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Abstract

Co,

Hexaurea

' j? Solid CO*

A new hexaurea receptor has been synthesized, which absorbs atmospheric CO» to produce an air-
stable solid carbonate complex under normal conditions. Structural analysis of the carbonate
complex with this receptor suggests that the carbonate is fully encapsulated within its highly
organized intramolecular cavity via twelve strong NH--O bonds in the range of 2.703(3) —
2.989(3) A from six urea units, with each anionic oxygen coordinated via four NH---O bonds with
two urea groups.

Continuous increase of carbon dioxide (CO,) concentration in the atmosphere resulting from
various human activities poses a threat to global warming.! CO, is also a major source of
water acidification by dissolving in water to form carbonic acid (H,CO3).2 Therefore, there
is a current need to develop new chemical devices for the recycling of carbon dioxide to
produce chemical commodities.3 Recently epoxide-based molecules have been used to react
with CO5, in the presence of a catalyst to produce new polycarbonates and cyclic
carbonates.* Gale et al. reported that simple mono-functional urea-based neutral compounds
are capable of absorbing CO, in the presence of primary aliphatic amines to form
carbamates [>N(CO,)-].° Increasing the functional groups, tren-based tris-ureas/thioureas,®
such as pentafluorophenyl substituted tris-urea,% m-nitrophenyl substituted tris-urea,6P
phenyl substituted tris-thiourea,5¢ and p-cyanophenyl substituted tris-thiourea®d have
recently been shown to bind carbonate anions, forming 2:1 (host:guest) complexes.
Although the carbonate is coordinated via 12 hydrogen bonds (NH---O < 3.2 A) in most
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cases, two receptors are required to provide complementary binding sites for the anion.
Therefore, the complete coordination for a carbonate anion can ideally be achieved by a
receptor possessing 12 complementary binding sites around a single cavity.

It is well-documented that increasing the effective binding sites in a host, leads to the
enhancement of its binding ability for a guest due to the chelate effect.” From this
viewpoint, we have been interested in synthesizing polyurea-functionalized receptors based
on the commercially available ‘tren’ as a core. Herein, we report a highly organized
hexaurea receptor possessing 12 H-bond donors, which absorbs atmospheric CO» in the
form of carbonate encapsulated in a single cavity surrounded by perfectly arranged six urea
units. Within this self-generated intramolecular cavity, the unique orientation of 12 binding
sites provides an ideal complementarity for the trigonal planar carbonate anion.

The new hexaurea receptor 1 was synthesized by a three-step strategy (Scheme 1). The
tris(2-aminoethyl) amine (tren) and o-nitrophenyl isocyanate were reacted to give a nitro-
functionalized tris-urea 2 which was reduced with hydrazine hydrate and Pd/C (10%) to
produce an amino-functionalized tris-urea 3.8 The final coupling was achieved by reacting 3
with pentafluorophenyl isocyanate 4 to form an o-xylyl bridged hexaurea 1.

Single crystals of carbonate complex [1(CO3)](n-BusN), were obtained from slow
evaporation of a DMSO solution of 1 with an excess amount of n-tetrabutyl ammonium
fluoride (TBAF) in a vial at room temperature in 2 days. The needle-like crystals were
isolated by simple decantation technique, and were found to be air stable. Although, the
primary goal was to obtain a fluoride complex, crystallographic analysis revealed that,
instead of fluoride, one carbonate was encapsulated within the cavity of 1. The bound
carbonate was originated from atmospheric CO, absorbed by the basic TBAF-receptor
solution which was left open to the atmosphere. The formation of carbonate in the presence
of TBAF is well documented in the literature.®

Structural analysis from single crystal X-ray diffraction of the carbonate complex reveals
that the complex crystallizes in an orthorhombic Pna2; space group to give a molecular
formula, [1(CO3)](n-BusN), in which one divalent carbonate is fully encapsulated.® Two
tetrabutyl ammonium ions remain outside the cavity to balance the anionic charges. In the
receptor unit, all protons on NH groups are pointed towards the cavity, and serve as H-bond
donors for the bound anion.

As shown in Figure 1, the encapsulated carbonate is held tightly inside the cavity by strong
12 NH---0 bonds (dyy:+0 = 2.703(3) — 2.989(3) A) from 12 NH groups of urea units (Table
1). Each oxygen of the carbonate is coordinated to four NH’s from two different arms of the
hexaurea receptor, with the two inner NH’s from one arm and two outer NH’s from other
arm. Within a single arm of the receptor, the pentafluorophenyl and o-xylyl rings linked
with an outer urea group, are almost perpendicular to each other, while these two aromatic
rings from two different arms are stacked together via 7w or C—H---w interactions (m¢ -7
=3.602 A, Cgg—H--m=3.841 A; and Csg—H---7 = 3.855 A). Such arrangements of the
aromatic rings make the receptor preorganized for the complete participation of all six ureas
in coordinating the internal anion. The space-filling view of the complex (Figure 1b),
illustrates the encapsulated carbonate inside the cavity of 1, showing the stacking of the
aromatic groups. The trigonal planar carbonate is almost perpendicular to the axis of the
tertiary nitrogen (N4C) of 1 and the carbon (C1D) of CO32", forming a pseudo Cg-
symmetric complex (Figure 1c).10

Proton NMR titrations were performed to examine the stability and stoichiometry of the
receptor-carbonate complex in DMSO-dg using Et4NHCO3. Upon the addition of
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Et4,NHCO3 (20 mM) to the receptor (2 mM), a new set of NMR spectrum appeared due to
slow exchange on the NMR time scale (Figure 2).11 All four NH signals were shifted
significantly to downfield (ASNHa = 0.41ppm, ASNHb = 1.88 ppm, ASNHc = 1.53 ppm and
ASNHg = 1.08 ppm), indicating the interactions of all NH groups with the anion.
Presumably, the chelation of the bound anion, as also observed in the solid state structure of
the complex of 1, results into the formation of a kinetically stable complex on the NMR time
scale.® The relative change in the integration intensity NH resonaces of the 1-bicarbonate
complex and the free 1, allowed us to determine the binding constant (Figure 3).11 The
experimental data provided the best fit to a 1:1 (host: guest) binding model, 12 yielding a
binding constant K = 1780 M~1. The 1:1 binding in solution was further supported by a
Job’s plot analysis (Figure S17). It is noted that, because of the unavailability of a suitable
DMSO soluble CO3%™ salt, the HCO3™ as a tetraethyl ammonium (EtsN*) salt was used in
the NMR titration studies, as previously used by other groups® for tren-based ligands. Thus,
the determined binding constant (K = 1780 M~1) is the result of the interactions of 1 with
singly charged HCO3™ as opposed to CO32~ observed in the crystal. The time dependent
NMR spectra of 1 and Et4NHCO3 in DMSO-d® showed no change in the NMR signals,
suggesting that HCO3~ was not deprotonated to form CO32~ during the titration process
(Figure S18).

The binding affinity of 1 for Ety,NHCO3 was compared with its precursor tris-urea receptor
2 (Scheme 1) under similar conditions in DMSO-dg. The results show that this receptor
binds HCO3™ with K = 226 M1 (Figure S24 in ESI), which is much weaker than 1780 M1
observed for 1. An n-butyl-functionalized tris-thiourea reported previously was shown to
bind bicarbonate with K = 564 M~1 in DMSO-dg.5¢ This observation further demonstrates
that the unique orientation of the binding sites in the hexaurea 1, makes it an excellent
binder for the carbonate anions due to the possible chelate effect observed in traditional
transition metal complexes.”® We also performed 1H NMR titrations of 1 for other anions,
showing strong affinity for HSO4~ (2250 M~1). The association constants of 1 with CI~ and
CH3COO™ were 256 and 200 M1, respectively. However, the receptor showed no
significant binding for 17, CIO4~ and NO3™. Determination of binding constants for F~ and
H,PO4~ was hampered due to the broadening of NMR peaks.

The formation of the complex in DMSO-dg was further evaluated by a series of 13C NMR
spectra (Figure 4). Partial 13C NMR of Et;NHCOj3 and free 1 are shown in Figure 4a and
Figure 4b, respectively. The sharp signal at 157.19 ppm in the free EtyNHCO5 shifted to
168.38 ppm (AS= 11.19 ppm) after the addition of one equivalent of the ligand (Figure 4c),
indicating the encapsulation of HCO5~ in the receptor’s cavity.52 Figure 4d displays the 13C
NMR of [1(CO3)](n-BugN),] used for single crystal diffraction, showing a peak on more
downfield at 176.7 ppm for CO32~. This difference could be due to the charges (HCO3~ vs
C0327) and the counter cations (Et4N* vs n-BusN*) present in the two different samples.

The solid state FT-IR analysis was also performed to examine the interactions of the
receptor with carbonate. The free receptor shows two peaks at 1650 cm™1 and 1600 cm™ for
two carbony! groups (-C=0),13 which shift to higher wave numbers at 1696 cm™! (Avco
=46 cm™1) and 1630 cm™! (Avco = 30 cm™1), respectively (Figure S15). Further, the
significant upward shift (Avn.y=74 cm™1) of broad NH’s stretching frequency from 3330
cm™1 (free 1) to 3404 cm™1 (complex) was observed, suggesting the strong N—H--O
interactions between NH groups and the carbonate.

The ability of 1 to uptake of the atmospheric CO, was examined by dissolving the receptor
with TBAF in DMSO and keeping the mixture in open air (Figure 5). The solid products
deposited at the interface of the liquid and air, were collected to give almost 99% carbonate
complex. The complex was characterized by 1H NMR and also verified from X-ray
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diffraction analysis (CCDC 969272), giving an identical structure described in the preceding
section. Treating the complex with water and methanol (1:1, v/v) gave over 95% recovery of
1. In previous reports, a pentafluorophenyl substituted tris-urea, 3 and a m-nitrophenyl
substituted tris-urea®? were shown to fix atmospheric CO,, forming 98% and 90%
complexes, respectively.

In conclusion, we have developed a novel receptor with six urea groups possessing an
intramolecular cavity that is suitable to absorb atmospheric CO, as a CO32~ under mild
basic conditions. The highly functionalized receptor molecule utilizes all twelve NH-binding
sites to interact with the internal carbonate anion, forming an air-stable complex. The solid
state structure described herein represents an exceptional example of the encapsulated
carbonate in a single molecule providing an ideal complementarity of binding sites for the
anion. Given the significant role of CO, in environmental, chemical and biological
systems,314 the present findings hold promise for developing novel chemical devices for the
recycling of atmospheric carbon dioxide.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

(a) Single crystal X-ray structure of the carbonate complex of 1 (counter cations and
hydrogen atoms on carbons are omitted for clarity), (b) space filling model of encapsulated
carbonate complex, (c) partial view of pseudo C3-symmetric arrangement of tripodal cavity
with the encapsulated carbonate.
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Partial 1H NMR spectra of 1 with an increasing amount of Et4NHCO3 (R = [EtsNHCO3]o/
[1]0) in DMSO-dG.
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Figure 3.

1H NMR titration curve of 1 (2 mM) with an increasing amount of Et;NHCO3 (R =
[Et4aNHCO3]o/[1]o) in DMSO-dg. The titration plot was obtained from the relative change in
the integration intensity Ap(A¢e = InHc/[INHE HINHC], Where Iy 1S the intensity of NHa
signal in the carbonate-1 complex and Iyps is the intensity of the corresponding NH signal
in the free 1).
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Figure4.

Partial 13C NMR spectra (125 MHz, DMSO-dg) of (a) Et4NHCO3, (b) free receptor 1, (c) 1
in the presence of one equivalent of Ety,NHCOg3, and (d) solid carbonate complex of the

receptor ([1(CO3)](n-BusN)y).
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1 P H20CH3OH [1(CO3)]2- ’
(99%) recovery (95 %)

Figure5.
The uptake of CO, and the recovery of 1. Magnified 1.carbonate crystals are shown at the
right side.
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Scheme 1.
Synthesis of the hexaurea 1.
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H-bonding parameters (A, °) for [1(CO3)]?".

D—H--O

H--O D--O

ZDHO

N4A — H4A.-01D
N7A — H7A-01D
N14A — H14A - 02D
N17A — H17A - 02D
N7B — H7B - 02D
N4B — H4B -- 02D
N14B — H14B - 03D
N17B — H17B - 03D
N4C — H4C - 03D
N7C — H7C - 03D
N14C — H14C - 01D
N17C — H17C - O1D

2.20(3) 2.966(3)
2.01(3) 2.852(2)
2.16(3) 2.935(3)
1.84(3) 2.703(3)
1.99(3) 2.869(3)
219(3) 2.949(3)
1.93(3) 2.801(3)
2.003) 2.788(3)
2.03(3) 2.822(3)
221(3) 2.989(3)
197(3) 2.783(2)
1.92(3) 2.746(3)

152(3)
165(3)
155(2)
161(3)
162(2)
154(3)
157(2)
154(3)
162(3)
153(3)
160(3)
156(3)
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