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ABSTRACT: Cyclobenzoins are stable and shape-persistent macrocycles which offer promise as components of optoelectronic and porous

materials. We report three new cyclotetrabenzoins, derived from biphenyl, naphthalene, and tolane skeletons. Their synthesis relied on the N-

heterocyclic carbene-catalyzed benzoin condensation. Isolated as their acetic esters, these compounds are characterized by structures similar in

shape, but larger in size than the parent cyclotetrabenzoin. Alkyne groups of the tolane-based cyclotetrabenzoin were post-synthetically func-

tionalized with Co2(CO)s moieties under mild reaction conditions.

Cyclobenzoins' are cyclic oligomers of aromatic dialdehydes
formed by benzoin condensation.” These readily made macrocycles®
bode well for applications as supramolecular hosts, porous molecu-
lar crystals," and as precursors to optoelectronic materials.* Cyclo-
tetrabenzoin (2a, Scheme 1) was first synthesized by us via the te-
tramerization of terephthaldehyde (1a) using NaCN as the cata-
lyst." Compound 2a was shown to have a low surface area (~50 m*
g') and solubility in most organic solvents; its acetic ester derivative
3a exhibited a much-improved solubility as well as the surface area
of 570 m”* g™ and an ability to sequentially fill its pores with solvent
molecules.® In this Letter, we report the synthesis of three extended
cyclotetrabenzoins based on larger aromatic scaffolds, the X-ray
crystal structures of two of them, and the post-synthetic modifica-
tion of one of them. In addition, we show that these new cyclotetra-
benzoins, as well as 2a, can be prepared using a more environmen-
tally friendly N-heterocyclic carbene (NHC) catalyst.5*

After screening some potential NHC catalysts, we found that 3-
ethyl-S-(2-hydroxyethyl)-4-methylthiazolium bromide’ was the
most efficient precatalyst for the conversion of 1a into 2a. Its expo-
sure to 1a and Et;N produced 2a in 18% yield, quite comparable to
the 21% observed in the cyanide-catalyzed reaction. This finding was
encouraging in two ways: not only did it demonstrate that a less dan-
gerous catalyst can be used to produce cyclobenzoins, but also
showed that the cyclization can be performed in solvents of relatively
low polarity, such as CH,CL. The latter point was important, as it
allowed us to explore other, less polar, precursors to potential cyclo-
benzoins—which were not soluble in the originally used

EtOH/H,O mixture required to dissolve the NaCN catalyst. Thus,
starting from 4,4"-biphenylenedicarbaldehyde (1b), NHC-
mediated cyclotetramerization yielded evidence of the formation of
2b. However, efforts to purify this new cyclotetrabenzoin at this
stage proved futile because of its low solubility and the high polarity
of both 2b and the obtained side products. We, therefore, proceeded
to acetylate the crude material and perform the thorough purifica-
tion at the stage of its acetic ester 3b, which was ultimately isolated
in an overall yield of 4.7% after two steps. Tolane-derived precursor
1c was subjected to analogous reaction conditions and gave 3¢ in
23% overall yield. Finally, a similar two-step procedure was also fruit-
ful with 2,6-diformylnaphthalene (1d) as the starting material, ulti-
mately yielding 3d in 6% overall yield. Attempts to engage dialde-
hydes based on terphenylene (4, Figure 1),° functionalized bi-
phenylene (5a—c)’ or [2.2]paracyclophane (6)" skeletons, unfortu-
nately, did not yield evidence of macrocycle formation.

Compounds 3b-3d are white powders. Their 'HNMR spectra are
consistent with the regio- and stereoisomers shown in Scheme 1, and
the diagnostic benzoin C—H peaks are clearly discernible singlets at
§6.93 ppm for 3b, 6.84 ppm for 3¢, and 7.10 ppm for 3d (in CDCL).
Aromatic regions of the >C NMR spectra of 3b—d and the 'H NMR
spectrum of 3d show two sets of peaks, suggesting somewhat re-
stricted rotation around the long axis of the Ar groups in Scheme 1.
Proton NMR spectra of 3b and 3¢ are more complex, but also show
some peak broadening and overlapping which is consistent with this
conclusion."



Scheme 1. Preparation of extended cyclotetrabenzoins and
their acetic esters.
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Single crystals of 3b suitable for X-ray diffraction analysis were
grown by diffusion of MeOH into a solution of 3b in THF. Com-
pound 3b crystallizes in the Fdd2 space group, with eight molecules
of 3b per unit cell. The obtained structure is shown in Figure 2A. Its
overall shape, defined here by the four corners represented by ben-
zoin CHOACc carbon atoms, is that of a puckered square with angles
of 86.3° and 86.6°, and sides that vary in length between 10.1 and
11.9 A. The crystal structure also confirmed the stereochemistry of
3b to be that of the achiral S,R,S,R isomer'>—analogous to 2a and
3a. Pairs of phenylene rings in the biphenylene moieties are dis-
torted from coplanarity by 15.7°, 37.4°, and 36.7°. The packing dia-
gram of 3b, viewed along the crystallographic a axis (Figure 2B),
shows infinite channels that appear to be filled with disordered sol-
vent molecules which have been treated with the
PLATON/SQUEEZE routine. Notable short contacts are estab-
lished between the ester carbonyl oxygens and hydrogens of the ben-
zoin functionality and those in the ortho-position of the biphenylene,
with [C=0...H-C] distances of 2.38 A and 2.47 A, respectively.

Figure 1. Aldehyde precursors that did not yield cyclobenzoin
products.

(0]
OO
O/ o
R =
O 5a, R=Me Q

00 B [
4 5¢, R=NMe,

. @

Single crystals of 3d were fortuitously obtained after one of the col-
umn chromatography fractions (eluted with EtOAc/CH.Cl solvent
mixture) was left to stand at room temperature overnight. Com-
pound 3d crystallizes in 14 space group, with two molecules per unit
cell. Its molecular structure is shown in Figure 3A, once again indi-
cating the S,R,S,R stereochemistry of the four stereogenic centers.”
The overall shape of 3d, defined by the four corners represented by

benzoin CHOACc carbon atoms, is that of a puckered square—but
more symmetric than that observed for 3b—with angles of 86.7° and
sides of 8.63 A. At the same time, naphthalene “walls” are very much
distorted from a parallel arrangement: those on the opposite sides of
the molecule form an angle of 52.2° with each other, while those on
the neighboring sides stand at an angle of 78.9°. Crystal packing dia-
gram of 3d is shown in Figure 3B and reveals one-dimensional chan-
nels when viewed along the crystallographic c axis. Close contacts es-
tablished between molecules of 3d include [C-H.-O] hydrogen
bonds between the ester carbonyl oxygen and the benzoin hydrogen
(2.69 A) as well as the ortho-hydrogen on the naphthalene nucleus
(2.61 A). Despite extensive experimentation, we were unable to pro-
duce crystals of 3¢ of a quality high enough for X-ray diffraction.

Figure 2. X-ray crystal structure of 3b (A), and its packing dia-
gram (B), viewed along the crystallographic a axis. Element col-
ors: C—gray, H—white, O—red. Solvent molecules removed
for clarity.
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Figure 3. X-ray crystal structure of 3d (A), and its packing dia-
gram (B), viewed along the crystallographic c axis. Element col-
ors: C—gray, H—white, O—red. Solvent molecules removed
for clarity.
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Our observation of apparent pores in the crystal structure of 3d
prompted us to experimentally examine the porosity of both 3¢ and
3d. Miniscule nitrogen sorption within the pores suggested that the
pores are either inaccessible to guest molecules or collapsing upon
activation at 60 °C for 14 h.

The presence of alkyne moieties in the cyclotetrabenzoin 3¢ opens
many opportunities for further modifications. In this work, we have
attempted one of them: hexacarbonyl dicobalt complexation of tri-
ple bonds in 3c. The reaction of 3¢ with Co2(CO)s in CH.CL
smoothly proceeded to give complex 7, which was isolated as a red
solid in 54% yield. Compound 7 was thoroughly characterized by
UV-vis, IR, and NMR spectroscopy, as well as by mass spectrometry.
Complex 7 shows significant visible light absorption at ~400 nm and
an additional absorption band at 260 nm in comparison with parent
3c. IR spectra of 7 shows the appearance of diagnostic new bands at
2092,2053, and 2003 cm™" related to the cobalt carbonyls,'* and the
disappearance of the low-intensity 2220 cm™ ' band, associated with
the C=C vibration in 3c. High resolution electrospray ionization
mass spectrometry (HR-ESI MS) provided strong evidence in de-
termining the composition of 7 as CosHisCosOss. HR-ESI MS

spectra in negative mode showed a peak at m/z = 2375.565, which
was assigned to the [M+1]~ adduct, with iodine stemming from the
added Csl. Even more diagnostic was a series of fragment peaks
[M+I-28n]", where n indicates the number of lost CO molecules.
We have observed the sequential loss of all CO molecules, i.e. up to
n=24. In the "H NMR spectra strong downfield shift of signals, cor-
responding to the HC™ is observed, together with expected peak
broadening™ due to the presence of the metal. Signals at ~199 ppm
in the ®C NMR spectra additionally confirm the presence of CO
groups. Unfortunately, our attempts to obtain single crystals of 7
were unsuccessful.

Scheme 2. Postsynthetic modification of cyclotetrabenzoin 3¢
by complexation with Co.(CO)s groups.

Coy(CO)s
CH,Cl,
024 C/18h

54%

In conclusion, the work presented in this contribution advances
the chemistry of cyclobenzoins in three significant ways. First, we
have shown that cyclobenzoins can be prepared using environmen-
tally friendly NHC catalysts, which represents a marked improve-
ment in safety compared to the originally used cyanide catalyst. Sec-
ond, the family of cyclotetrabenzoins has been expanded with three
new, larger members. Finally, we have shown that functional groups
within the cyclobenzoin skeletons can be postsynthetically modi-
fied.

The roughly square-shaped cavities of 3b and 3d (and the pre-
sumed cavity of 3¢ or even 7) are larger than those of 2a and 3a. We
presume that they will be able to include aromatic and other small
molecular guests, and are currently investigating the use of 3b—d as
supramolecular hosts, as well as their further post-synthetic modifi-
cations. We will report our results in due course.
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