 and (R,)-1 does not occur at the elevated temperatures which
are required for the synthesis of the MOF.

The production of homochiral MOFs which contain enantio-
pure pillar[5]arene active domains has now been realized. These
homochiral MOFs are early examples of porous frameworks
incorporating active domains which possess planar chiralities.
In the preparation of these homochiral materials, an efficient
route to the large-scale resolution of racemic pillar[5]arene
derivatives has also been developed. Currently, efforts are
underway in our laboratory to investigate the enantioselectivities
of these homochiral porous frameworks towards small molecule
racemates which we expect to be bound enantioselectively within
the pillar[5]arene active domains.

This research is part (Project-34-943) of the Joint Center of
Excellence in Integrated Nano-Systems (JCIN) at the King Abdul-
Aziz City of Science and Technology (KACST) and Northwestern
University (NU). The authors would like to thank both KACST and
NU for their continued support of this research. N.L.S. is sup-
ported by a Graduate Research Fellowship from the National
Science Foundation under Grant No. DGE-0824162.

Notes and references

% Since pillar[5]arenes contain five planes of chirality, five stereochemical
designators can be used to describe their stereochemistry. We have opted
to abbreviate these multiple descriptors to only one, either S, or R, in
cases where every plane of chirality has the same absolute stereochemistry,
Le., SpSpSpSpSp-1 is abbreviated to Sp,-1.

§ Crystal data for (SSSp)-4: [(Ce;H;2N»01,),-CH,Cl,]. Colourless plates
(0.015 x 0.146 x 0.237 mm). Monoclinic, P2,, a = 12.0918(5), b =
21.3853(9), ¢ = 26.0509(12) A, o = 90.000, f§ = 92.817(33)1 7 =90.000°, V =
6728.3(5) A*, Z=2, T=100(2) K, peate = 1.125 g cm >, = 0.972 mm .
Of a total of 10 925 reflections which were collected, 10 925 were unique
(Rint = 0.0000). Final R, ng > 20F%) = 0.0824 and WR, = 0.2421 (all data).
The SQUEEZE function'” of PLATON was used to remove the contribu-
tion of disordered solvent molecules. CCDC 995695. Crystal data for
(SSRp,)-4: [C4,H7,N,04,]; colourless plates (0.011 x 0.09 x 0.173 cmm);
monoclinic, P2,, a = 12.9346(2), b = 11.7299(1), ¢ = 21.685(3) A, o =
90.000, f = 97.077(9), 7 = 90.000°, V = 3265.1(7) A%, Z = 2, T = 100(2) K,
Peale = 1.116 g em >, ;1 =0.616 mm™*; of a total of 12 576 reflections which
were collected, 6172 were unique (R = 0.0939); final R, (F*> > 20F?) =
0.0922 and wWR, = 0.2501; CCDC 995696.

€ The diacids S;-1 and R;-1 are poorly separated using analytical chiral HPLC
and therefore the methyl esters of these compounds were prepared and used
to determine the enantiomeric ratio by chiral HPLC after resolution.
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