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Abstract

Metals of interest for biomedical applications often need to be stably complexed and associated

with a targeting agent before use. While the basics of the complexation of most transition metals

have been thoroughly studied in that end, ZrIV has been somewhat neglected. Yet, this metal has

received a growing attention in recent years, especially in nuclear medicine with the use of 89Zr, a

β+-emitter with near ideal characteristics for cancer imaging. However, the best chelating agent

known for this radionuclide is the tris-hydroxamate desferrioxamine B (DFB), whose ZrIV

complex exhibits non-optimal stability resulting in the progressive release of 89Zr in vivo. Based

on a recent report demonstrating the higher thermodynamic stability of the tetrahydroxamate

complexes of ZrIV compared to the tris-hydroxamate complexes analogue to DFB, we designed a

series of tetrahydroxamic acids of varying geometries for improved complexation of this metal.

Three macrocycles differing by their cavity size (28 to 36-membered rings) were synthesized

using a ring closing metathesis strategy, as well as their acyclic analogues. A solution study

with 89Zr showed the complexation to be more effective with increasing size of cavity. Evaluation

of the kinetic inertness of these new complexes in EDTA solution showed significantly improved

stabilities of the larger chelates compared to 89Zr-DFB, whereas the smaller complexes exhibited

insufficient stabilities. These results were rationalized by a quantum chemical study. The lower

stability of the smaller chelates was attributed to the ring strain, whereas the better stability of the

larger cyclic complexes was explained by the macrocyclic effect and structural rigidity. Overall,

these new chelating agents open new perspectives for the safe and efficient use of 89Zr in nuclear

imaging, with the best ones providing dramatically improved stabilities compared to the reference

DFB.
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Introduction

Positron emitted tomography (PET) is a powerful imaging technique for the detection of

various pathologies, including cancers. 18F (T1/2 = 1.8 h) is currently the most commonly

used β+-emitter in nuclear imaging, and continuous progress are being reported related to the

chemistry and applications with this radionuclide.[1] In parallel, a growing number of

investigations on the chemistry of longer-lived radionuclides such as 64Cu (T1/2 = 12.7

h), 86Y (T1/2 = 14.7 h) or 124I (T1/2 = 100.2 h) is ongoing, expanding the possible

applications of PET imaging[2] Among these promising β+-emitters, 89Zr (T1/2 = 78.4 h) is

particularly interesting when associated with higher molecular weight targeting agents such

as cancer targeting antibodies[3]. Indeed, its half-life ideally matches their blood kinetics,

providing high sensitive imaging of tumors for several days after injection.

Hydroxamic acids are bidentate ligands that are known to bind strongly to hard cations such

as Zr4+ via their oxygen atoms,[4] and 89Zr is usually bound to antibodies via a conjugated

tris-hydroxamate-based chelating agent, the natural siderophore desferrioxamine B (DFB)

(Figure 1)5,6 Although DFB has been a useful tool to prove the high potential of 89Zr for

PET-applications,[7] many animal studies have shown this chelator to be far from optimal to

adequately sequester ZrIV for in vivo use, forming a complex that lacks kinetic inertness.

This instability is visible via the progressive uptake of 89Zr in the bone as the metallic

radionuclide is released from DFB over a few days&lsq[8]. Possible consequences of this

instability are toxicity to the bone marrow with potentially high radiation doses of

radioactivity that can be deposited due to the relatively long half-life of 89Zr associated with

its 909 keV γ-emission, as well as the loss of image resolution due to lower signal/noise

ratio, especially if the tumors are in the vicinity of bones. This instability issue stems from

the lack of chelation chemistry studies directed specifically for ZrIV, leaving an important

area of research ill-defined as compared to other transition metals. For instance, a review of

recent literature of 89Zr labeling of proteins shows that studies were focused mostly towards

the conjugation moiety and not on the ligand itself6,9,10. Only one article reports the use of

alternative chelators with a series of phosphonates based ligands. However, results showed

that these new chelators were less efficient than DFB for 89Zr complexation.[11]

To increase the stability of the complexation of ZrIV, our approach was to improve rationally

the characteristics of DFB to fit the cation needs. The preference of ZrIV to form octa-

coordinated complexes with 4 hydroxamate ligands was confirmed only recently,[12]

suggesting that the chelating properties of DFB, which consists of only 3 hydroxamate

subunits, could be improved by the inclusion of a fourth hydroxamate in a suitably pre-

organized chelator. Whereas adequate pre-organization is essential to form

thermodynamically stable chelates,[13] macrocyclic structures can also favor higher kinetic

inertness of their metallic complex, a point clearly illustrated in Liu and Edwards'

review.[14] This factor is crucial when considering in vivo applications since the complexes,

which are highly diluted in their use, are exposed to endogenous competitive cations and

natural chelators that may challenge the stability of the metal chelate.

For these reasons, we focused on the development of a macrocyclic tetrahydroxamic acid

ligand of appropriate geometry for ZrIV. To probe the optimal ring size, 3 macrocycles made
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of 28, 32 or 36 atoms were designed, all of them symmetrical, with a 5, 6 or 7-carbon alkyl

chain between each hydroxamic acid and denoted C5, C6 and C7, respectively (Figure 1).

These ring sizes were deemed to be in the appropriate range to preserve the spatial

orientation of the four hydroxamate ligands as observed in the X-ray structure of tetrakis(N-

(hydroxyl)-N-methylacetamidato)-zirconium(IV).[12] Accordingly, comparison of these

chelators was pursued to further refine the optimal ring size imparting both thermodynamic

stability and kinetic inertness to the ZrIV complexes.

Results and Discussion

Preparation of the tetrahydroxamic acid chelators

The general synthetic approach was based on the formation of linear chains of four O-

benzylated hydroxamates connected by alkyl chains and bearing an alkene group at both

ends for macrocyclization by ring closing metathesis (RCM). At first, O-benzyl protected

hydroxylamine building blocks (2a-c and 3a-c) were prepared by N-alkylation of N-Boc-O-

benzylhydroxylamine with bromoalkyl esters of adequate chain lengths to form compounds

1a-c, followed by Boc removal or ester hydrolysis (Scheme 1). As depicted in Scheme 2, the

O-benzylated tetrahydroxamates 8a-c were obtained by appropriate sequence of conjugation

via mixed anhydride intermediates formed by using ethyl chloroformate as reported

previously,[15] and ester or Boc deprotection. Macrocyclization was performed using the 2nd

generation Grubbs catalyst in CH2Cl2. A minimum of 0.3 equivalent of catalyst was

necessary to ensure complete conversion, and a maximum diene concentration of 1.2 mM

was found to be optimal to avoid detectable formation of dimer (from the reaction mixture

analyzed by mass spectrometry). After purification, the protected macrocyclic

tetrahydroxamates 9a-c were obtained as Z/E mixtures with yields of 52-58% (Scheme 3).

Finally, hydrogenation allowed for the simultaneous reduction of the resulting alkene and

benzyl removal, affording the macrocyclic chelators C5, C6 and C7. In parallel, compounds

8a-c were directly hydrogenated to form the open chain tetrahydroxamic acid analogues L5,
L6 and L7, their evaluation being essential to assess the impact of the macrocyclic effect on

the stabilization of the ZrIV complexes. Detailed synthetic procedures are available in

supporting information.

Little data is available on the aqueous stability and structural characterization of chelators

complexed to ZrIV. For instance, even in the case of the Zr-DFB complex widely used in

nuclear medicine, no thermodynamic or crystallographic data is available. The difficulty in

obtaining such data is often related to solubility issues, and the complexes of the present

study were no exception. When preparation of the complexes was attempted by ligand

exchange from ZrIV acetylacetonate with the newly synthesized chelators, it was not

possible to dissolve the product of reaction after isolation, precluding solution analysis or

crystallization. Nonetheless, mass spectrometry analyses of the reaction solutions before

isolation of the complexes were performed. It was thereby possible to confirm the formation

of the expected ZrIV complexes with C7, L7 and L6. The absence of detection of the

complexes with C6, C5 and L5 may be related to the lower stability of these smaller

complexes in the conditions of the analysis. However, the FT-IR study showed the

disappearance of NO-H stretching of the free ligands at ∼3170 cm-1 upon complexation as
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well as a red shift of the carbonyl stretching of the free ligands from ∼1600 cm-1 to ∼1585

cm-1 in all the complexes (Example with C7 in Figure 2). Additionally, ICP-EOS analyses

of the isolated complexes confirmed the correct ratio of zirconium in the complexes.

Due to the high lipophilicity of the Zr complexes, precipitation issues prevented

determination of the stability constants in aqueous solution or water/organic mixture using

conventional methodologies such as potentiometry or spectrophotometry. Consequently, the

comparison of their relative stability was performed at tracer concentrations with 89Zr as

well as with quantum chemical calculations as discussed in the next sections.

Complexation of 89Zr and stability study

To assess the complexation ability of these new ligands at trace concentration of cation, a

radiolabeling study was performed with 89Zr in aqueous solution. For this, the ligands were

incubated with [89Zr] ZrIV oxalate at pH 7, at various temperatures and times, and analyzed

by chromatography, with DFB included for comparison. DFB appeared to be the most rapid

for complexing 89Zr, with a quantitative radiochemical yield (RCY) after 30 min at 20 °C.

Although exhibiting slightly slower kinetics, the larger ligands C7, L7 and L6 provided

excellent complexation abilities (> 99% complexation after 120 min at 20 °C). In contrast,

the smaller ligands appeared less adequate with decreasing size of cavity, with higher

temperatures required to obtain high complexation yields, and the smaller macrocycle C5
reaching only 29% even at 80 °C (Table 1). In the case of the smaller ligands, the actual

RCY may be underestimated because of possible decomplexation during the conditions of

analysis that consisted in chromatography using a 50 mM EDTA solution as eluent. In this

system, EDTA is present in large excess and complexes rapidly the free 89Zr, forming a

complex that is separated from the other 89Zr chelates. However transchelation can also

occur with weak complexes during the elution, resulting in an underestimated RCY (see

details in experimental section). Overall, L6, L7 and C7 appear to be the best ligands in the

perspective of radiolabeling proteins, with nearly quantitative complexation yields obtained

in 2 hours or less at 20 °C. The lower kinetics of complexation observed compared to DFB

would probably be appropriate when considering labeling of proteins given the relatively

long half-life of 89Zr that permits a comfortable timescale for radiochemical procedures.

Next, the kinetic inertness of these complexes was assessed in various media. The

mechanisms by which 89Zr is released from DFB in vivo have never been described and

remain hypothetical This is why we chose to assess the stability of these complexes in

various conditions simulating environments likely to occur in vivo or during their

preparation and storage. When incubated for 7 days in phosphate buffer (pH = 7.4) at 20 °C,

or in human serum at 37 °C, virtually no release of 89Zr was detected for all complexes

(stability > 99 %), similarly to 89Zr-DFB. However, when incubation was performed in

phosphate buffer at pH 6.5 (a pH value that is representative of many tumoral environments)

and 37 °C, significant decomplexation was observed for the smaller ligands L5, C5 and C6,

while the larger ligands, including DFB showed very limited decomplexation with more

than 97% of intact complex after 7 days (Table 2). Consequently, a more challenging test

was necessary to observe significant release of 89Zr from the most stable complexes and be

able to distinguish their respective stabilities. EDTA has been reported to form
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thermodynamically stable complexes with ZrIV with a Log K = 29,[16] but it exhibits

insufficient kinetic inertness in vivo for medical use. For this reason, a 50 mM EDTA

solution at pH = 7 was used to incubate the complexes at 37 °C, this concentration

corresponding to a large excess of competing chelator compared to the tetrahydroxamate

ligands (approximately a 1750 fold excess of EDTA). This test was chosen to simulate the

transchelation that might occur to ZrIV in vivo while its complex is used in high dilution and

exposed to endogen natural competing chelators. Over a week, varying levels of

decomplexation were observed. While fast release of 89Zr occurred with C5 and L5 within

the first minutes of incubation, it was significantly slower for the other ligands (Figure 3).

Stability was higher with the larger tetrahydroxamates, and better results were obtained with

the cyclic ligand C7 compared to its linear analogue L7. The inverse tendency was observed

for the L5/C5 and L6/C6 pairs, illustrating a detrimental macrocyclic effect for the smaller

rings, whereas it apparently becomes beneficial for the 36-member ring C7. Most

importantly, greater stabilities than DFB were obtained with 2 of the new ligands (L7 and

C7) with the highest kinetic inertness obtained for C7 compared to DFB (87 ± 3% vs. 47 ±

3% of intact complex, respectively, after 7 days), confirming the expected superiority of

tetrahydroxamate-ligands of optimal geometric pre-organization.

Quantum chemical study

To provide a structural basis for the observed stabilities, quantum chemical calculations

were carried out with density functional theory utilizing the M06L functional[17] with the

pseudopotential LanL2DZ[18] for the Zr atom and the 6-31+G* basis set for the rest of the

atoms as implemented in Gaussian 09 software.[19] To this end, we first calculated ΔG for

the complexation reaction of Zr(OH)4 by Me-AHA (N-methyl-acetohydroxamic acid),

whose resulting product Zr(Me-AHA)4 X-ray structure and stability constant in H2O (log β

= 45.98 at 25°C corresponding to a ΔG of − 62.7 kcal/mol) was previously determined.[12]

The calculated ΔG for the complexation (see Equation 1) in the reaction field of water was

&minus 56.1 kcal/mol, underestimating the experimental ΔG by 6.6 kcal/mol.[20] The

calculated ΔH and TΔS at 298.15 K were −68.9 kcal/mol and −12.8 kcal/mol, respectively,

indicating that the reaction is all enthalpy driven.

(1)

Having captured ∼90 % of ΔG for the formation of Zr(Me-AHA)4, we used the same

approach to further calculate the reaction energetic of Equation 2 with cyclic and acyclic

ligands.

(2)

Cyclic (C5-C7) and acyclic (L5-L7) complexes of ZrIV were built by using the previously

reported X-ray structure of PuIV complexed with the cyclic tris-hydroxamate ligand

desferrioxamine E as starting point.[21] Both the energy minimized ZrIV complexes and

ligands may not represent a global minimum for the system given the flexibility of each

ligand. Nonetheless, the calculated ΔGs in the reaction field of water (Table 3) are all in
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good agreement with the relative stabilities of the 89Zr complexes observed in Figure 3. It is

also noted that all cyclic and acyclic complex formations are both enthalpy and entropy

driven.

For example, Zr-C7 is respectively 8.8 kcal/mol and 21.8 kcal/mol more stable than Zr-C6
and Zr-C5 in terms of ΔG calculated in the reaction field of water. This energy difference

correlates well with the observation that 87 ± 3% of 89Zr remains complexed to C7 after a

week while only 32 ± 4% is still complexed to C6, and nearly none by C5. In terms of

kinetics, the release of ∼50 % of 89Zr from C5 and C6 occurred within the first minutes and

a single day, respectively. This suggests that ZrIV complexes exhibiting better

thermodynamic stabilities also have higher energy barriers for the ZrIV release. The stability

differences among the three cyclic complexes are primarily due to a ring strain, as

manifested by their ΔH values since the entropy contribution at 298.15 K for the three

complexes are all comparable (∼ 23 to 26 kcal/mol). The calculated ring strain energy going

from C7 to C6 is 8.8 kcal/mol, and further increases to 13.0 kcal/mol when going from C6
to C5, suggesting that reduction of the macrocycle cavity is detrimental to the stability of the

resulting ZrIV complex.

The observed stability with the acyclic complexes also correlates well with their calculated

ΔGs. A notable difference is that the ring strain energy going from L7 to L6 is only 2.6

kcal/mol as compared to the C7 to C6 transition being 8.8 kcal/mol. While a ring opening

alleviates the ring strain of the L6 complex, it does not overcome the ring strain in L5 (14.8

kcal/mol for the L6 to L5 transition).

As to the relative stability of Zr-C7 over Zr-L7 observed after a week, the calculated ΔG

difference between the two is only 0.4 kcal/mol, suggesting this stability difference rather to

be related to kinetics. As shown in Figure 4, the two open alkyl chains in Zr-L7 can

fluctuate more than the alkyl chains in the more rigid Zr-C7. This fluctuation is likely to

lead to the weakening of the Zr-O bonds, resulting in a lower energy barrier for the ZrIV

release from L7. On the other hand, since the L6 complex is more stable than the C6
analogue by 5.8 kcal/mol, the observed higher stability of Zr-L6 over Zr-C6 can be

attributed to thermodynamics. Whereas better thermodynamic stability does not necessarily

achieve higher kinetic inertness, the present thermochemical calculations indicate that such a

correlation exists in the smaller cyclic and acyclic ligands complexed with ZrIV studied here.

On the other hand, when similar thermodynamic stabilities are achieved with L7 and C7, a

beneficial macrocyclic effect on the kinetic inertness of C7 was observed.

Overall, these calculations as well as the stability study, illustrate well the fact that the best

pre-organization is reached when chains of 7 carbons separate the hydroxamate functions.

At this optimal size, kinetic inertness was significantly enhanced with the macrocycle C7
compared to its acyclic analogue L7.

Conclusion

In this study, the rational design of a chelating agent fitted to the ZrIV cation was proposed

by using an adequate set of ligands with varying pre-organization. A kinetic inertness

Guérard et al. Page 6

Chemistry. Author manuscript; available in PMC 2015 May 05.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



evaluation in relatively harsh conditions using EDTA as a strong competing agent provided

a classification of these ligands and proved that the use of 4 hydroxamic acids in a single

chelator can significantly increase the kinetic inertness of the resulting complex which is

essential for in vivo applications of radionuclides. The lack of stability data in aqueous

solutions inherent to this kind of complex of low solubility was circumvented by resorting to

quantum chemical calculations while using the crystallographic structures of ZrIV and PuIV

complexed with hydroxamates as a template for the construction of the present ZrIV

complexes. The relative stabilities of the investigated complexes were rationalized in terms

of structures and energetics, and the good agreement seen in the present work indicate that

quantum chemical calculations can provide an insight for the design of metal-ligand

complexes of interest, particularly when aqueous solution studies are not applicable.

Finally, this is to our knowledge the first time complexes of ZrIV are reported which exhibit

significantly superior stabilities compared to the reference DFB used in nuclear medicine for

the complexation of 89Zr. The modification of the most promising ligands of this study for

conjugation to antibodies and in vivo applications is in progress, especially L7 and C7
which exhibited the best stabilities in all conditions tested, as well as efficient complexation

abilities of 89Zr at 20 °C.

Experimental Section

General procedure for the preparation of the cold ZrIV complexes

Example with Zr-L7: To zirconium(IV) acetylacetonate (81 mg, 162 μmol) dissolved in 10

mL dry methanol under nitrogen atmosphere was added ligand L7 (113 mg, 171 μmol)

dissolved in 10 mL iso-propyl alcohol. The solution was heated for 14 h at 70 °C, resulting

in a milky solution with the complex partially precipitated. Analysis of the solution by

ESI(+)-MS confirmed the formation of 1:1 (metal:ligand) complex: [M+H]+ = 745.3 (+ Zr

isotopic distribution peaks). The solution was evaporated, resulting in a pale yellow powder.

Residual zirconium(IV) acetylacetonate and ligand were removed by boiling and filtering

the solid successively in methanol and iso-propyl alcohol. After drying in vacuum, 91 mg of

pale yellow solid were obtained (76%). A sample was analyzed by ICP-OES for Zr content.

%Zrcalc = 12.23%, %Zrfound = 13.29 (within the experimental error limits of the analysis

which is 10%).

All complexes were prepared using the same procedure. Only L6, L7 and C7 formed a

complex that could be detected by ESI(+)-MS. All complexes had a Zr content within the

error range of the ICP-OES analysis method, except for Zr:L6.

Zr-C5, yield = 92%, not detected in ESI(+)-MS. %Zrcalc = 15.11, found = 14.7.

Zr-L5, yield = 94%, not detected in ESI(+)-MS. %Zrcalc = 14.39, found = 13.38.

Zr-C6, yield = 82%, not detected in ESI(+)-MS. %Zrcalc = 13.82, found = 14.14.

Zr-L6, yield = 96%, ESI(+)-MS [M+H]+ = 689.2. %Zrcalc = 13.22, found = 15.11.
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Zr-C7, yield = 78%, ESI(+)-MS [M+H]+ = 715.3. %Zrcalc = 12.74, found = 12.59.

89Zr production
89Zr was produced and purified at the National Institutes of Health, Bethesda, MD, USA, by

the following procedure: Pressed pellets of yttrium metal (200 mg, 99.99% purity; American

Elements, USA) were irradiated with a proton beam of 15 MeV and a current of 20 μA for

2–4 h on a GE PETtrace cyclotron. 89Zr was separated from the yttrium target material by

the use of hydroxamate resin as described by Holland et al.[22] Briefly, the target material

was dissolved in 4 × 0.5 mL fraction of 6M HCl. After 1 h, the undissolved solid residue

was separated by filtration, the resulting solution diluted to 5 mL with de-ionized water and

loaded onto the hydroxamate resin column. The column was then washed with 4 × 2.5 mL

of 2M HCl and 4 × 2.5 mL de-ionized water. After the solution was removed from the

column, the 89Zr was eluted with successive portions of 1M oxalic acid. The first 0.4 mL

fraction was discarded and the next 0.7 mL fraction collected for further use.

Complexation study with 89Zr

All solutions described below were prepared with de-ionized water purified through a chelex

column prior to use. Stock solutions of 89Zr at pH 7 were prepared as follow: To 450 μL of

the 89Zr solution in oxalic acid were added 450 μL of a 1M Na2CO3 solution and the pH

was adjusted to 7 by addition of small aliquots of a 0.1 M Na2CO3 or 0.1 M HCl. 450 μL of

water containing 3 % bovine serum albumin were then added. To 45 μL of stock solution (∼

1.3 MBq of 89Zr in a typical experiment) were added 7.5 nmol (5 μL) of L5, L6, L7, C5, C6
or C7 in DMSO or desferrioxamine B (DFB) mesylate in de-ionized water. These solutions

were incubated at desired temperatures and time of reaction and analyzed by ITLC-SG using

a 50 mM EDTA (ethylenediaminetetraacetic acid) solution adjusted to pH = 7 in de-ionized

water as eluant, and analyzed with a Typhoon 8600 scanner (GE Healthcare) in

phosphorimaging mode. The percentage of the activity bound to the ligand after TLC was

calculated by converting the TLC scan into a chromatogram and integrating the peak

corresponding to the spot at the bottom of the TLC. Activity ratios were averaged out of a

minimum of 2 TLCs for each condition. A selection of representative TLCs is displayed in

supporting information. For stability studies described below, higher activities were used

with ∼ 50 MBq 89Zr reacted with 38 nmol of ligand. The specific activity achieved was 0.96

MBq/nmol with L5, 0.30 MBq/nmol with C5, 1.26 MBq/nmol with L6, 1.21 MBq/nmol

with C6, and 1.31 MBq/nmol with L7, C7, and DFB.

In vitro stability of the [89Zr]-zirconium(IV) complexes

10 μL of each 89Zr complex solution prepared as described above were incubated for 7 days

in 40 μL Phosphate-Buffered Saline (pH 7.4-10% DMSO) at 20 °C, 40 μL sodium

phosphate buffer (0.1 M, pH 6.5- 10% DMSO) at 37 °C, 40 μL human serum at 37°C, or 40

μL 50 mM EDTA (pH 7, 10% DMSO) at 37 °C, respectively, and analyzed using the

chromatographic system described in the above section after 1 h, 3 h, 1, 2, 3, 4, 5, 6 and 7

days.
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Quantum Chemical Study

The X-ray structure of PuIV complexed with DFE reported previously[21] was used as a

template to build the ZrIV-C7 complex. After the Zr subsitution for Pu, each amide group in

the ring was converted to (-CH2CH2-) and then a fourth hydroxamate group with a 9-carbon

alkyl chain on each end was inserted. After the geometry optimization at the level of

B3LYP/LanL2DZ, a CH2CH2 moiety in each ring were deleted, and the resulting ZrIV-C7
complex was further optimized in the gaseous phase at the level of M06L with the

pseudopotential LanL2DZ for the Zr atom and the 6-31+G* basis set for the rest of the

atoms. The acyclic ZrIV-L7 complex was constructed by modifying the optimized ZrIV-C7
complex, and then energy minimized. Starting with these two structures, the rest of the

cyclic and acyclic complexes were built successively by deleting a CH2 moiety in each ring

in their respective ge parenthesis represent the values ate the ΔG and ΔH for complexation

reaction, each ligand was constructed from its corresponding geometry optimized complex

by deleting ZrIV, and then protonating each of the 4 hydroxamates. The geometries of these

ligands were optimized at the level of M06L/6-31+G*. In order to approximate the solvent

effect onto the energetics, single point energy calculations were also done in the reaction

field of H2O with the PCM model as implemented in Gausssian 09 software.[19] All

calculations have utilized the 5-component d functions, and the coordinates of the ligands

and complexes are listed in the supporting information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Structure of DFB and schematic representation of the tetrahydroxamic acid chelators C5, C6

and C7 considered in this study, with each hydroxamic acid linked by a chain of 5, 6 or 7

methylene groups, respectively.
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Figure 2.
FT-IR spectra of free ligand C7 and its ZrIV complex.
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Figure 3.
Stability of the 89Zr-complexes in 50 mM EDTA at pH 7 and 37 °C over 7 days (n = 4).
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Figure 4.
Geometry optimized cyclic Zr-C7 and acyclic Zr-L7 complexes. The arrows indicate the

two open alkyl chains. Carbon in green, oxygen in red, nitrogen in blue and central

zirconium in grey color (hydrogen atoms not shown). Average NO-Zr bond length is 2.169

Å in Zr-L7 and 2.167 Å in Zr-C7 and average CO-Zr bond length is 2.289 Å in Zr-L7 and

2.296 Å in Zr-C7. These calculated bond lengths are all comparable to those determined by

X-ray diffraction of the crystalline Zr(Me-AHA)4 (NO-Zr = 2.183 Å and CO-Zr = 2.204 Å).

The coordinates of the complexes and ligands discussed in this paper are all available in

supporting information.
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Scheme 1.
Preparation of the O-benzyl protected hydroxylamine building blocks 2a-c and 3a-c (with

1a: n = 5, 1b: n = 6 and 1c: n = 7).
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Scheme 2.
Preparation of the O-benzyl tetrahydroxamate precursors (NMM = N-methylmorpholine;

TFA = trifluoroacetic acid).
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Scheme 3.
Formation of the cyclic and acyclic tetrahydroxamic acid chelators.
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Table 1

Influence of time and temperature on the complexation yield of 89Zr by L5, L6, L7, C5, C6 and C7 and DFB.

Ligand
20 °C 50 °C 80 °C

30 min 120 min 30 min

L5 60% 71% 73% 87.3%

C5 17% 22% 23% 29%

L6 82% 95% 96% > 99%

C6 77% 79% 92% 92%

L7 88% >99% > 99% > 99%

C7 92% > 99% > 99% > 99%

DFB > 99% > 99% > 99% > 99%
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Table 2

Stability of the 89Zr-complexes in 0.1 M sodium phosphate buffer at pH 6.5 over 7 days.

Fraction of intact complex

Ligand 1 Day 4 Days 7 Days

L5 93% 89% 77%

C5 69% 46% 42%

L6 97% 94% 94%

C6 89% 79% 61%

L7 99% 98% 98%

C7 > 99% 99% 99%

DFB 99% 98% 98%
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Table 3

Gibbs free energy, enthalpy, and entropy contribution (kcal/mol) for the complexation of Zr(OH)4 by the

tetrahydroxamic acid ligands (Equation 2) at 298.15 K calculated at the M06L level with the pseudopotential

LanL2DZ for the Zr atom and the 6-31+G* basis set for the rest of the atoms[a].

Ligand ΔG ΔH TΔS

C7 −66.4 (−71.0) −42.3 (−45.2) 24.1 (25.8)

L7 −67.4 (−70.6) −43.7 (−47.3) 23.7 (23.3)

C6 −60.0 (−62.2) −37.1 (−36.7) 22.9 (25.5)

L6 −66.4 (−68.0) −43.3 (−44.9) 23.1 (23.1)

C5 −44.7 (−49.2) −22.4 (−23.8) 22.3 (25.4)

L5 −47.5 (−53.2) −24.1 (−28.9) 23.4 (24.3)

[a]
Numbers in parenthesis represent the values calculated in the reaction field of water with the polarizable continuum model (PCM) based on the

gas phase optimized geometries.
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