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Abstract:

Uranium pollution involves high toxicity and radm#vity and, therefore, constitutes a grave
threat to human health and the environment. Cloglasi an effective method for sequestering
uranium. It is well known that chelators based ame groups are able to complex uranyl
cations efficiently. To this end, various bis(amioioe)s were synthesized by reaction of
hydroxylamine with the corresponding dinitriles. tinese compounds the amidoximes are
separated by chains of various lengths, some imgud heterocycle (pyridine or 1,3,5-

triazine). The abilities of these bis(amidoximeds domplex uranyl cation in water were

evaluated by determining their affinity constams ghermodynamic parameters by means of
Isothermal Titration Calorimetry (ITC). DFT calctitans were also performed, to determine
the optimum structures of the complexes formed betwuranyl cations and the oximate
groups. A tetrakis(amidoxime), also synthesizedthis work, shows good affinity for

uranium, and a single molecule is able chelateraéwganyl cations. These results are of
importance for the remediation of uranium-pollutecstewaters, and open up several

perspectives for the design and synthesis of nem@aime compounds.
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1. Introduction

Uranium is the main fuel employed in power plargs the production of nuclear energy.
Uranyl ion (UQ?") is the form in which uranium is usually found enaxidizing conditions.
The development of ligands able to complex the yiriam efficiently has been the subject of
many studies. Such ligands may find applicatiorabiyt for the extraction of uranium from
sea watef, for the recycling of spent nuclear fuel and foe tremediation of uranium-
contaminated sofl. Uranium and its salts are highly toxic and coogtita major health
problem?® Indeed, they cause severe damage to kidney arespand can accumulate in the
brain? Therefore, the removal of uranium from contamidasgueous solution is of great

importance for the protection of the environmerd ahmankind.

The various types of ligand that complex the uraratlon comprise donor atoms, which are
coordinated to the uranium atom in the equatoriang They may contain chelating

functions such as carboxylic acid, bis(phosphonaoxamide and catecHol.

Ligands containing amidoximes can also complex uhenyl cation; in particular, many
studies dealing with the recovery of uranium froea swater make use of absorbents
containing amidoximes. Extraction of uranyl from aqueous solutions by dowime-
functionalized ionic liquid§, by a mesoporous imprinted polymer containing axiites
and by amidoxime-modified mesoporous sflibas been reported. Interestingly,rgh(O, N)
coordination of the amidoximate moiety to the utasyobserved in the X-ray structures of
isolated complexe%? Recently, Vukovic and Hay presented the computeeidesign of
bis(amidoxime)s that are structurally organizedtimding the uranyl ion? Such compounds
can be valuable for the recovery of uranyl ionpeeglly if they are grafted on polymers or
on nanoparticles. Uranium sequestration using éatisloxime) grafted on a hydrophilic
backbone was recently reported.

Here we report the synthesis of a series of biglarine)sla-f, and a tetrakis(amidoxime)

19, derivatives of which could be employed for uramigequestration. The two amidoximes
in these compounds are separated by spacers ofigdengths which may contain a nitrogen
atom or a heterocycle. In the design of these camg®, the possibility of grafting them, or
analogs of them, onto a polymer or a nanoparticés waken into account. The uranyl-

complexing abilities of these amidoximes and theesponding thermodynamic parameters
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are reported. Density Functional Theory (DFT) ckdttans were used in order to determine

the optimum structures of the various complexes.
2. Results and discussion
2.1. Synthesis of amidoxime derivatives

Bis(amidoxime)sla and 1b were synthesized from the corresponding dinitr{lésheme 1).
The treatment of benzamid2'? with hydroxylamine hydrochloride in the presence o
NaHCQ* did not afford the expected compoutaj but a mixture of benzamideand cyclic
adduct 3. After recrystallization,3 was isolated in 21% vyield. Compour8] which is
analogous to glutaramide dioxirfiecould also be a good ligand for uranyl cation. iuelly
bis(amidoxime)la was obtained in 84% vyield by treatment2ofvith an aqueous solution of
hydroxylamine in ethanol at room temperature. Lilssytreatment of benzamid& afforded
bis(amidoxime) 1b. A similar procedure was employed for the prepanatof other

amidoximes.
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Scheme 1. Synthesis of compound; 1la and1b. Reagents and conditions: aaNOHHCI,
NaHCG;, EtOH, 80 °C, 4 h, 21% after recrystallization;N#4,0H (50 wt% in HO), EtOH,
RT, 20 h (a: 84%,1b: 98%).

As shown in Scheme 2, another benzamide-bis(ammu®)iin which the two chelating
functions are separated by eleven atoms, was @gtain two steps fromN,N-bis(2-
hydroxyethyl)benzamidg5).'® The diol was reacted with two equivalents of ammjtrile,
leading to dinitrile6, resulting from a double Michael addition. Howevéére product was
obtained as a mixture with inseparable acrylomitdligomers. It was then converted to the

corresponding bis(amidoximég, which was purified by chromatography.
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Scheme 2. Synthesis of bis(amidoxime)c. Reagents and conditions: a. acrylonitrile,
BuONa,t-BuOH, RT, 18 h, 71% (not pure); b. NBIH (50 wt% in HO), EtOH, RT, 71%.

In pyridines with two amidoxime substituents in thitho positions, the pyridine nitrogen
atom could also participate in the complexationhef uranyl ion. Two such compounds were
prepared. In the firstid, both amidoxime functions are directly bondedhe pyridine ring,
while in the secondle, they are separated from the heterocyclic ringrigthylene groups
(Scheme 3). Diestef serves as the precursor for both bis(amidoximEatment of7 with
aqueous ammonia in methanol, followed by dehydnatafforded dinitrile8,*” which was
converted told'® in 89% vyield. Dinitrile 9'° was obtained in three steps from diester
(reduction to a diol, conversion of the diol to @rdmide, and reaction of the latter with

potassium cyanide). The expected bis(amidoxibeeyas then obtained frodin 81% vyield.
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Scheme 3. Synthesis of bis(amidoxime)sl and 1e. Reagents and conditions: a. (1) 28% aq.
NHs, MeOH, RT, 24 h, 67%); (2) (GEO)O, EtN, THF, RT, 4 h, 90%; b. N#OH (50 wt%

in H,0O), EtOH, RT, 48 hid: 89%,1e: 83%); c. (1) NaBkl EtOH, 0 °C, then RT, 15 h, 71%;
(2) 48% HBr, reflux, 16 h, 23%; (3) KCN, 18-crown®H;CN, 80 °C, 15 h, 81%.

As in the case of the pyridine derivatives, the ptaxation of the uranyl ion by 1,3,5-
triazines substituted by two amidoximes functiomalld involve a nitrogen atom of the
heterocyclic ring. Such compounds can be synthésizem readily available cyanuric
chloride @0), and the third hydrogen can be replaced by atguést which could be used to



graft the triazine onto a polymer or a nanopartiéie chose to prepare compoutfgd which
comprises a di(hydroxyethyl)amino moiety, expedige&nhance the water solubility of the
compound (Scheme 4). Compoutidwas synthesized in four steps. One equivalenhef t
bis(tert-butyldimethylsilyl) ether of diethanolamiffewas reacted with0 in the presence of
Hunig’s base, leading to the corresponding dicbmrwhich was converted to dinitrild in
51% yield by reaction with potassium cyanide atmaemperature. At higher temperatures,
degradation occurred. Reaction with hydroxylamif@lowed by treatment with acid to

remove the silyl ethers, afforded the expectedabiggoxime)1f.
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Scheme 4. Synthesis of bis(amidoxime)lf. Reagents and conditions: a. (1)
HN(CH,CH,OTBS), EtNiPr, THF, -78 °C to RT, 3 h, 88%; (2) KCN, GEN, RT, 51%; b.
(1) NH,OH (50 wt% in HO), EtOH, RT, 48 h, 96%: (2) 1N HCI, EtOH, RT, 195%.

Finally, another triazine derivative, compoutd, comprising four amidoximes, was also
synthesized (Scheme 5). Cyanuric chloritile was treated with two equivalents of
iminodiacetonitrile, leading to tetranitrit2. The remaining chlorine atom was replaced by a
phenoxy group by treatment 42 with sodium phenoxide. The four nitriles @8 were
transformed into amidoxime functions under the dtmas previously employed, affording

productlgin 77% vyield.
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Scheme 5. Synthesis of tetrakis(amidoxime)lg. Reagents and conditions: a.
iminodiacetonitrile, BzClI, EtNiBr THF, RT, 20 h, 65%; b. Phenol, NaH, THF, RT, B,5
84%; c. NHOH (50 wt% in HO), EtOH, RT, 48 h, 77%.

2.2. Complexation studies

Nano-isothermal Titration Calorimetry (ITC) was dde measure directly the heat gained or
lost during the association of the synthesized oudés (L) with uranyl cation in water. This
allowed us to determine, in a single experimerd, tttermodynamic binding parameters: the
affinity constant Ky), the stoichiometryn), and the enthalpy and entropy of formationH"®
andA,S°) of the complex formed between L and uranyl cafexjuation (1)].

L + nUQ?" =—— [L-(UO*)]  (eq. 1)

[L - (U0F)nl
[LI[Uoz 1"

with K, =

In Figure 1 are presented the ITC curves for theplexation of uranyl cation by compounds
1c and1f at T = 298 K and at pH 6.5; this pH value was eno® avoid any precipitation of
uranyl species. In both cases, a regular heatti@riaith uranium concentration is observed,
which establishes the interaction between L and#tien. The contribution of A;S° is lower
than that ofA;\H°; complex formation is enthalpy-driven and theatgon is exothermicAH°

< 0). The negative value 8§S° suggests that an ordered chelator-cation compliexmed.
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Fig. 1. Isothermal titration calorimetry (ITC) curves fibre formation of complexes between

amidoximeslc and1f and uranyl cation.

Table 1 summarizes the thermodynamic data obtafoedll the amidoxime derivatives
synthesized. For the molecules froma-1e, the fitting was performed according to the
"independent” model which implies one binding sid. the ligands exhibit a very good
affinity for uranyl cation, with log, > 4. Ligandsla, 1b, 1d andle complex uranyl cations
with a metal/ligand stoichiometry of 0.5/1. The tarmidoxime groups of one ligand molecule
are unable to complex one uranyl cation, probalelgalise of the rigidity of the molecules,
and one uranyl cation is shared by two differeganids. However, in the case of moleclde
where the arms are longer and therefore flexible ,metal/ligand stoichiometry is 1/1. In this
molecule, one cation is complexed with one moleadlegand. Forlf and1g, multiple-site
fitting was performed. Indeed, if, in addition to the two amidoxime groups, two &lcb
functions are involved in the complexation of tlai@n, which leads to the possibility of two
different binding sites. The affinity for the amidme sites is much higher than that for the
alcohol sites. The tetrakis(amidoxim#g was best fitted with the multiple-site model. The
two amidoxime groups complex a single cation withigher affinity (logKa;1 = 5.9, n = 1.2),
leaving two isolated amidoxime groups which aresabl complex cations by sharing with

other ligand molecules, with a lower affinity (Id¢. = 3.8, n = 0.6). These amidoxime
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derivatives, and especiallif and 1g, are very efficient chelators (ldg, > 5.7) for uranyl
cations, since each ligand can complex more thancation. A higher value of log; (11.1)
has been reported for the uranyl complex of acetaxinate'*** DFT calculations were in
agreement with the observed vafdéhe discrepancies compared to the values obsémnved
our study may be attributed to the different pHwaiich the complexation constants were

recorded.

Table 1. Thermodynamic constants for the complexation ofdaxime derivativeda-g.2

Amidoxime log Ka n AH® (kJ.mot") TA/S® (kJ.madf)
1a° 50x0.1 0.7+0.1 -39.9 +0.8 -11.3+0.9

1bP 44+0.1 1.2 0.1 -31.2+1.1 -5.9+0.5

1c® 5101 0.6+0.1 -48.7+1.5 -19.6 £ 0.8

1d° 51x0.2 0.6+0.2 -50.9+1.2 -21.8+0.7

1€° 4.7+0.1 05+0.1 -64.2+1.8 -37.2+1.0

1f¢ 57+0.3(log<s) 1.0+0.1(0) -11.9+0.84Hy) +20.6+0.9 (RS)
1f¢ 3.0+0.1(logKs) 1.0+0.1(n) -63.1+134H;) -459+1.8(RS)
1g° 59+0.3 (logKa) 1.2+0.2(R) -12.1+0.94H;) +22.1+0.8 (RS)
1¢° 3.8+0.3 (logksy) 0.6+02(8) -96.2+144H) -746+1.2(RS)

% log of the affinity constant (loly), stoichiometry (n)ieaction enthalpyA:H°), and reaction
entropy A,S9 at T = 298 K and pH 6.5.For compound4a-1e, the values were obtained
using the "independent fitting" modéIFor compound4f and1g, the values were obtained
using the "multiple-site fitting" model.

2.3. Quantum mechanical approach

Uranyl complexes with different ligands have beeidely studied in the framework of

Density Functional Theory (DFT), which is a partanly powerful method for obtaining

information about their geometries and energies.

The linear uranyl cation exists in solution as eptex ion with ligands equatorially bonded
to the uranium. If there are no ligands in the soly water molecules make up the first

coordination shell. Although the number of wategahds can vary from 4 to 6, several
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experimental and quantum mechanical studies irglithat the UGQH,0)s** complex
predominates in aqueous solutfén.

The complexes of uranyl with the seven amidoxinmgs 1a-g, were constructed by JO@-
amidoxime exchange from the W®,0)s** complex. Upon complexation, it has been shown
that amidoximes deprotonate to form neutral comgdexor this reason, DFT calculations
were performed starting with the W®,0)s*>" complex, and several water molecules were
replaced by one or two amidoximate ligands.

The optimized structures of the different speciesshown in Figure 2. In all structures of the
mono- and bis(amidoximate) complexes the uranyit usilinear, and both the water
molecules and the amidoximates are symmetricalbtriduted in the equatorial plane
perpendicular to the O=U=0 axis. The amidoximatis as a bidentate ligand, binding the
uranyl through the N-O bond inrg motif. This result is in agreement with severadtetical
and experimental studie€ and confirms the accepted view about the cooridinadf the
deprotonated amidoxime with Y&,

The distances between U and O or N in the compléxes (OH,) are all around 2.3 A,
except forld (Figure 2). This indicates a strong interactionwssn uranyl and ligand,
leading to charge transfer from the latter to ttvmfer. Interestingly, in the bi-deprotonated
amidoxime complex withld the U-O distance is significantly longer. This psobably
because the geometry of the bis-amidoximate unthis ligand cannot accommodate the
coordination site of uranyl. In all the calculatsttuctures, the oximate N-O and C-N
distances are close to 1.350 A and 1.300 A, relsdyt indicating a partially delocalized

oximate groug?

‘ U...0;=2.317 A U...0.=2.953 A
¢ U...0,=2.318 A U...0,=2.305 A
U...N;=2.307 A U...N;=2.376 A
U...N,=2.308 A U...N,=2.400 A



1b

N...HO;=1.910 A
O,H...N=1.906 A

U...0,=2.285 A U...0,=2.287 A
? U...0,=2.275 A U...0,=2.281 A
U...N;=2.368 A U...N;=2.393 A
U...N,=2.394 A U...N,=2.408 A
: O;H...0U=1.836 A
O,H...0U=1.832 A
¢ ,& ‘ U..0=2.271 A
U...0;=2.281 A U...0,=2.275 A
U...0,=2.282 A U...N;=2.369 A
U...N;=2.409 A U...N,=2.408 A
U...N,=2.409 A
1d
%ﬁ g ;:
U...0:=3.393 A ¥ U...0=2.274 A
U...0,=3.404 A U...0,=2.260 A
U...N;=2.530 A U...N;=2.391 A
U...N,=2.536 A U...N,=2.420 A
le
¢ U...0;=2.269 A U...0,=2.307 A
U...Nz=2.415 A U...N,=2.407 A

1f
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O;H...0U=2.009 A
O,H...0U=2.014

¢ ‘®

U...0;=2.274 A U...0;=2.268 A

U...0,=2.291 A U...0=2.278 A

U...N;=2.388 A U...N=2.422 A

U...N,=2.375 A U...N»=2.393 A
19 N;H...0U=2.186 A
N,H...0U=2.127 A

%ﬁ :

...0;=2.276 A U...0,=2.288 A

..0,=2.276 A U...0,=2.306 A

...N;=2.390 A U...N;=2.353 A

...N,=2.381 A U...N,=2.384 A

Fig. 2. Optimized structures of complexes between uraration and bi-deprotonated
amidoximeUO0,L(0OH,) (left) and two mono-deprotonated amidoxintes,L,(0OH,) (right).
Bond distances (A) are listed with the structuees] the subscripts 1 and 2 indicate the left or
right atom of the oximate ligand, respectively. Todor code is: C gray, H white, O red, and
N blue.

From an energetic point of view, the ability ofigahd to complex uranyl can be determined
from DFT calculations by using the following equais (2) and (3) for mono- and

bis(amidoximate) complexes, respectively.

Table 2. Enthalpies of reaction of the complexes PU@H,)] and [UGL,(OH,)] calculated

from equations (2) and (3).

Amidoxime Stoichiometry AH .
(kcal.mol")
la n=1 -90.2
n=2 -77.2
1b n=1 -92.2
n=2 -81.8
1c n=1 -82.2
n=2 -54.6
1d n=1 -61.9
n=2 -65.1
le n=1 -88.3
n=2 -83.3
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1f n=1 -75.3
n=2 -70.1
1g n=1 -712.4
n=2 -56.1

[(UO,(OH,)s]*% + L>~ = UO,L(OH,) + 4(0H,) (eq. 2)

[(UO,(0OH,)s]*% + 2L~ = UO,L,(0H,) + 4(0H,) (eq. 3)

It should be noted that these energies cannotreetlyi compared with experimental values
since the thermodynamics for the deprotonationhefligand have not been calculated. As
indicated in Table 2, reactions (1) and (2) arehbetothermic, whatever the nature of the
ligand, suggesting a high complexing character midaxime toward uranyl cation, as

inferred from experimental data.

3. Conclusion

We have synthesized several compounds containirggy amidoxime functions and one

compound containing four. By an experimental apghpave have shown that all these
compounds complex uranyl cation with high affirstieThese amidoxime derivatives are
clearly good candidates for uranium uptake. Byestatical approach we have elucidated the
optimized structures for the different complexes We pursuing our approach by selecting
the ligands with the highest affinitieda( 1f, 1g) for grafting onto the surface of magnetic
nanoparticles in order to remove uranium from comtated wastewaters or soils by

magnetic harvestinty,

4. Experimental section

4.1. Synthesis

4.1.1. GeneralNon-aqueous reactions were performed in an inerdosphere using a balloon
filled with argon. TLC: Silica Gel 60k, plates with detection by UV light and by an aqueou
solution of KMnQ. Column chromatography was carried out with Cofabif Serlabo Rf75
(silica gel columns RediSep® Rf, 35-fth). Melting points were recorded using a Blichi B-
540 apparatus. High-resolution mass spectra (HRM&Eg performed on a Bruker maXis
mass spectrometer by the "Fédération de Rechelf@@A/CBM (FR2708) platform." IR
spectra were recorded using a Spectrum Two FT-BRtepmeter (Perkin-ElmerfH NMR
and**C NMR spectra were recorded on a Bruker Advancédsg@ctrometer at 400.133 and

12



100.624 MHz for'H and®C, respectively. Chemical shiftg)(are in parts per million and are

referenced to residual H in the deuterated soha@mnitpling constantslf are in Hertz.
4.1.2. [(X,52)-3,5-Bis(hydroxyimino)piperazin-1-yl] (phenyl)metizae(3)

Hydroxylamine hydrochloride (556 mg, 8.0 mmol, 4ueg) and NaHCQ (672 mg, 8.0
mmol, 4 equiv.) were added to a solutionNgR-bis(cyanomethyl)benzamitfe(2; 398 mg,
2.0 mmol, 1 equiv.) in ethanol (10 mL). The browsgension was heated at 80 °C for 4 h.
After cooling to room temperature, the solvent wasioved under vacuum. THF and brine
were added and, after dissolution of all the solile layers were separated. The aqueous
phase was extracted four times with THF and thebtoed organic phases were dried over
MgSQ;, filtered and concentrated under vacuum. The tiegusolid was recrystallized from
ethanol to yield the title compound as a white pesd.03 mg, 21%); mp 218-219 °C (dec.);
IR: Vmax 3394, 3306, 2918, 1670, 1636, 1365, 1276, 1078, ®21, 587 cit; & (DMSO-ds)
10.38 (s, 2H, QH), 8.30 (s, 1H, M), 7.53-7.42 (m, 5HH-Ar), 4.33 (br s, 4HCH,); &
(DMSO-ds) 169.8 (CO), 140.9 (2C, C(NH)NOH), 134.6 CCO), 130.9 (CH-Ar para), 129.1
(2C, CH-Ar meta), 127.6 (2CCH-Ar ortho); HRMS (ESI): [M+H], found 249.0992.
C11H13N4O3 requires 249.0988.

4.1.3. General procedure for the preparation of @oximes from nitriles by treatment with

an aqueous hydroxylamine solution.

A 50 wt% solution of hydroxylamine in water (8.0 mind equiv., 2 equiv./nitrile function)
was added to a solution of dinitrile (2.0 mmol,dui.) in ethanol (10 mL), and the solution
was stirred for 20 h at room temperature. The sulveas evaporated under vacuum. The
resulting compound was either chromatographed laxa gjel or washed with an appropriate

solvent and recrystallized.
4.1.4.N,N-Bis[(Z)-2-amino-2-(hydroxyimino)ethyl]benzamidi)

N,N-Bis(cyanomethyl)benzamid@; 398 mg, 2.0 mmol, 1 equiv.) and 50 wt% hydroxyilan

in water (490uL, 8.0 mmol, 4 equiv.) were used following the getherocedure. The
resulting solid was recrystallized from ethanolield the title compound as brown crystals
(444 mg, 84%); mp 173-174 °C; IRmax 3486, 3372, 3233, 2844, 1660, 1553, 1464, 1275,
1011, 918, 798, 721, 691 cmdy (DMSO-dg) 9.30 (br s, 1HOH), 9.18 (br s, 1H, €), 7.51-
7.41 (m, 5H, H-Ar), 5.45 (s, 4H, #), 4.03 (br s, 2H, B,N), 3.80 (br s, 2H, B,N); ¢
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(DMSO-dg) 171.8 (CO), 149.5 (C(NH)NOH), 148.8 C(NH)NOH), 136.3 CCO), 130.1 (CH-
Ar para), 128.6(2C CH-Ar metg, 127.1 (2GCH-Ar ortho), 48.5 CHy), 45.5 CH,); HRMS
(ESI): MH', found 266.1252. GH1eNsO3 requires 266.1253.

4.1.5.N,N-Bis[(Z)-3-amino-3-(hydroxyimino)propyl]benzamidb)

N,N-Bis(2-cyanoethyl)benzamilfe (4; 454 mg, 2.0 mmol, 1 equiv.) and 50 wi%
hydroxylamine in water (49QuL, 8.0 mmol, 4 equiv.) were used following the gahe
procedure. The resulting solid was washed withogiispyl ether, to yield the title compound
as a white solid (576 mg, 98%); mp 60-61 °C; VRax 3453, 3323, 3173, 2826, 1657, 1594,
1427, 1358, 1317, 1025, 927, 703 ¢ndy (DMSO-ds) 8.88-8.84 (m, 2H, CH), 7.42-7.40 (m,
3H, H-Ar), 7.33-7.31 (m, 3HH-Ar), 5.44 (br s, 2k, NH,), 5.29 (br s, 2 NH,), 3.59 (br s,
2H, CH>-N), 3.36 (br s, 2H, 8-N), 2.32 (br s, 2H, 8,C(NH,)NOH), 2.16 (br s, 2H
CH,C(NH)NOH); 8c (DMSO-ds) 171.0 (CO), 151.2 (C(NH)NOH), 150.4 C(NH)NOH),
137.6 CCO), 129.4 (CH-Ar para), 128.7(2C CH-Ar metd, 126.7 (2CCH-Ar ortho), 46.8
(CH2N), 42.4 CHN), 30.7 CH,C(NH2)NOH), 29.5 CH.C(NH,)NOH); HRMS (ESI): MH;,
found 294.1571. GH2oNsO3 requires 294.1566.

4.1.6.N,N-Bis[2-(2-cyanoethoxy)ethyl]benzamids (

A 0.22 M solution of sodiuntert-butoxide was prepared by adding sodium (15.3 rog) t
anhydroudert-butanol (3 mL). This mixture was stirred overnigiitroom temperature (until
total dissolution of sodium). Acrylonitrile (398 16.0 mmol, 5 equiv.) and the previously
prepared solution dért-butoxide (540 L, 0.12 mmol, 0.1 equiv.) were |ssively added to
a solution ofN,N-bis(2-hydroxyethyl)benzamid® (5; 250 mg, 1.20 mmol, 1 equiv.) in 0.5
mL of anhydroudert-butanol. After stirring for 24 h at room temperatuthe volatiles were
removed under vacuum to give an orange oil. Chrography on silica gel (1/1 to 1/9
heptane/ethyl acetate) yielded a pale yellow oihtaming the desired product and an
unidentified oligomer of acrylonitrile (270 mg, 7)% he product was used without further
purification; IR: vmax 3059, 2875, 2249, 1625, 1460, 1416, 1114, 786, 783 cm®; &y
(DMSO-dg) 7.51-7.24 (m, 5H), 3.73-3.53 (m, 6H), 3.54-3.8% GH), 2.79-2.66 (M, 4H}\c
(DMSO-dg) 171.4, 137.2, 129.4, 128.6, 127.0, 119.7, 118862, 65.5, 53.3, 49.1, 44.4, 18.5;
HRMS (ESI): [M+HT, found 316.1657. GH2:N303 requires 316.1653.

4.1.7.N,N-Bis{2-[(2)-3-amino-3-(hydroxyimino)propoxy]ethyl}benzamide)(
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Dinitrile 6 (500 mg, 1.59 mmol, 1 equiv.) and 50 wt% hydroryilze in water (38%L, 6.34
mmol, 4 equiv.) were used following the generalcgdure. The product was purified on
silica gel (95/5 to 9/1 C¥Cl,/MeOH) to afford the title compound as a colorleg430 mg,
71%); IR:Vmax 3322, 3174, 2829, 1655, 1594, 1426, 1357, 1025, P22 cm’; 3y (DMSO-

de) 8.81 (s, 2H,HO-N), 7.44-7.40 (m, 3HH-Ar), 7.37-7.34 (m, 2HH-Ar), 5.37 (s, 2HH-
NH), 5.34 (s, 2HH-NH), 3.60 (br s, 4H, 8,0), 3.48-3.35 (m, 8H, B,0 and G&i;N), 2.25-
2.16 (m, 4H, Gi,C(NH»NOH); dc (DMSO-ds) 171.4, 150.9, 150.8, 137.3, 129.3, 128.7,
127.1, 68.2, 68.0, 49.2, 44.6, 31.8; HRMS (ESI):+HJ’, found 382.2085. GHgNsOs
requires 382.2082.

4.1.8. (Z,62)-N'2,N'6-Dihydroxypyridine-2,6-bis(carboximidamide)y

Dinitrile 8'7 (844 mg, 6.54 mmol, 1 equiv.) and 50 wt% hydroryilee in water (1.60 mL,
26.2 mmol, 4 equiv.) were used following the gehpracedure. The resulting solid was
washed with diethyl ether to yield the title compdtf as a white solid (1.13 g, 89%); mp 220
°C: IR: Vmax 3483, 3355, 3089, 2791, 1654, 1630, 1560, 138751955, 827, 645 cH 3y
(DMSO-ds) 9.83 (s, 2HHO-N), 7.84-7.71 (m, 3HH-Ar), 6.27 (br s, 4H, M,); 8c (DMSO-

de) 150.0 (2CCar-N or C(NOH)NH,), 149.4 (2 CCa-N or C(NOH)NH,), 137.0 CH para),
119.6 (2CCH metd; HRMS (ESI): MH, found 196.0827. {1:0NsO> requires 196.0834.

4.1.9. (,1'2)-2,2'-(Pyridine-2,6-diyl)bid{'-hydroxyacetimidamide)L€)

Dinitrile 9*° (450 mg, 2.86 mmol, 1 equiv.) and 50 wt% hydroryitee in water (705 pL,
11.5 mmol, 4 equiv.) were used following the geh@mcedure. The resulting solid was
washed with diisopropyl ether to yield the titlengmound as a white solid (532 mg, 83%); mp
190 °C (dec.); IRvmax 3448, 3330, 3172, 2778, 1660, 1595, 1573, 14549,1932, 915, 884,
763, 621 crit; &y (DMSO-dg) 8.98 (s, 2HHO),7.65 (t,d = 7.7 Hz, G-H para), 7.18 (d,J =
7.7 Hz, 2H, G-H metd, 5.47 (br s, 4H, Ny), 3.42 (s, 4H, €,); 8c (DMSO-dg) 156.8 (2C,
Car-N), 151.0 (2C,C(NOH)NHy), 137.1 C4-H para), 120.8 (2C,Cy-H metg, 39.6 (2C,
CH,); HRMS (ESI): MH, found 224.1140. §14Ns0, requires 224.1069.

4.1.10.N,N-Bis{2-[(tert-butyldimethylsilyl)oxy]ethyl}-4,6-dichloro-1,3,5zine-2-amine

A solution of bis{2-[tert-butyldimethylsilyl)oxy]ethyl}aminé® (1.947 g, 5.83 mmol, 1
equiv.) in anhydrous THF (10 mL) was slowly added tsolution of cyanuric chloride (1.076
g, 5.83 mmol, 1 equiv.) and diisopropylethylami®e983 mL, 1 equiv.) in anhydrous THF

15



(50 mL) cooled at -78 °C. The reaction mixture wtged for 15 min at -78 °C, then allowed
to warm at room temperature and stirred for 3 hteAfconcentration under vacuum,
dichloromethane (50 mL) was added. The organic@has washed with water (3 x 15 mL),
then dried (MgSG@), filtered and concentrated under vacuum. Theduesiwas purified by
silica gel chromatography (heptane/ethyl acetafé3 € 95/5) to yield the title compound as
white crystals (2.475 g, 88%); mp 60.3 °C; iRax 2955, 2930, 2854, 1570, 1460, 1089, 828,
771 cm®; &y (CDCk) 3.82 (s, 8H, @), 0.89 (s, 18H, 8Si), 0.05 (s, 12H, BsC); 3¢
(CDCl) 169.8 CCI), 164.7 C(N2)N), 60.3 CH20), 51.4 CH2N), 25.8 CH3C), 18.1 CCHy),
-5.4 (CH5Si). HRMS (ESI): MH, found 481.1984. gH34CloN4O,Si» requires 481.1983.

41.11. 6-(Bis{2-[tert-butyldimethylsilyl)oxy]ethyl}amino)-1,3,5-triazif#z4-dicarbonitrile
(11)

Potassium cyanide (106.7 mg, 1.64 mmol, 4 equiag added to a solution of the dichloride
prepared above (200 mg, 0.41 mmol, 1 equiv.) irydrdus acetonitrile (4 mL) under argon.
The suspension was stirred at room temperaturéwiordays and then concentrated under
vacuum. Dichloromethane (25 mL) and water (15 mleravadded. After decantation, the
phases were separated and the organic phase wasduvagh water (2 x 15 mL), then dried
(MgSQy), filtered and concentrated under vacuum. Theduesiwas purified by silica gel
chromatography (heptane/ethyl acetate: 100/0 t6)36/yield the title compound as yellow
crystals (98 mg, 51%); mp 79.8 °C; MRnax 2954, 2929, 2854, 2252, 1595, 1553, 1472, 1483,
1104, 807, 837, 828, 772 cmdy (CDClk) 3.91-3.86 (m, 4HCH,0), 3.85-3.81 (m, 4H,
CH2N), 0.90 (s, 18H, E3Si), 0.05 (s, 12H, B3C); &c (CDCkL) 163.1 CCN), 152.6
(C(N2)N), 113.6 CN), 60.1 CH0), 51.6 CH2N), 25.7 CHsC), 18.1 C(CH3)sSi), -5.5
(CHsSi); HRMS (ESI): MH, found 463.2670. £H39NeO,Si, requires 463.2667.

4.1.13. 6-(Bis{2-[{ertbutyldimethylsilyl)oxy]ethyl}aminolN'2,N'4-dihydroxy-1,3,5-triazine-

2,4-bis(carboximidamide)

The dinitrile prepared above (100 mg, 0.21 mmoggdiv.) and 50 wt% hydroxylamine in
water (53uL, 0.86 mmol, 4 equiv.) were used following the gext procedure. The resulting
solid was washed with diethyl ether, to yield thke ttompound as a white powder (110 mg,
96%); mp 246.3 °C; IRvmax 3494, 3340, 2952, 2928, 2855, 1658, 1556, 15094,1976,
834, 773, 718 cit; 3y (DMSO-ds) 10.38 (s, 2H, @), 6.01 (s, 4H, M), 3.79 (s, 4H, €
0), 3.33 (s, 4H, 6,-N), 0.82 (s, 18H, B3Si), -0.03 (s, 12H, E5C); 8c (DMSO-ds) 165.5
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(C(NOH)NH,), 164.6 C(N2)CNH,), 148.7 C(N3)), 60.7 CH20), 50.7 CH2N), 26.1 CH3C),
18.2 C(CH»)sSi), -5.1 CH3Si); HRMS (ESI): MH, found 529.3097. £H4sNgO4Si, requires
529.3096.

4.1.14. (22,4Z)-6-[Bis(2-hydroxyethyl)amino]-N'24Mihydroxy-1,3,5-triazine-2,4-

bis(carboximidamide)1f)

A solution of the bis(amidoxime) prepared above1fgf) 37.8 umol, 1 equiv) in ethanol (1.6
mL) and 1N HCI (0.5 mL) was stirred for 45 min, whethanol was removed under vacuum.
The aqueous phase was washed with diethyl etherl(ZnL). Concentration under vacuum
afforded the title compound as a slightly yellowygier (10.8 mg, 95%); mp 246.3 °C; IR:
Vmax 2952, 2422, 2237, 1679, 1574, 1496, 1025, 894 cvd§ 3, (D20O) 3.95 (br s, 4H), 3.84
(br s, 4H);3c (D,0) 164.3 (C(NOH)NH), 159.4 (C(N)CNH,), 152.8 (C(N)), 58.2 (CHO),
49.8 (CHN); HRMS (ESI): MH, found 301.1367. §1/NgO,4requires 301.1367.

4.1.15. 2,2-[(4-{[2-¢*azanylidene)-2*-ethyl](cyanomethyl)amino}-6-chloro-1,3,5-triazin-
2-yhazanediyl]diacetonitrile12)

To a solution of cyanuric chloride (500 mg, 2.71 ohd equiv.) and diisopropylethylamine
(0.92 mL, 5.42 mmol, 2 equiv.) in 10 mL THF cook0 °C, was added dropwise a solution
of iminodiacetonitrile (515 mg, 5.42 mmol, 2 eqdiin 5 mL THF. After 20 h stirring at
room temperature, the organic solvent was remowelgruvacuum. The residue was purified
by silica gel chromatography (heptane/ethyl acetate) to yield the title compound as a
white solid (536 mg, 65%); mp 217-218 °C; Rsax 3009, 2953, 2256, 1560, 1518, 1407,
1234, 806, 739 cifi; 5y (DMSO-dg) 4.89 (s, 4H), 4.79 (s, 4HJic (DMSO-ds) 169.8 (C),
164.7 (2C), 116.2 (CH, 116.0 (CH), 36.7 (2CH); HRMS (ESI): MH, found 302.0664.
C11HoCINg requires 302.0664.

4.1.16. 2,2',2",2"-[(6-Phenoxy-1,3,5-triazinedA]iyl)bis(azanetriyl)|tetraacetonitrilel)

Sodium hydride (60% dispersion in mineral oil, 1y, 2.78 mmol, 1.2 equiv.) was
suspended in dry THF (3 mL) under argon at 0 °Golution of phenol (261 mg, 2.78 mmol,
1.2 equiv.) in dry THF (3 mL) was added slowly eglio prevent the excessive formation of
foam. The resulting mixture was then stirred 10 =ir® °C and a solution of tetranitril®
(700 mg, 2.32 mmol, 1 equiv.) in dry THF (3 mL) wadded dropwise. After 2.5 h stirring at

room temperature, a saturated aqueous solutionrHa€CNwas poured into the flask and the
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agueous phase was extracted twice with ethyl acefdte combined organic phases were
dried over MgSQ) filteredand concentrated under vacuum. The residue waleply silica
gel chromatography (heptane/ethyl acetate: 7/36p té yield the title compound as brown
crystals (702 mg, 84%); mp 146-147 °C; WRsax 3005, 1567, 1547, 1488, 1394, 1209, 940,
814, 775, 690 cif; 8y (CDCL) 7.46 (t, J = 7.8 Hz, 2HH-Ar metd, 7.32 (t,J = 7.4 Hz, 1H,
H-Ar para), 7.19 (d,J = 7.6 Hz, 2H,H-Ar ortho), 4.60 (m, 8H,CH.N); & (CDCL)
171.1 (C(N)O), 166.0 (2C,C(N2)N), 151.5 C.-0), 129.6 (2CCH metd, 126.3 (CH para),
121.5(2C, CH ortho), 114.0 (2C,CN), 113.9 (2C,CN), 35.7 (2C,CH,), 35.5 (2C,CHy);
HRMS (ESI): MH, found 360.1327. GH14NoO requires 360.1321.

41.17.(2,12,1"2,1"7)-2,2',2",2"'-[(6-Phenoxy-1,3,5-triazine-2,4-djgls(azanetriyl)]tetra-
kis(N'-hydroxyacetimidamideld)

Tetranitrile 13 (200 mg, 0.56 mmol, 1 equiv.) and 50 wt% hydroryilae in water (274uiL,
4.48 mmol, 8 equiv.) were used following the geh@mcedure. The resulting solid was
washed with diethyl ether, to yield the title compd as a white solid (212 mg, 77%); mp
157-158°C; IR:vmax 3472, 3344, 2870, 1661, 1566, 1488, 1206, 890, 808 cm®; &
(DMSO-dg) 9.13 (s, 2H, ®), 9.08 (s, 2H, @), 7.42 (t,J = 7.4 Hz, 2HH-Ar metd, 7.24 (t,J

= 7.2 Hz, 1HH-Ar para), 7.19 (d,J = 7.2 Hz,2H, H-Ar ortho), 5.41 (s, 4H, M), 5.20 (s,
4H,NHy), 4.07 (s, 4H, @) 3.95 (s, 4H, E,); 6c (DMSO-ds) 170.6 (C(N2)O), 166.8 (2C
C(N2N), 152.5 Ca-0), 150.0 (2C,CH,C(NH,)NOH),149.3 (2C,CH,C(NH,)NOH), 129.9
(2C, CH metd, 125.7 (CH para), 122.1(2C, CH ortho), 46.8 (2C,CH,), 46.3 (2C,CH.);
HRMS (ESI): MH', found 492.2179. GH»eN130s requires 492.2180.

4.2. Complexation studies

Thermodynamic assays were carried out in water éimgua Nano-Isothermal Titration
Calorimeter (Nano-ITC, TA Instruments, USA) with active cell volume of 0.988 mL and a
250 pl stirring syringe. Nano-ITC uses a semicotmuthermoelectric heating and cooling
system to precisely control temperature and a sirgghovable syringe assembly for efficient
and accurate distribution of the titrant reagerte power curve (heat flow as a function of
time) was integrated by means of the NanoAnalyzegnam to obtain the overall heat
produced or absorbed during the reaction. All sohst were thoroughly degassed by stirring
under vacuum. Titrations were performed at 298 H pH 6.5 by an automated sequence of
50 injections, each of 5 pL uranyl acetate sol&iih2 mM), into the sample cell containing
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the amidoxime solution (0.1 mM). The injections &epaced by 300 s to ensure complete
equilibration. Three titrations were carried outr feach measurement. The reported
experimental data are the best-fit values.

4.3. Density Functional Theory (DFT) calculations

DFT calculations of the geometries, vibrationalgfrencies, and electronic structures of the
uranyl complexes with the amidoxime ligands werdgrened with the Gaussian 09 software
packagé® using the PBE1PBE1 functiorfdl. The Stuttgart/Dresden small core (SC)
relativistic effective core pseudo-potential (REQRplacing 60 core electrofiSyvas used for
the U atom, and the total electron 6-311+G(d,p)sbast was used for the C, H, O and N
atoms. Frequencies at the same level were caldulateerify that the optimized geometries
are local minima on the potential energy surfacesta obtain the thermodynamic quantities
of the reaction (enthalpies of reaction). Solvatdiects of water were taken into account by
means of the polarizable continuum model using itftegral equation formalism variant

(IEFPCMY? with default convergence criteria.
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