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Abstract

The complexation of the uranyl ion (UO2
2+) by macrocyclic ligands is hindered by the rigidly 

enforced  trans orientation  of  its  oxo  ligands.  To  further  investigate  this  coordination 
chemistry  challenge,  here we investigate the reactivity  of  UO2

2+ with two different  18-
membered  aza-crown  macrocycles,  diaza-dibenzo-18-crown-6  (DADBC)  and  7,16-bis(N-
methylacetamide)diaza-18-crown-6 (BAM). The reaction of uranyl triflate, [UO2(OTf)2(THF)3], 
with  DADBC in  toluene  afforded  [UO2(DADBC)][OTf]2,  in  which  the  UO2

2+ ion  is  fully 
encapsulated by the macrocycle. This conclusion was supported by NMR, UV-Vis, IR, and 
Raman spectroscopies, as well as single-crystal X-ray crystallography. Attempts to form the 
in-macrocycle complex of  BAM,  however, were unsuccessful. The reaction of  BAM with 
[UO2(OTf)2(THF)3] in THF/CH2Cl2 unexpectedly afforded crystals of [H2BAM][OTf]2, where the 
protons are derived from solvate water in the BAM crystal lattice. In contrast, reaction of 
BAM with  UO2(NO3)2·6H2O resulted  in  formation of  the  coordination  polymer,  [UO2(2-
NO3)2(-BAM)] . The crystal structure of this compound revealed that the BAM ligand is 
coordinated to UO2

2+ via its pendent carboxamide donors, while the donor atoms within the 
macrocyclic cavity remained unbound. The X-ray crystal structure of the free BAM ligand 
was also obtained, which showed that it exists in an identical conformation to that seen in 
the  structure  of  [UO2(2-NO3)2(-BAM)],  where  the  pendent  carboxamide  donors  are 
engaged in an intramolecular hydrogen-bonding interaction with the donor atoms within 
the  macrocycle.  These  results  suggest  that  the  enthalpic  penalty  of  breaking  these 
intramolecular hydrogen bonds prevents UO2

2+ from “threading the needle.” In contrast, 
DADBC,  which  lacks  such  intramolecular  hydrogen-bonding  interactions,  can  readily 
accommodate  UO2

2+.  This  comparison  demonstrates  how  subtle  modifications  to  the 
macrocycle, such as cavity size, rigidity, and pendant donor groups, can affect its affinity for 
UO2

2+, and provide insights into approaches for macrocycle chelator design for this ion for 
applications in separations, medicine, and energy. 
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Introduction

Macrocycle binding to uranyl (UO2
2+) is complicated by the rigidly trans arrangement of 

its two oxo ligands, which restricts the macrocycle donor atoms to the equatorial plane. 
This imposition results in strict thermodynamic and kinetic restrictions to ligand binding. 
In many cases, the binding cavity of the macrocycle is too small to accommodate the 
linear uranyl ion, while side-on binding is disfavored because of the high Oyl–U–Oyl 
bending energy.[1-2] In addition, the need to contort the macrocycle into a planar 
configuration can result in large kinetic barriers for uranyl binding. As a result of these 
complications, the first structurally-authenticated example of a macrocyclic ligand 
coordinating uranyl within its binding cavity was only reported in 1984, namely, 
[UO2(dicyclohexyl-18-crown-6)]2+.[3] Since then, a variety of macrocycles have been found to 
accommodate uranyl within their binding pockets,[4] including crown ethers,[5-11] aza-crown 
ethers,[12-13] calixarenes,[14] thiacalixarenes,[15-16] expanded porphyrins,[17-24] hybrid Schiff 
base/polypyrrolide macrocycles,[25-35] and hybrid Schiff base/crown ether macrocycles.[36-38] 
In many of these cases, the macrocycle fully encapsulates the uranyl ion, occupying all of 
the equatorial coordination sites (i.e., “threading the needle”). Several of these complexes 
have also been investigated by computational methods.[39-44] 

However, macrocycles do not always thread the needle.[45-46] Smaller macrocycles, such 
as 12-crown-4, 15-crown-5, 2,11-diaza[3,3](2,6)pyridinophane, 
dibenzotetramethyltetraaza[14]annulene, p-tBu-calix[4]arene,[16] and Me8-calix[4]pyrrole 
cannot accommodate uranyl,[1, 47-55] presumably because their binding pockets are too 
small. Additionally, macrocyclic ligands do not readily displace Cl, Br, or NO3

 from the 
uranyl equatorial plane, adding another complication to the synthesis of uranyl 
macrocycle complexes.[9, 56-58] Despite these synthetic challenges, macrocyclic ligands have 
potential applications in uranyl molecular recognition as well as solvent extraction,[4, 11, 23] 
motivating researchers to further explore this topic.

In an effort to expand the scope of uranyl macrocycle chemistry, we explored the 
reaction of [UO2(OTf)2(THF)3] with two macrocyclic ligands, the previously reported diaza-
dibenzo-18-crown-6 (DADBC) and the novel 7,16-bis(N-methylacetamide)diaza-18-crown-6 
(BAM). Both of these ligands are 18-membered macrocycles, for which different analogues 
have previously been shown to accommodate the linear UO2

2+ ion. DADBC was 
investigated in order to understand how rigidifying aromatic groups in the backbone can 
affect the complexation of UO2

2+. Similarly, the new ligand BAM was synthesized to study 
how pendent donor groups on the diaza-18-crown-6 skeleton influence binding to UO2

2+. 
Collectively, this work shows how these subtle factors can determine the likelihood that 
the linear UO2

2+ ion will “thread the needle” through a macrocyclic core.

Results and Discussion 
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Reaction of [UO2(OTf)2(THF)3] with 1 equiv of diaza-dibenzo-18-crown-6 (DADBC) in 
toluene results in a color change from yellow to orange. Workup of the reaction mixture, 
followed by crystallization from MeCN/Et2O, results in isolation of [UO2(DADBC)][OTf]2 (1) 
in 61% yield (Scheme 1). The room-temperature 1H NMR spectrum of 1 in MeCN-d3 
features multiplets at 5.80, 5.18, 4.76, and 4.06 ppm, which are present in a 1:1:1:1 ratio. 
These resonances are assignable to four unique CH2 environments of the dibenzo-diaza-
18-crown-6 ligand and indicate that the ligand adopts a rigid saddle geometry in solution, 
which inhibits the exchange of axial and equatorial CH2 environments. The spectrum also 
features multiplets at 7.64 and 7.38 ppm, in a 1:1 ratio, which are assignable to the two 
expected aryl CH environments, along with a triplet at 6.98 ppm, which is assignable to the 
NH protons. For comparison, the 1H NMR spectrum of [UO2(18-crown-6)]2+ only features a 
single resonance, indicating stereochemical non-rigidity of the 18-crown-6 macrocycle.[5] 
Surprisingly, the 1H NMR spectrum of 1 in pyridine-d5 features resonances attributable to 
free DADBC (Figure S11), demonstrating that strongly-donating, monodentate ligands can 
displace DADBC from the uranyl center. 

The UV-Vis spectrum for 1, recorded in MeCN, features an absorption at 463 nm (390 
M-1·cm-1). The position and intensity of this resonance are typical of the uranyl moiety.[59] 
For comparison, [UO2(18-crown-6)]2+ exhibits an absorption at ca. 450 nm.[5] The Raman 
spectrum of 1 features a strong, sharp vibration at 871 cm-1, which we have assigned to 
the 1 mode. Also present in the spectrum is a weak, sharp vibration at 962 cm-1, which we 
have tentatively assigned to the 3 mode. We hypothesize that the 3 mode, which is not 
usually Raman active, is observable because of the loss of the inversion center due to the 
saddle conformation of the DADBC macrocycle (see below).[60-61] For comparison, the 1 
and 3 modes of [UO2(H2O)5]2+ are observed at 874 and 963 cm-1, respectively.[61-62] The 
similarity of these values with those of 1 suggests that DADBC is not a strong donor to 
uranyl, possibly because of a mismatch between its cavity size and the uranyl ionic radius. 
For further comparison, the 1 mode of [UO2(Ph3PO)4][OTf]2 appears at 839 cm-1, whereas 
the 1 mode of [UO2(dppmo)2(OTf)][OTf] (dppmo = Ph2P(O)CH2P(O)Ph2) appears at 848 cm-1.
[63-64] Both values are substantially lower than that observed for 1. 
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Scheme 1. Synthesis of complex 1.

Complex 1 crystallizes in the monoclinic space group C2/c as an acetonitrile and diethyl 
ether solvate, 1·2MeCN·Et2O (Figure 1). All six donor atoms of the macrocycle are ligated to 
the equatorial plane of the uranyl ion to provide a hexagonal bipyramidal coordination 
geometry. The structure also features two outer-sphere [OTf]- anions. The macrocycle ring 
adopts a saddle geometry, presumably to better accommodate the uranyl ion, consistent 
with the room temperature 1H NMR data. The U–Oyl distances (1.768(4) and 1.765(4) Å) and 
Oyl-U-Oyl angle (180) are typical of the uranyl ion.[65-66] The U–Oeq distances are 2.529(3) and 
2.548(3) Å, whereas the U-N distance is 2.565(4) Å. For comparison, the average U–Oeq 
distance in [UO2(18-crown-6)]2+ is 2.51(1) Å (range = 2.43(4) to 2.68(4) Å),[3] whereas the 
average U–Oeq distance in [UO2(H2O)5]2+ is 2.41(1) Å (range = 2.384(3) to 2.42(2) Å).[67] The 
latter U–Oeq distance is notably shorter than that observed in 1, perhaps because the 
oxygen donors in water are not constrained as they are within the macrocycle skeleton of 
DADBC. Also notable is the deviation of the two N-atoms from the uranyl equatorial plane 
(defined by U1, O3, O4, O3*, and O4*). In particular, N1 is displaced from the equatorial 
plane by 0.361(6) Å. Such deviations are relatively rare, but have been observed in other 
uranyl macrocycle examples.[52-53] This deviation is further evidence that uranyl does not fit 
well within the DADBC binding pocket. Finally, the N(1)–OOTf distance (2.93 Å) is suggestive 
of the presence of a weak H-bond between the amide N-H protons and the outer-sphere 
triflate anions.

Figure 1. Solid-state molecular structure of 1·2MeCN·Et2O shown with 50% probability 
ellipsoids. Solvate molecules, triflate counterions, and hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (): U1–O1 = 1.768(4), U1–O2 = 1.765(4), U1–O3 
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= 2.529(3), U1–N1 = 2.565(4), O1–U1–O2 = 180.0, O1–U1–O3 = 85.70(7), O3–U1–O4 = 
59.80(10), N1–U1–N1* = 162.31(16), O3–U1–N1 = 120.18(11).

We also attempted to ligate uranyl with 7,16-bis(N-methylacetamide)diaza-18-crown-6 
(BAM). Thus, layering a THF solution of [UO2(OTf)2(THF)3] onto a CH2Cl2 solution of BAM 
results in the deposition of a pale yellow crystalline solid after standing for 3 d. Analysis of 
this material by X-ray crystallography reveals the formation of [H2BAM][OTf]2 (2), the 
doubly protonated form of the neutral macrocycle (Scheme 2). We hypothesize that 2 is 
formed by the reaction of [UO2(OTf)2(THF)3] with BAM’s lattice H2O molecules, which 
results in the formation of HOTf and UO2(OH)2. The former then protonates the amine 
groups of BAM, forming 2. Not surprisingly, complex 2 can be made more conveniently by 
layering a THF solution of HOTf onto a CH2Cl2 solution of BAM (Scheme 2). When 
synthesized in this fashion, it can be isolated in 99% yield. The formation of 2 was 
confirmed by NMR spectroscopy. In particular, its 1H NMR spectrum in DMSO-d6 featured a 
broad resonance at 9.31 ppm, which was assigned to the two ammonium protons. 
Additionally, the 19F NMR spectrum exhibited a characteristic signal at –77.8 ppm, which 
reflects the presence of the triflate anions. The X-ray crystal structure of 2 also reveals the 
presence of the hydrogen atoms on the amine nitrogen atoms (Figure 2). The hydrogen 
atoms could be located on the difference Fourier map, and their presence is further 
supported by intramolecular hydrogen-bonding interactions with the pendent amide 
oxygen atoms, as evidenced by NO distances of 2.64(7) and 2.67 (7) Å. These values are in 
line with strong H-bonding interactions.[68]

Scheme 2. Synthesis of compound 2.
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Figure 2. Solid-state molecular structure of 2 shown with 50% probability ellipsoids. 
Triflate anions and hydrogen atoms (except H1 and H2) are omitted for clarity. Selected 
bond lengths (Å): N1–O8 = 2.64 (7), N2–O9 = 2.67 (7).

We also investigated the complexation of uranyl nitrate with BAM. Thus, reaction of 
UO2(NO3)2·6H2O with 1 equiv of BAM in CH2Cl2/MeOH, followed by layering with pentane, 
results in the deposition of [UO2(2-NO3)2(-BAM)] (3) in 33% yield (Scheme 3). Complex 3 
crystallizes in the monoclinic space group P21/c as a one-dimensional coordination 
polymer. The macrocycle is centered on a crystallographic inversion center and maintains 
a conformation very similar to that observed in the structure of the free ligand (see 
below). Each pendent amide donor groups sit on opposite faces of the macrocycle, with 
the amide NH groups engaging in hydrogen bonds with the macrocycle tertiary amine 
(N1···N2 =2.658 Å). The UO2

2+ ion, which also resides on a crystallographic inversion center, 
acts as a bridge between the neighboring macrocycles within the structure, as it interacts 
with the oxygen donors of the pendent carboxamides with a U–O distance of 2.3782(12) Å. 
For comparison, the closely-related [UO2(2-NO3)2(-caprolactam)2] exhibits U–Ocaprolactam 
distance of 2.360(5) Å,[69] whereas [UO2(2-NO3)2(2-pyrrolidone)2] exhibits an average U–
Opyrrolidone distance of 2.38 Å.[70] In addition to these two carboxamide donors, the equatorial 
UO2

2+ coordination sphere is completed by two bidentate NO3
– ligands, arranged trans 

relative to each other. The U–ONO3 distances in 3 (2.5104(11) and 2.5443(15) Å) are in good 
agreement with the U–ONO3 distances in previously reported UO2(NO3)2L2-type complexes, 
which fall within a relatively narrow range (2.46 to 2.54 Å).[71-76] As expected, the UO2

2+ 
angle is perfectly linear (180°), as required by the crystallographic symmetry, and the U–O 
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distances are within the expected values (1.7632(14) Å).[65-66] Complex 3 was also 
characterized by Raman spectroscopy. It features a strong vibration at 870 cm-1, which we 
have assigned to the 1 mode. Not surprisingly, the 1 modes of [UO2(2-NO3)2(H2O)2] (876 
cm-1) and [K][UO2(2-NO3)3] (871 cm-1) are similar.[60, 77-78]

Scheme 3. Synthesis of complex 3.

Figure 3. Solid-state molecular structures of 3 (left) and BAM·5H2O (right) shown with 50% 
probability ellipsoids and hydrogen atoms are omitted for clarity. Selected bond lengths 
(Å) and angles (): 3: O1–U = 2.378(1), O5–U = 2.510(1), O4–U = 2.544(2), O7–U = 1.763(1), 
O7–U–O7* = 180. BAM·5H2O: N2–N3 = 2.6736(15). 

In an effort to understand the differing reactivity of DADBC and BAM with uranyl, we 
analyzed their solid-state structures by X-ray crystallography (see SI for full details). 
Interestingly, the BAM macrocycle crystallizes with five H2O solvates, which rationalizes 
the origin of the ammonium protons in 2. Additionally, the macrocycle ring and the two 
methylacetamide arms of free BAM adopt a closed “clamshell” configuration, which is 
identical to the conformation of the ligand seen in 3 (Figure 3). In particular, the amide H-
bond distance in BAM·5H2O (N2···N3 =2.6736 (15) Å) is unchanged from the values 
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observed for 3. Overall, this comparison suggests that uranyl coordination within the BAM 
binding pocket is enthalpically unfavorable, due to the need to disrupt this closed 
conformation. As a result, coordination to uranyl only occurs via the amide oxygen (O1), 
which does not require rearrangement of the macrocycle skeleton. In contrast, the solid-
state conformations of the DADBC macrocycle in its bound and free forms are similar 
(Figures 1 and S1), suggesting that uranyl coordination within the DADBC binding pocket 
requires minimal reorganization.

Conclusion

We have explored the reactivity of two aza-crown macrocycles, diaza-dibenzo-18-crown-6 
(DADBC) and bis(N-methylacetamide)diaza-18-crown-6 (BAM), with the uranyl ion. 
Intriguingly, DADBC incorporates uranyl within its binding pocket (i.e., “threading the 
needle”), whereas BAM coordinates to uranyl, but not using its binding pocket.  This 
difference is observed despite the fact that both ligands are 18-membered macrocycles. 
These complexes, along with the free macrocycles, were characterized by X-ray 
crystallography. This structural comparison shows that DADBC does not undergo a major 
conformation change upon uranyl binding. In contrast, the BAM macrocycle exhibits two 
intramolecular H-bonds in the solid state, whose cleavage is required for uranyl binding. 
However, it appears the uranyl coordination within the binding pocket cannot overcome 
this enthalpic penalty, so “threading the needle” does not occur. Overall, our results show 
that seemingly subtle changes in macrocycle structure can have a large effect on the 
reaction outcome. Macrocycle binding to uranyl is not necessarily straightforward, and the 
development of macrocycles for uranyl sensing or solvent extraction will need to consider 
these effects.

Appendix A. Supplementary data

CCDC contains the supplementary crystallographic data for DADBC, BAM, 1, 2, and 3. 
These data can be obtained free of charge via 
http://www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic 
Data Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or e-mail: 
deposit@ccdc.cam.ac.uk. 

Supporting Information. Experimental procedures, crystallographic details, and spectral 
data for DADBC, BAM, 1, 2, and 3 (PDF).
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