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A series of terephthalamide-containing analogues based on TREN-Me-3,2-HOPO have been prepared. These
analogues contain one, two, or three bidentate 2,3-dihydroxyterephthalamide (TAM) units in place of the 3,2-
hydroxypyridinone (HOPO) units on the parent hexadentate ligand. One representative ligand in the series,
TRENHOPOTAM;, and its gallium complex have been structurally characterized by X-ray diffraction. TRENHOPOTAM,
crystallizes in the monoclinic space group P24/c with cell parameters a = 16.0340(17) A, b = 17.0609(18) A, ¢ =
16.0695(17) A, B = 113.837(2)°, and Z = 4. Ga[TRENHOPOTAM)] also crystallizes in the monoclinic space
group P2/c, with cell parameters a = 16.3379(14) A, b = 15.2722(13) A, ¢ = 19.4397(17) A, p = 91.656(2)°,
and Z = 4. The conformation of the TRENHOPOTAM, ligand structure suggests that the ligand is predisposed for
metal ion binding. The aqueous protonation and ferric ion coordination chemistry of all ligands in the series were
examined using potentiometric and spectrophotometric methods, giving log formation constants of 34.6(2) (3110)
and 38.8(2) (Bi1) for the ferric TRENHOPO,TAM complexes, 41.0(3) (B110) and 45.4(3) (B111) for the ferric
TRENHOPOTAM; complexes, and 45.2(2) (B110) and 50.9(2) (B111) for the ferric TRENTAM3 complexes. These
thermodynamic data confirm that adding terephthalamide units to a hydroxypyridinone-containing ligand tends to
increase the stability of the resulting iron complex. The ferric TRENTAM; complex is one of the most stable iron
complexes yet reported.

Introduction demonstrated by an in vitro kinetic survey of TREN-Me-
- . 3,2-HOPO and other hydroxypyridinone ligartda.recent
The versatile ligand TREN-Me-3,2-HOP®,{\',N"-tris- Ma.2 9.
[(3-hydroxy-1-methyl-2-0x0-1,2-didehydropyrid-4-yl)car- study of TREN-Me-3,2-HOPO and several expanded scaffold

. . . . . analogues (Compounds-4, Figure 1) found that ligands
boxa_mldoethyl]amm_e, I_:lgurg 1) hfas be_en mv_estl_gated for incorporating the TREN scaffold formed more stable iron
use in several applications involving high oxidation MRI

o complexes than ligands incorporating similar but larger
(,\:Aoggazs‘_tHeonEg‘ﬁz?ﬁnshzﬁée&iﬁgglt;asnasit)hoz t;;igmi-c ironscaffolds (Table 1§.An investigation of mixed hydroxypy-
chelator. In a preliminary animal trial, TREN-Me-3,2-HOPO ridinone chelators containing terephthalamide or isophthala-

was effective at promoting iron excretion in rats when mide binding units in place of one of the hydroxypyridinone

L at p oung units (Compounds and6, Figure 1) found that incorporating
administered either by injection or by moutft.REN-Me- one isophthalamide group in place of hydroxypyridinone had
3,2-HOPOQ's therapeutic benefits arise from its low toxicity

L L . . . little effect on the stability of the iron complex but that
4
and its b_|0ava|Iab|I|tyl. _Thls ligand is also _able to rap_ldly replacing a hydroxypyridinone unit with a terephthalamide
remove iron from the iron transport protein transferrin, as

unit resulted in a large increase in the iron complex formation
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socrates.berkeley.edu. In this program of research, we sought to probe this system
(1) Durbin, P. W.; Kuligren, B.; Xu, J.; Raymond, K. Mt. J. Radiat.  further by investigating the effect on the iron complex
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Figure 1. TREN-Me-3,2-HOPO and previously investigated analogues.

Table 1. Thermodynamic Ferric Complex Stability of TREN-Me-3,2-HOPO and Previously Investigated Analogs

param TREN-Me-3,2-HOP{(1) 26 36 45 57 6’
log 110 26.8(1) 26.2(2) 26.42(1) 24.48(1) 33.89(2) 26.89(3)
log 111 30.7(3) 30.8(1) 32.72(1) 32.2(6) 38.45(2) 31.16(6)
pM 26.8 26.6 25.8 23.8 30.2 26.7

(HOPO) units on TREN-Me-3,2-HOPO by terephthalamide thermodynamics of the three ligands in this series, as well
(TAM) units. As a bidentate ligand, terephthalamide forms as the structural characterization of a representative ligand,
stronger iron complexes than bidentate hydroxypyridinfone. TRENHOPOTAM (8), and its gallium complex by X-ray

It was hypothesized that hexadentate ligands incorporatingdiffraction.

both hydroxypyridinone and terephththalamide units would

combine the bioavailability of hydroxypyridinone with the ~Results and Discussion

greater iron affinity of terephthalamide, leading to ligands Synthesis.The synthesis of each member of this series of
with overall increased chelation efficiency. For this purpose, ligands followed one of two methods. The first step in
a series of terephthalamide-containing analogues of TREN-gcheme 1 involves the selective preparation of the mono-
Me-3,2-HOPO was designed (Figure 2) and evaluated for o pis_sybstituted TREN amine intermediatésand 14. In

the thermodynamic stability of their iron complexes. A his reaction, a stoichiometric amount of HOPO thiaz (1
related series of ligands has been investigated previously forequiv in the case of1, 2 equiv in the case df4) is added
their Gd(lll) complexing ability> Future exploration will  giowly to a solution of the TREN amine. The thiazolide
determine whether the terephth_ala_rr_lide-containing ligands are,ctivated ester reacts selectively with primary amiS@e

able to preserve the oral availability of the parent TREN- yaaction proceeds slowly enough that the activated ester is
Me-3,2-HOPO ligand and whether the stronger terephthala- gistributed evenly throughout the rapidly stirred solution
mide iron-binding units contribute to a greater chelation pefore the coupling reaction is complete, permitting prefer-
efficiency. In this paper, we present the synthesis and solutiongntial formation of the mono- or bis-HOPO TREN amine
product, depending on the stoichiometry of HOPO thiaz used.

(8) Van Horn, J. D.; Gramer, C. J.; O'Sullivan, B.; Jurchen, K. M. C;
Doble, D. M. J.; Raymond, K. NC. R. Chim.2002 5, 395-404.

(9) Doble, D. M. J.; Melchior, M.; O’Sullivan, B.; Siering, C.; Xu, J.; (10) Nagao, Y.; Seno, K.; Kawabata, K.; Miyasaka, T.; Takao, S.; Fujita,
Pierre, V. C.; Raymond, K. Nnorg. Chem.2003 42, 4930-4937. E. Chem. Pharm. Bull1984 32, 2687-2699.
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QA acid to be used in the deprotection reaction, as the capping
NH O— . . . .

TREN nitrogen is protonated during the course of the reaction

OH and certain halide salts are toxic. Thus, concentrated

o OH hydrochloric acid was used as the mineral acid, and the final

{‘j o ligands were isolated as the innocuous hydrochloride salts.

N HN Method 1 was used to prepare the HOPO-containing
R °”HNJ HOJ%;\y ligands TRENHOPGIAM (7) and TRENHOPOTAM (8).

—Nt\§—§ N The overall yield for TRENHOPEAM (7) is good: 52.3%

© © from the TREN amine. Unfortunately, the yield for TREN-

TRENHOPO,TAM HOPOTAM, (8) was poor by comparison, 14.1% from
7 :
o o TREN. If large amounts of these ligands are to be prepared
NH o— NH o for in vitro testing, greater yields will be required. Although
oH oH this strategy provides increased flexibility in the final ligand
by permitting the coupling of different amines onto the
= =" pendant thiazolides midway through the synthesis, the greater
any 0 \ &N/—F}N 0 number of side products from the first coupling step with
o OH J <)_ HO  OH j TREN makes selective isolation of the TRENtris(TAM thiaz)
ERA HN—" HO NH HN—" HO intermediate difficult, making this synthetic strategy imprac-
=/ o HO o 3 ) HO o tical for the preparation of large quantities of TRENTAM
HN HN
9.
/OJ /OJ For the synthesis of TRENTAMY], and an improved
synthesis of TRENHOPOTAM(8), an alternative strategy
TRENHOBPOTAMz TREl;TAM was developed (Scheme 2). In this case, BhTAM thiag (

is used as the initial starting material. In the first step, a large
excess ofl7 is treated with 2-methoxyethylamine to selec-
In each case, a mixture of the singly, doubly, and triply tively produce the monosubstituted TAM thiaz prod8t
coupled products is obtained, with the desired product easily separable by chromatography from the excess starting
comprising the largest fraction. The multiple products can materiall7 as well as from the small amount of disubstituted
be separated by column chromatography either at this pointproduct afforded by the reaction.
in the synthesis or after subsequent steps. Subsequently, a stoichiometric amount of the mono-thiaz
In the next step of synthetic method 1, the TAM moiety mono-meg terephthalamid@ is added dropwise to a rapidly
is coupled onto the free pendant amine (or amines) of the stirred solution of the TREN backbone. When 3 equivL8f
TREN backbone. To avoid reaction of both thiazolide groups is used, this second step yields the protected ligandVith
of the terephthalamide unit, the reaction is performed in the the addition of 2 equiv 018, the bis-terephthalamide TREN
presence of a large excess of TAM thiak7), and the amine20is formed preferentially, along with a small amount
TREN—HOPO amine solution is added slowly to the reaction of the mono- and tris-substituted side produt®sand 21
mixture. This gives complete coupling of the remaining Attempts to separate the multiple products at this point in
TREN arm(s) while preserving the second TAM thiazolide the synthesis were not successful. They must be separated
group for later reactions. When the crude product from step after the next step in the synthesis.
1 is used in this reaction without further purification, the The amine intermediat20 is treated with a slight excess
side products resulting from coupling of the HOPO moiety of HOPO thiaz {0). The HOPO couples to the remaining,
to one, two, or three of the TREN amine arms are all presentunreacted primary amines, giving a mixture of protected
in this TAM coupling reaction, and the desired intermediate TRENHOPQTAM (16), TRENHOPOTAM (13), and
(12 or 15) must be isolated by column chromatography.  TRENTAM (21) ligands, with 13 comprising the largest
A slight excess of 2-methoxyethylamine is used to treat fraction of the product mixture. At this point, the multiple
the purified product. The amine couples with the remaining products can be separated cleanly by column chromatogra-
thiazolide group on the TAM unit(s), affording the desired phy, eluting with acetone. With this technique, the three
benzyl-protected ligand3 or 16, again easily purified by  protected ligand43, 16, and 21 have been isolated from
column chromatography. Other substituents may be intro- the same product mixture.
duced by coupling different amines to the thiazolide inter-  As described above, treatment of the protected ligasd (
mediate, and determining the effects on biological activity 16, or 21) with glacial acetic acid and concentrated HCI
and chelation strength of modifying the ligand system by affords the hydrochloride salt of the final ligand 8, or 9).
varying the substituents attached to the TAM subunits will The overall yield of TRENHOPOTAM(8) from TREN was
be the subject of future work. greatly improved using this synthetic strategy, nearly double
Treating the protected ligand with a 1:1 mixture of glacial at 27% (24.3% froni7). The yield of TRENTAM was also
acetic acid and a concentrated mineral acid removes thevery good, at 70% from TREN (56% froiti7).
benzyl protecting groups. Because these ligands are destined Metal complexes (iron and gallium) of the three ligands
for use in vivo, it is necessary to choose carefully the mineral in this series were prepared. The complexation reaction is

Figure 2. Terephthalamide-containing analogues of TREN-Me-3,2-HOPO.
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Scheme 1. TREN Ligand Synthesis Method 1
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two rings. This (presumed) preferred geometry is the result
of numerous hydrogen-bonding interactions. The TAM
phenol protons hydrogen bond with the adjacent amide
carbonyl groups (average-@D distance= 2.51 A), holding

solved in a small amount of methanol and added to the ligandthe extended terephthalamide units in a planar geometry. The

solution. After the mixture was stirred for at leak h to

HOPO ring is coplanar with its amide group due to hydrogen

ensure complete reaction, the concentration of the Complexbonding of the amide proton to the phenolate oxyger @\

solution and precipitation from ether or acetone affords the

analytically pure metal complex.

X-ray Crystallography. The free ligand TRENHO-
POTAM, (8) crystallizes in space group2,/c as the
hydrochloride monohydrate, with four ligands/unit cell. All

distance= 2.664 A). The phenol proton H-bonds in turn
with the adjacent HOPO oxo group {@ distance 2.702

A). Finally, the entire HOPO unit is held in place by a
hydrogen bond between the capping amine proton and the

three pendant arms fall to one side of the protonated cappingdMide carbonyl oxygen (NO distance= 2.691 A). In the
amine (Figure 3), with the HOPO ring and one of the €xtended structure, the ligands are also held in their orienta-

terephthalamide rings oriented parallel to each other in ation with respect to each other by hydrogen bonds. Two

manner suitable for pi stacking (centreidentroid distance
= 3.756 A; nearest atom distanee3.363 A). The second
terephthalamide ring lies at an angle ®70° to the other

chloride counterions are bound cooperatively by the eight
TAM amide protons on two adjacent ligands (Figure 4,
average H-Cl bond= 2.50 A). In addition to H-bonding

Inorganic Chemistry, Vol. 45, No. 3, 2006 1081



Scheme 2. TREN Ligand Synthesis Method 2
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with the adjacent oxo group, the HOPO phenol proton change to bring the binding atoms to the correct position to
hydrogen-bonds with a TAM phenol oxygen on a neighbor- coordinate a metal ion. This is the situation found in metal
ing ligand. complexes of analogues of the siderophore enterobaatia
There has been some discussion in the literature aboutis proposed for the siderophore itself on the basis of structural
predisposed versus preorganized ligald®. In general, a studies of the vanadium complék.In the most stable
ligand is considered to be preorganized if the atoms in the conformation of enterobactin, the three catecholamide groups
molecule stay in virtually the same place upon metal lie on one side of the trilactone backbone (Figure 5). Due to
coordination. A good example of this phenomenon is found hydrogen bonding between the phenol hydrogen and carbonyl
in the tetradentate hydroxamate siderophore alcaligin and itsoxygen on each catecholamide subunit, the binding atoms
ferric complext® The structures of the ligand alone and of in the fully protonated ligand point away from the central
the ligand within the metal complex are virtually superim- ligand cavity, and the ligand must undergo a conformational
posable, indicating that the bonding oxygen atoms in the change, twisting the binding groups by 28for iron binding
ligand are already in the optimum position for binding iron. to occur.
A predisposed ligand has its binding groups in the correct The question of whether the TREN-based ligands are
region of space for metal binding; however, unlike a predisposed or preorganized for iron binding can be answered
preorganized ligand, it must undergo some conformational by comparing the TRENHOPOTAMigand crystal structure
to the structure of GaTRENHOPOTAM, which also
crystallizes in the monoclinic space grob@,/c with Z =
4. The complex displays the expected tripodal geometry, with
the capping amine in the “in” conformation (Figure 6). The
—2 overall charge of the complex is offset by two potassium
counterions: K1 is bound by the phenol protons opposite

(11) Xu, J.; Whisenhunt, D. W., Jr.; Veeck, A. C.; Uhlir, L. C.; Raymond,
K. N. Inorg. Chem.2003 42, 2665-2674.

(12) Hou, Z.; Stack, T. D. P.; Sunderland, C. J.; Raymond, Klndrg.
Chim. Actal997 263 341—355.

(13) Hou, Z.; Raymond, K. N.; O’Sullivan, B.; Esker, T. W.; Nishio, T.
Inorg. Chem.1998 37, 6630-6637.

(14) Stack, T.D. P.; Hou, Z. G.; Raymond, K. .Am. Chem. S04993
115 6466-6467.

(15) Hou, Z. G.; Sunderland, C. J.; Nishio, T.; Raymond, K.JNAm.
Chem. Soc1996 118 5148-5149.

(16) Karpishin, T. B.; Dewey, T. M.; Raymond, K. N. Am. Chem. Soc.
1993 115 1842-1851.
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as they do in the complex, but to actually bind a metal ion
the binding groups need to twist up to a full 28@ bring
the binding oxygens into the correct position.

Solution Thermodynamics. Ligand Protonation Con-
stants. The protonation constants of the phenolic oxygens
and capping TREN amines for each ligand in this series were
determined by potentiometric titration. Each titration (forward
and back) was repeated three times, with the final equilibrium
constants determined by simultaneous refinement of all of
the accumulated data using the program Hyperdti&ar
each ligand, a constant pH buffering region was observed
throughout the pH range 5:®.0 used in the titrations.
Analysis of the titration curves indicated four sequential

: protonation equilibria corresponding telog K, values of
Figure 3. TRENHOPOTAM: (8) crystal structure (cation only). approximately 5, 6, 7, and 8 (exact values given in Table
2). Speciation diagrams for these ligands in their various
protonation states are shown in Figure 8. On the basis of
previous worlk€ the lowest proton dissociation constant at
~5 is assigned to protonation/deprotonation of the capping
TREN nitrogen atom, with the higher three dissociation
constants corresponding to sequential removal of one proton
from each of the three binding groups. Théog K, values
determined for this series of ligands correlate well witlog
Ka values determined for a similar series of mixed HOPO/
TAM ligands? The equilibrium constants for removal of a
second proton from each terephthalamide unit were not
refined. The dissociation constant for each of these protons
was assigned a value of 11.1 for refinement purposes, on
the basis of previous work.
Figure 4. Cooperative chloride binding by TRENHOPOTAMigand Metal Complexation Equilibria. Determination of the
cations. iron complex formation constant for any ligand requires the

establishment of equilibrium between the metal complex and

the capping amine, by the two ether side chain oxygens, anda species of known thermodynamic stability. Because the
by two carbonyl oxygens on neighboring complexes. K2 is iron complexes of the multidentate ligands in this series do
bound by three carbonyl oxygens on neighboring complexesnot dissociate according to the proton-dependent equilibrium
and by disordered solvent and is bridged to another K2 atomFe*" + HyL = Fel®™* + nH* except at negative pH
by two of the carbonyls and one DMF oxygen. The gallium Vvalues, the iron complex formation constants were deter-
ion coordination is best described as pseudooctahedral; thenined via competition titration with a ligand of known iron
average twist angle of the complex (defined as the angle affinity.’® EDTA is the ligand of choice for these competition
between the two GaO vectors in a binding unit projected ~ experiments, as its protonation and iron complexation
onto a plane perpendicular to the pseudo-3-fold axis of the equilibria are well-characterized and both the ligand and its
complex) is 45.24 smaller than the expected66ctahedral  iron complex are transparent above 420 ¥ifthus, when
twist angle but consistent with the coordination geometry the equilibrium FEEDTA + H,L = Fel® V" + H,EDTA?
seen in the metal complexes of other TREN-based ligahds. + (n — 2)H" is monitored at several different values of [H
The average GaO bond is 1.97 A, with a range of 1.92 A  (i.e., pH), the formation of the HOPO/TAM ligardron
for the Ga-Orav bonds nearest the capping amine, to 2.057 complex can be followed by monitoring the charge-transfer
for the bond between Ga and the HOPO ketone. As is bands between 420 and 650 nm that give the complexes their
common in terephthalamide and HOPO amide coordination reddish or purplish color. The above equilibrium is accessible
complexes, the amide protons H-bond with the nearest in the general pH range 2:%.0 for HOPO/TAM ligands.
phenolate oxygen atoms (average ® distance= 2.69 A). EDTA competition titrations are commonly performed in two
The three amide protons nearest the amine cap also engaggeneral ways, either incrementally or in batch titratidhs.
in weak H-bonding with the capping amine with an average incremental titrations, a single bulk solution is used, and its
Namige—Ncap distance of 3.06 A. pH is incrementally perturbed by the addition of standardized
. Upon examination of the superlmpgsed struc_tures of the (17) Gans, P.; Sabatini, A.; Vacca, AYPERQUAD2000Leeds, U.K.,
ligand and of the metal complex (Figure 7), it becomes and Florence, Italy, 2000.

apparent that the appropriate description for TRENHO- (18) Martell, A. E.; Motekaitis, R. JDetermination and Use of Stability
. . . P : Constants VCH Publishers: New York, 1988.
POTAM; is predlsposed. Inthe Ilgand, all three blndlng units (19) Smith, R. M.; Martell, A. ECritical Stability ConstantsPlenum: New

have the same general orientation on one side of the amine ~ York, 1977; Vols. +-4.
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Figure 5. Enterobactin and schematic models of the proposed predisposed ligand and iron complex. One of the catecholamide arms has been omitted from
the schematic for clarity.

Figure 6. Gallium(lll) TRENHOPOTAM,, showing potassium counter-
ions.

acid or base solution. The solution is allowed to equilibrate
for 2 h after the pH is adjusted, at which time the pH is
redetermined and a UWisible spectrum is taken. A batch
titration technique can also be used to confirm the accuracy
of formation constants found using the incremental technique.
In this case, aliquots are removed from the bulk solution,
and the pH of each aliquot is adjusted individually. The
aliquots are then allowed to reach equilibrium over a period
of 48 h or more, at which time the pH of each aliquot is
redetermined and a Uwisible SpeCt.rum s taken. Figure 7. Top: Superimposed TRENHOPOTAMand Ga[TRENHO-
The hexadentate TREN-based ligands are capable OfPOTAsz crystél structures. The ligand is shown in cyan, and the complex
saturating iron’s coordination sphere, and complexes of in blue. Bottom: TRENHOPOTAMand Ga[TRENHOPOTAM crystal
stoichiometries other than 1:1 are not expected to appear instructures in the same orientation as in the superimposed picture.
solution. For each ligand, the iron complex formation Table 2. Summary of Solution Thermodynamics of TREN-Based
constant was determined by means of three incrementalLigands
EDTA competition titrations and confirmed by a single batch ;.. TRENHOP® TRENHOPQTAM TRENHOPOTAM, TRENTAM
competition titration. In each competition experiment, the

i X i —logKs  4.97(1) 5.06(1) 5.11(1) 5.17(1)
ferric EDTA complex predominated at low pH, while at —logk,  5.83(1) 5.79(1) 5.86(1) 6.00(1)
higher pH the concentration of the HOPO/TAM iron complex —109Ks  6.97(1) 6.97(1) 6.99(1) 6.98(1)
. ) . —logKa,  8.19(2) 8.07(1) 8.10(1) 8.03(1)
increased, changing the color of the solution from colorless |o4,,,"  26.8(1) 34.6(2) 41.0(5) 45.2(2)
to red or purple. In the collected spectra, the charge-transferlogpu.  30.7(3) 38.8(2) 45.4(6) 50.9(2)

bands for the complexes can be seen growing between 4oPM(FeY - 26.8 309 336 34.2

and 600 nm (Figures-911). Factor analysis of the spectra

collected over the course of the competition experiment for species. For TRENHOPOTAMS8) and TRENHOPQIAM
each ligand indicated the presence of two absorbing specieg7), the protonated iron complexes were not soluble enough
in the solution. These two species were modeled as the FelLto permit independent confirmation of the iron complex
and FelLH complexes. Refinement of these values alsoprotonation constant. In contrast, the protonated TRENTAM
provided the protonation constant for the iron complex, as (9) iron complex was soluble enough to permit a potentio-
the difference between the formation constants of the two metric titration of the complex to confirm the refined
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obtained by refinement of the two iron complex formation

constants using data from the EDTA titrations.
0 . , . . - On the basis of the iron complex formation constants and
34 38 42 46 50 54 ligand protonation constants, a pM value was calculated for
) p'_* o each ligand. The pM is defined as the negative log of the
(F;?E'ES'T Asfmé‘zg‘tﬁ’gﬁ_tra and speciation diagram for TRENHEIM free iron concentration at physiological pH withuM total
iron concentration and 10M total ligand concentration. A
higher pM indicates a stronger iron complex. The results of
protonation constant for Fe[TRENTAM]. The value obtained the solution thermodynamics studies of the TREN-based
by potentiometric titration was nearly identical with the value ligand series, as well as the analogous results of previous

20

% formation relative to Fe
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studies of the parent ligand TREN-Me-3,2-HOPD, (are
summarized in Table 2.

Examination of the results in Table 2 reveals that the
original hypothesis was correct; specifically, the incorpora-
tion of additional terephthalamide units into the TREN ligand

design leads to ligands with increased affinity for iron. In
fact, TRENTAM, with aK; of 102 and a pM of 34.2,

Jurchen and Raymond

(6.3 g, 80%): H NMR 8 2.94 (1, = 7.3, 2H, CH), 3.25 (s, 3H,
CHg), 3.42 (t,J = 5.3, 2H, CH), 3.52 (q, br, 2H, Ch), 4.38 (1,
=7.3,2H, CH), 5.10 (s, 4H, ArCH), 7.22 (d,J = 8.2, 1H, ArH),

7.37 (m, 10H ArH), 7.92 (dJ = 8.2, 1H ArH), 8.11 (t, br, 1H
NH); 13C NMR 6 28.60, 39.57, 55.48, 58.55, 70.74, 76.06, 124.32,
126.81, 127.92, 128.33, 128.55, 128.61, 128.67, 128.77, 130.04,
133.45, 135.71, 136.98, 149.34, 150.01, 164.17, 166.81. Anal. Calcd
(found) for GeHzsN20sSy: C, 62.67 (62.63); H, 5.26 (5.30); N,

possesses one of the highest iron affinities reported for anys 55 (5 g4,

chelator. Only enterobactifk{ = 10*°, pM = 35.57%2*and
a macrobicyclic mesityl-capped tris(catecholate) liga#t

TRENTAM, Protected (21). Tris(2-aminoethyl)amine(TREN,
0.344 g, 2.35 mmol) was dissolved in @&, (20 mL).18(3.81 g,

have been reported to have higher iron complex formation 7.10 mmol) was dissolved in GBI, (100 mL), and the solution

constants.

Conclusion

was added to the TREN solution. The product mixture was washed
with 1 M KOH in brine (40 mL), dried and condensed. The residue
was applied to a silica column (2 20 cm) and eluted with ethyl

Several terephthalamide-containing analogues of TREN- acetate to remove the starting material. The product was then eluted

Me-3,2-HOPO have been prepared. Solution thermodynamic
evaluation of the ligands has confirmed the hypothesis that
adding terephthalamide units to a HOPO-containing ligand

with acetone. The product fractions were evaporated to dryness to
give a yellowish foam (2.97 g, 90.3%}H NMR 6 2.37 (t,J =
6.8, 6H, CH), 3.22 (q, br, 6H, Ch), 3.24 (s, 9H, CH), 3.43 (t, br,
6H, CH,), 3.55 (q, br, 6H, CH), 5.08 (s, 6H, ArCH), 5.09 (s, 6H

will give a ligand that forms a stronger iron complex. The  arch,)'7.27-7.41 (m, 30H, ArH), 7.68 (dJ = 8.3, 3H, ArH)
all-terephthalamide analogue TRENTAM possesses one 0f7 73 (¢, br, 3H, NH), 7.79 (dJ = 8.3, 3H, ArH), 8.08 (t, br, 3H,

the highest iron affinities reported for any ligand. Structural NH); 13C NMR ¢ 30.88, 37.58, 39.60, 52.88, 58.55, 70.71, 76.77,

studies of TRENHOPOTAM and gallium TRENHOPO-

126.04, 126.33, 128.47, 128.58, 128.65, 128.68, 128.76, 128.83,

TAM,, have indicated that the TREN ligands are predisposed 130.64, 130.85, 135.76, 135.82, 150.34, 150.40, 164.31, 164.48.

rather than preorganized for metal complexation.

Experimental Section
Ligand and Metal Complex Synthesis. General Methods.

Unless otherwise noted, all reagents were obtained from commercia
suppliers and used without further purification. Dropwise additions
were performed under Natmosphere using a pressure-equalizing
addition funnel. Organic solutions were dried over anhydrous

magnesium sulfate'H NMR and proton-decoupled®C NMR
spectra were obtained in CD&olutions using a Bruker FT-NMR

spectrometer operating at either 400 or 500 MHz (500 MHz unless )
noted otherwise), referenced to residual solvent protons. Elemental>H: NH);
analyses and mass spectrometry were performed in the Analytica

Facility in the College of Chemistry. The starting materials
3-benzyloxy-1-methyl-4-(2-thioxothiazolidin-1-yl)carbonyl-2{}t
pyridinone (HOPO thiaz10)242>and 2,3-bis(benzyloxy)-1,4-bis-
(2-thioxothiazolidin-1-yl)terephthalamide (BnTAM thiak?)° were
prepared according to procedures described in the literature.
Preparation of TRENTAM (9). TAMmeg thiaz (18). BhnTAM
thiaz (20 g, 35 mmol) was placed in a 250-mL round-bottom flask
and suspended in GBI, (30 mL). 2-Methoxyethylamine (1.2 mL,
15 mmol) was dissolved in i€, (125 mL), and the solution was
added dropwise to the suspensionl@f The product mixture was

Anal. Calcd (found) for gHg/N7Os5 C, 69.56 (69.23); H, 6.27
(6.39); N, 7.01 (6.87).

TRENTAM, HCI Salt (9). 21 (2.968 g, 2.122 mmol) was
dissolved in glacial acetic acid (10 mL) and concentrated HCI (10

ImL) and stirred under Nfor 2 days. The solution was evaporated

to dryness and coevaporated with MeOH{2A5 mL). The residue
was redissolved in MeOH (10 mL) and precipitated from rapidly
stirring acetone (100 mL). The ligand was isolated by filtration as
a light tan powder (1.463 ¢, 77.1%)H NMR 6 3.26 (s, 9H, CH),
3.39 (m, 6H, CH), 3.47 (m, 6H, CH), 3.52 (m, 6H, CH), 3.76
(m, 6H, CHp), 7.37 (s, 6H, ArH), 8.97 (t, br, 3H, NH), 9.19 (t, br,
13C NMR 0 34.67, 38.91, 54.26, 57.54, 70.35, 116.29,

1116.95, 117.37, 118.00, 139.37, 148.26, 148.71, 169.99. Anal. Calcd

(found) for Q,QH51N7015’HC|: C, 52.38 (5207), H, 5.86 (599),
N, 10.96 (10.66).

Preparation of TRENHOPOTAM , (8). Method 1. TREN-
HOPO Diamine (11). Tris(2-aminoethyl)amine(TREN, 0.521 g,
3.56 mmol) was dissolved in GBI, (25 mL) in a round-bottom
flask. HOPO thiaz10) (1.28 g, 3.56 mmol) was dissolved in GH
Cl, (75 mL), and the solution was added by slow dropwise addition
to the TREN solution. TLC of the product solution (15% MeOH
in CH,CI, on silica pacified with 10% triethylamine in GBl,)
shows 2-mercaptothiazolin&(= 0.8), TRENHOPG@ monoamine

poured into 2-propanol (1 L) to precipitate the majority of the excess (Rt = 0.3), and TRENHOPO diamine (baseline). The solution was
17. The mother liquor was condensed and applied to a silica column condensed and used immediately in the next reaction without

to separate the starting material and multiple productsGGhivas

used to elutel7 and the free 2-mercaptothiazoline. Ethyl acetate

separating the multiple products.
TRENHOPO(TAMthiaz) , (12). 11was dissolved in CkCl,

was then used to separate and elute the mono- and bis(methoxy{125 mL) and added dropwise to a solution of BnTAM thiaz)(

ethylamide) (meg) productd8 was isolated as a thick yellow oil

(20) Harris, W. R.; Carrano, C. J.; Raymond, K. N.Am. Chem. Soc.
1979 101, 2213-2214.

(21) Loomis, L. D.; Raymond, K. Nlnorg. Chem.1991, 30, 906-911.

(22) Stutte, P.; Kiggen, W.; Voegtle, Fetrahedronl 987 43, 2065-2074.

(23) Kiggen, W.; Voegtle, F.; Franken, S.; Puff, Fetrahedronl 986 42,
1859-1872.

(24) Xu, J.; Kullgren, B.; Durbin, P. W.; Raymond, K. N. Med. Chem.
1995 38, 2606-2614.

(25) Xu, J.; Franklin, S. J.; Whisenhunt, D. W.; Raymond, K.JNAm.
Chem. Soc1995 117, 7245-7246.
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(12 g, 21 mmol) in CHCI, (25 mL). The solution was filtered,
washed with brine (40 mL) ahl M KOH in brine (2x 40 mL),
dried, and condensed. The residue was applied to a silica column
(2 x 25 cm) and eluted with C}€l, to remove the excess TAM
thiaz. The multiple products were eluted with 5% MeOH in £H
Cl,, and the impure fractions were separated on a second column.
The product fractions were combined and condensed to yield a dark
yellow foam (1.68 g, 35.8% from TREN)*H NMR 6 2.33 (m,

6H, CH,), 2.93 (t,J = 7.3, 4H, CH), 3.16 (m, 6H, CH), 3.54 (s,

3H, CHg), 4.37 (t,J = 7.3, 4H, CH), 5.06 (s, 4H, CH), 5.08 (s,
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4H, CHp), 5.33 (s, 2H, CH), 6.57 (d,J = 7.2, 1H, ArH), 7.05 (d,
J=17.2, 1H, ArH), 7.18 (dJ = 8.2, 2H, ArH), 7.26-7.40 (m,
25H, ArH), 7.70 (t, br, 2H, NH), 7.73 (d] = 8.2, 2H, ArH), 7.88

(t, br, 1H, NH); 13C NMR 6 28.64, 37.43, 37.62, 52.62, 53.41,

TRENHOPOTAM ,, HCI Salt (8). 13 was dissolved in a 1:1
mixture of concentrated HCI and glacial acetic acid (20 mL), and
the solution was stirred overnight. The product solution was
evaporated to dryness and coevaporated with MeOkl 20 mL).

55.53, 74.67, 76.87, 104.58, 124.32, 126.39, 127.92, 128.33, 128.56,The residue was redissolved in methanol (3 mL) and precipitated
128.69, 128.73, 128.76, 128.80, 128.89, 130.53, 130.58, 132.20,from rapidly stirring acetone. The product was isolated by filtration
133.15, 135.84, 136.31, 136.99, 146.25, 149.26, 149.94, 159.42 as an off-white powder (0.546 g, 27.0% from TREN} NMR

163.26, 164.33, 166.82, 201.25. Anal. Calcd (found) fesHer

N;011540.5 HO: C, 63.71 (64.00): H, 5.19 (5.12); N, 7.43 (7.04).

TRENHOPOTAM ,, Protected (13). 12(1.68 g, 1.28 mmol)

was dissolved in CECl, (50 mL), and 2-methoxyethylamine (1.0

g, 13 mmol) was added under,NAfter TLC indicated complete
reaction, the product solution was washedwiitM KOH in brine

(DMSO-dg) 6 3.26 (s, 6H, OCH), 3.37 (m, 6H, CH), 3.44 (s, 3H,
NCHjy), 3.48 (m, 12H, CH), 3.74 (m, 6H, CH), 6.43 (d,J = 8.3,
1H, ArH), 7.10 (d,J = 8.3, 1H, ArH), 7.37 (s, 4H, ArH), 8.71 (t,
br, 1H, NH), 8.98 (t, br, 2H, NH), 9.19 (t, br, 2H, NH), 10.26 (s,
br, 1H, OH), 12.23 (s, br, 2H, OH), 12.72 (s, br, 2H, OH). Anal.
Calcd (found) for GsH4sN7O;3*HCI: C, 52.01 (51.80); H, 5.74

(2 x 40 mL), dried, and condensed. The residue was applied to a(5.84); N, 12.13 (11.94).

silica column (2x 25 cm) and eluted with 5% MeOH in GBl,.

Preparation of TRENHOPO,TAM (7). Method 1. TREN-

The product fractions were combined and evaporated to drynessHOPO, Monoamine (14).Tris(2-aminoethyl)amine (TREN, 0.44

to yield a light-colored foam (0.8537 g, 19.6% from TREN}
NMR ¢ 2.32 (m, 6H, CH), 3.15 (m, 6H, CH), 3.23 (s, 6H, OCH),
3.42 (m, 4H, CH), 3.52 (s, 3H, NCH), 3.55 (m, 4H, CH), 5.06
(s, 4H, CH), 5.11 (s, 4H, CH), 5.27 (s, 2H, CH), 6.47 (d,J =
7.2, 1H, ArH), 6.99 (dJ = 7.2, 1H, ArH), 7.24-7.42 (m, 25H,
ArH), 7.64 (t, br, 2H, NH), 7.68 (dJ = 8.4, 2H, ArH), 7.80 (d,)
= 8.4, 2H, ArH), 7.86 (t, br, 1H, NH), 8.07 (t, br, 2H, NH)C

g, 3.01 mmol) was dissolved in dry GEl, (100 mL). HOPO thiaz
(10) (2.16 g, 5.99 mmol) was dissolved in dry &, (200 mL),
and the solution was added to the TREN solution dropwise over a
period of 15 h. The product mixture was condensed and used
immediately in the next reaction.

TRENHOPO,TAM Thiaz, Benzyl Protected (15). 14 was
prepared as described above, and the crude product was dissolved

NMR 6 37.24, 37.45, 37.55, 39.59, 52.45, 52.68, 58.54, 70.71, in CH,Cl, (80 mL). BnTAM thiaz (L7) (20 g, 34 mmol) was
74.62, 77.11, 104.49, 125.89, 126.29, 128.45, 128.54, 128.63,partially dissolved in CKCl, (40 mL). The amine solution was
128.71, 128.75, 128.85, 130.45, 131.23, 132.23, 135.86, 135.92,added dropwise to the solution b7. When addition was complete,
136.29, 146.15, 150.33, 150.36, 159.32, 163.29, 164.36, 164.58.the product solution was washed wi2 M KOH in brine (2x 40

Anal. Calcd (found) for GHsN;O,3: C, 68.78 (68.77); H, 6.18
(6.20); N, 8.02 (8.03).
TRENHOPOTAM ,, HCI Salt (8). 13(0.854 g, 0.699 mmol)

mL) and dried. 2-Propanol (100 mL) was added to precipitate the
excessl?. The solution was filtered and condensed. The residue
was applied to a silica column (2 30 cm) and eluted with 3%

was dissolved in glacial acetic acid (5 mL) and concentrated HCI MeOH/CH,Cl,. The product fractions were combined and evapo-

(5 mL), and the solution was stirred overnight undes. Nhe

rated to dryness to afford a yellow solid (2.15 g, 65.5% from

solution was evaporated to dryness and coevaporated with MeOHTREN): *H NMR (400 MHz) d 2.25 (m, 6H, ¢&1,), 2.90 (t,J =
(4 x 4 mL). The residue was redissolved in MeOH (2 mL) and 7.3, 2H, CH), 3.09 (m, 6H, CH), 3.53 (s, 6H, NCH), 4.34 (t,J
precipitated from rapidly stirring ether (50 mL). The product was = 7.3, 2H, CH), 5.03 (s, 2H, ArCH), 5.07 (s, 2H, ArCH), 5.26
collected by filtration as a light beige powder (0.415 g, 14.1% from (s, 4H, ArCH,), 6.61 (d,J = 7.2, 2H, ArH), 7.05 (dJ = 7.2, 2H,

TREN): 'H NMR (DMSO-dg) 6 3.26 (s, 6H, OCH), 3.37 (m, 6H,
CHy), 3.44 (s, 3H, NCH), 3.48 (m, 12H, CH), 3.74 (m, 6H, CH),
6.43 (d,J = 8.3, 1H, ArH), 7.10 (dJ = 8.3, 1H, ArH), 7.37 (s,

4H, ArH), 8.71 (t, br, 1H, NH), 8.98 (t, br, 2H, NH), 9.19 (t, br,
2H, NH), 10.26 (s, br, 1H, OH), 12.23 (s, br, 2H, OH), 12.72 (s,

br, 2H, OH); 3C NMR: (CD;OD) & 14.06, 34.39, 35.21, 37.08,

ArH), 7.15 (d,J = 8.2, 1H, ArH), 7.23-7.35 (m, 20H, ArH), 7.64

(t, br, 1H, NH), 7.74 (dJ) = 8.2, 1H, ArH), 7.81 (t, br, 2H, NH);

13C NMR (400 MHz) 6 28.69, 37.34, 37.68, 52.10, 52.40, 53.51,
55.57, 74.71, 76.12, 104.65, 124.30, 126.41, 127.97, 128.39, 128.61,
128.71, 127.78, 128.95, 130.64, 132.23, 133.20, 135.88, 136.36,
137.05, 146.34, 149.31, 149.96, 159.51, 163.32, 164.37, 166.85.

38.91, 53.92, 53.96, 57.84, 65.68, 70.33, 116.65, 117.03, 117.06,Anal. Calcd (found) for GgHsgN7O10S,: C, 65.00 (64.97); H, 5.45
118.19, 148.03, 148.46, 164.13, 167.89, 168.61, 170.25. Anal. Calcd(5.56); N, 8.99 (8.79).

(fOUnd) for (.\35H45N70]_3'HC|'H20: C, 50.88 (5100), H, 5.86
(5.88); N, 11.87 (11.82).

Method 2. TRENHOPOTAM ,, Protected (13).Tris(2-amino-
ethyl)amine (TREN, 0.366 g, 2.50 mmol) was dissolved in,CH
Cl; (40 mL) in a round-bottom flaskl8 (2.8 g, 5.2 mmol) was

TRENHOPO,TAM, Benzyl Protected (16). 15was dissolved
in CH,Cl, (50 mL) in a 100-mL flask. 2-Methoxyethylamine (1.0
g, 13 mmol) was added, and the solution was stirred until the yellow
color faded. The product solution was washedwdtM KOH in
brine (2x 40 mL), dried, and condensed. The residue was applied

dissolved in CHCI, (80 mL), and the solution was added dropwise
to the TREN solution. The bis-TAM amine intermediate was not
isolated. HOPO thiaz1Q) (0.90 g, 2.5 mmol) was added to the
reaction mixture. The product solution was washedh\@iti KOH

in brine (2x 40 mL), dried, and condensed. The resulting mixture

to a silica column (2x 20 cm) and eluted with 5% MeOH/GH
Cl,. The product fractions were combined and evaporated to dryness
to yield a pale yellow foam (2.0 g, 63% from TRENJH NMR 6
2.25 (m, 4H, CH), 2.31 (m, 2H, CH), 3.08 (m, 4H, CH), 3.14
(m, 2H, CH,), 3.23 (s, 3H, OCHh), 3.42 (t, br, 2H, CH), 3.52 (m,

of 13, 16, and21 was separated on a silica column (%50 cm)
eluted with acetoneR; values: 21, 0.7; 13, streak 0.10.63; 16,

0.06). The producl3 was used immediately in the next reaction:

IH NMR 6 2.32 (m, 6H, CH), 3.15 (m, 6H, CH), 3.23 (s, 6H,
OCHp), 3.42 (m, 4H, CH), 3.52 (s, 3H, NCH), 3.55 (m, 4H, CH)),
5.06 (s, 4H, CH), 5.11 (s, 4H, CH), 5.27 (s, 2H, CH), 6.47 (d,J
=7.2, 1H, ArH), 6.99 (dJ = 7.2, 1H, ArH), 7.24-7.42 (m, 25H,
ArH), 7.64 (t, br, 2H, NH), 7.68 (dJ = 8.4, 2H, ArH), 7.80 (d,J
= 8.4, 2H, ArH), 7.86 (t, br, 1H, NH), 8.07 (t, br, 2H, NH).

2H, CHp), 3.55 (s, 6H, NCH), 5.06 (s, 2H, ArCH), 5.13 (s, 2H,
ArCH,), 5.28 (s, 4H, ArCH), 6.59 (d,J = 7.1, 2H, ArH), 7.05 (d,
J = 7.1, 2H, ArH), 7.26-7.39 (m, 20H, ArH), 7.57 (t, br, 1H,
NH), 7.65 (d,J = 8.3, 1H, ArH), 7.78 (dJ = 8.3, 1H, ArH), 7.80
(t, br, 2H, NH), 8.09 (t, br, 1H, NH)33C NMR 6 37.16, 37.20,
37.23,37.29, 37.32, 37.66, 39.64, 52.01, 52.33, 53.46, 58.60, 70.77,
74.75, 77.27, 100.18, 104.65, 125.80, 126.27, 128.51, 128.56,
128.67, 128.71, 128.78, 128.96, 130.31, 130.60, 132.22, 136.04,
136.36, 146.33, 150.32, 150.44, 159.48, 163.33, 164.46, 164.73.
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Anal. Calcd (found) for GoHesN7011°2H,0: C, 65.48 (65.55); H,
6.24 (6.24); N, 9.06 (9.26).

TRENHOPO,TAM (7). 16 (2.00 g, 1.91 mmol) was dissolved
in concentrated HCI (5 mL) and glacial acetic acid (5 mL) and
stirred under Mfor 2 days. The solution was evaporated to dryness
and coevaporated with methanol ¢85 mL). The residue was
dissolved in methanol (4 mL) and added dropwise to rapidly stirring
acetone (150 mL). A fluffy, off-white precipitate (the HCI salt of
the product) formed and was collected by filtration and dried under
vacuum (1.208 g, 52.3% from TREN)}:H NMR (DMSO-ds) ¢
3.26 (s, 3H, CH), 3.44 (s, 6H, NCH), 3.47 (m, 8H, CH), 3.73
(m, 8H, NHCH), 6.46 (d,J = 7.3, 2H, ArH), 7.11 (dJ = 7.3, 2H
ArH), 7.37 (d.J= 8.7, 2H, ArH), 7.40 (dJ = 8.7, 1H, ArH), 8.76
(t, br, 2H, NH), 8.99 (t, br, 1H NH), 9.25 (t, br, 1H, NH}:C
NMR (DMSO-ds) 6 34.44, 39.24, 51.94, 58.35, 70.45, 98.46,

Jurchen and Raymond

Fe—TRENHOPOTAM ,. The complex was prepared as de-
scribed above using (82.6 mg, 0.100 mmol), KOH (0.6 mL of a
0.5 M solution in MeOH, 0.3 mmol), and Fe(aca35.3 mg, 0.100
mmol). Yield: 65 mg, 66.8%. Anal. Calcd (found) for,®zsHao-
N7O1Fe4H,0: C, 43.21 (43.42); H, 4.97 (4.90); N, 10.08 (10.18).
ESI-MS: m/z862.2 (MF—-K ™), 845.2 (M -Na*), 823.2 (M—-H™),
411.1 (MF).

Fe—TRENTAM. The complex was prepared as described above
using9 (0.150 g, 0.168 mmol), KOH (1.0 mL of a 0.5 M solution
in MeOH, 0.5 mmol), and Fe(acadq)0.059 g, 0.17 mmol). Yield:
0.174 g, 91.7%. Anal. Calcd (found) fors&3gH4sN7015Fe 6H,0:

C, 41.34 (41.14); H, 5.07 (4.81); N, 8.65 (8.51). ESI-M8&z947.3
(M3=-K*-H*), 473.1 (M—-K™), 454.2 (MF~-H™).

Ga—TRENHOPO,TAM. The complex was prepared as de-

scribed above using (99.7 mg, 0.130 mmol), KOH (0.52 mL of

103.14, 116.43, 116.66, 117.20, 117.58, 117.76, 128.02, 147.99,a 0.5 M solution in MeOH, 0.26 mmol), and Ga(aca@)7.7 mg,

150.33, 158.41, 166.55, 169.02, 169.58. Anal. Calcd (found) for
C31H39N7011'HC|'2.5HzO: C, 48.53 (4856), H, 5.91 (618), N,
12.78 (12.77).

Method 2. TRENHOPO,TAM, Protected (16). Tris(2-ami-
noethyl)amine (TREN, 0.146 g, 1.00 mmol) was dissolved in £H
Cl; (40 mL) in a round-bottom flaskl8 (0.54 g, 1.0 mmol) was
dissolved in CHCI, (80 mL), and the solution was added dropwise
to the TREN solution. HOPO thia2LQ) (0.90 g, 2.5 mmol) was

0.130 mmol). Yield: 81.7 mg, 70%H NMR (CD3;OD): 6 2.47

(m, 4H, CH,), 3.30 (m, 4H, CH), 3.39 (s, 3H, CH), 3.52 (m, 4H,
CH,), 3.60 (m, 4H, CH), 3.77 (s, 3H, Ch), 6.93 (d,J = 7, 2H,
ArH), 7.00 (d,J = 7, 2H, ArH), 7.08 (dJ = 8.5, 1H, ArH), 7.12

(d, J = 8.5, 1H, ArH), 10.35 (t, br, 2H, NH), 10.45 (t, br, 1H,
NH), 10.82 (t, br, 1H, NH)13C NMR (CD;OD): ¢ 37.15, 54.13,
57.66, 70.98, 110.07, 113.90, 113.97, 116.10, 116.37, 116.42,
116.61, 121.29, 153.08, 153.09, 155.76, 155.81, 162.78, 162.79,

then added to the reaction mixture. The product solution was washed165.53, 165.63, 169.02.

with 2 M KOH in brine (2 x 40 mL), dried, and condensed. The
crude product was purified on a silica column (2530 cm) eluted

Ga—TRENHOPOTAM ,. The complex was prepared as de-
scribed above using (85.7 mg, 0.104 mmol), KOH (0.6 mL of a

with acetone. The product fractions were combined and evaporated0.5 M solution in MeOH, 0.3 mmol), and Ga(aca(98.5 mg, 0.105

to yield a white foam (0.255 g, 23.6%¥H NMR ¢ 2.25 (m, 4H,
CHy,), 2.31 (m, 2H, CH)), 3.08 (m, 4H, CH), 3.14 (m, 2H, CH),

3.23 (s, 3H, OCH), 3.42 (t, br, 2H, CH)), 3.52 (m, 2H, CH), 3.55
(s, 6H, NCH), 5.06 (s, 2H, ArCH), 5.13 (s, 2H, ArCH), 5.28 (s,
4H, ArCHy), 6.59 (d,J = 7.1, 2H, ArH), 7.05 (dJ = 7.1, 2H,
ArH), 7.26-7.39 (m, 20H, ArH), 7.57 (t, br, 1H, NH), 7.65 (d,
=8.3, 1H, ArH), 7.78 (dJ = 8.3, 1H, ArH), 7.80 (t, br, 2H, NH),
8.09 (t, br, 1H, NH).

TRENHOPO,TAM, HCI Salt (7). 16 was dissolved in a 1:1
mixture of concentrated HCI and glacial acetic acid (20 mL), and
the solution was stirred overnight. The product solution was
evaporated to dryness and coevaporated with MeOKk 20 mL).

mmol). Yield: 96 mg, 95%!H NMR (CD;OD + D;0): ¢ 2.45
(s, br, 6H, CH), 3.31 (m, 4H, CH), 3.36 (s, 6H, CH), 3.50 (m,
6H, CH), 3.63 (m, 4H, CH), 3.75 (s, 3H, Ch), 6.87 (d,J = 7.5,
1H, ArH), 6.95 (d,J = 7.5, 1H, ArH), 7.06 (d,) = 8.5, 2H, ArH),
7.08 (d,J= 8.5, 2H, ArH), 11.07 (t, br, 2H, NH)}:3C NMR (CDs-
OD + D,0): ¢ 38.60, 48.49, 57.75, 70.93, 109.62, 113.59, 115.67,
116.08, 156.55, 160.00, 169.51, 169.79. Anal. Calcd (found) for
K2CssH4gN7013Ga3H,0: C, 43.40 (43.34); H, 4.79 (4.98); N, 10.12
(10.42).

Ga—TRENTAM. The complex was prepared as described above
using 9 (91.9 mg, 0.103 mmol), KOH (0.8 mL of a 0.5 M solution
in MeOH, 0.4 mmol), and Ga(acac)38.0 mg, 0.104 mmol).

The residue was redissolved in methanol (3 mL) and precipitated Yield: 106 mg, 92.2%H NMR (CDsOD): ¢ 2.35 (s, br, 6H,

from rapidly stirring acetone. The product was isolated by filtration
as an off-white powder (0.156 g, 20.3% from TREN} NMR
(CDsOD) 6 3.26 (s, 6H, OCH), 3.37 (m, 6H, CH), 3.44 (s, 3H,
NCHj), 3.48 (m, 12H, CH), 3.74 (m, 6H, CH), 6.43 (d,J = 8.3,
1H, ArH), 7.10 (d,J = 8.3, 1H, ArH), 7.37 (s, 4H, ArH).

Metal Complexes, General ProcedureA weighed portion of
the ligand was dissolved in MeOH (10 mL) and degassed by
applying a slight vacuum. KOH (0.5 M solution in MeOH) was

CHy), 3.19 (s, 9H, CH), 3.20 (m, 6H, CH), 3.49 (m, 12H, CH),
6.89 (d,J =9, 3H, ArH), 6.92 (dJ = 9, 3H, ArH), 11.27 (t, br,
3H, NH).13C NMR (CD;0D): 6 13.99, 38.28, 48.39, 57.43, 65.46,
70.84, 115.50, 115.65, 157.29, 158.25, 169.77, 170.16. Anal. Calcd
(fOUnd) for KaCsgH4sN;015Ga4H,0: C, 42.17 (4231), H, 4.81
(4.48); N, 8.83 (8.65).

X-ray Crystallography. TRENHOPOTAM:-HCI crystallizes in
the monoclinic space group2;/c, grown as colorless prisms from

added to the ligand solution with a glass syringe, and the solution methanol diffused with diethyl ether. Potassium-@&RENHO-

was degassed again. Fe(agar)Ga(acag)was dissolved in MeOH

POTAM; also crystallizes irP2;/c, grown as pale yellow plates

(4 mL) and added to the ligand solution. The solution was degassedfrom a DMF solution diffused with diethyl ether.

again and stirred for at least 1 h. The product solution was
condensed to24 mL and added dropwise to 280 mL of ether.
The precipitated metal complex was isolated by centrifugation. After

Selected crystals of each compound were mounted in Paratone
N oil on quartz capillaries and frozen in place under a cold N
stream (116-150 K, maintained throughout data collection). The

the supernatant was decanted, the solid was resuspended in 5 mlcrystallographic data sets were collected on a Siemens SMART

of ether and collected by filtration.

Fe—TRENHOPO,TAM. The complex was prepared as de-
scribed above using (0.0391 g, 0.05 mmol), KOH (0.10 mL of a
0.5 M solution in MeOH, 0.05 mmol), and Fe(aca().018 g, 0.05
mmol). Yield: 0.0341 g (92.4%). Anal. Calcd (found) for
KC3iH3sN;O1,Fe4H,0: C, 43.87 (43.42); H, 5.11 (4.94); N, 11.55
(11.37). ESI-MS:m/z 737.2 (M").
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X-ray diffractometer equipped with a CCD area detector using Mo
Ko radiation ¢ = 0.710 72 A, graphite monochromator). An
arbitrary hemisphere of data was collected for each crystal using
w scans of 0.3CCD area detector frame and a total measuring
time of 25 s for Ga TRENHOPOTAM and 35 s for TRENHO-
POTAM,. The intensity data to a maximunmd2ange of~50°
(specific D different for each crystal) were integrated using SAINT



TAM-Containing Analogues of TREN-Me-3,2-HOPO

Table 3. TRENHOPOTAM and Ga[TRENHOPOTAM Crystal Data

visible spectrophotometer. The titration instruments were fully
automated and controlled using LabView softw&r€itrations were

™ perer T:fel\_l::POTAMHCl Gag:_’::OPOTAw performed in 0.1 M KCI supporting electrolyte_ under positiye Ar
temp, K 124 147 gas pressure. The temperature of the experimental solution was
max %, deg 49.44 50 maintained at 25C by an external circulating water bath. Solid
cryst system monoclinic monoclinic reagents were weighed on a Metrohm analytical balance accurate
i P2i/c P2Jjc to 0.05 mg. Milli-Q purified water was used to prepare all solutions
a A 16.0340(17) 16.3379(14) and was degassed prior to use by simultaneously boiling and purging
a, deg 90 90 with Ar gas. Standard solutions of 0.1 M HCIl and 0.1 M KOH
b.é 17.0609(18) 15.2722(13) were prepared from JT Baker DILUT-IT ampules using freshly
g’ 0 1161.8689357((127)) 19; f3557(27) degassed Milli-Q purified water. Precise acid concentration was
y, deg 90 90 determined by titration of a sodium tetraborate solution to the
v, A3 4020.91(84) 4848.48(94) Methyl Red end point. Precise base concentration was determined
falcd density, g crTé ‘1‘36 ‘145 by titration of a potassium hydrogen phthalate solution to the
cryst size, mm 0.45 0.20% 0.15 0.40x 0.30x 0.15 phenolphthalein endpoint. Stock solutions of EDTA were obtained
abs coeffy, mmt 0.166 0.81 by dissolving disodium EDTA (Fisher) in freshly degassed Milli-Q
{ﬁgggﬁ;‘l’c"ﬁg %52255’5 3142;’6 water. Precise ligand concentration was determined by performing
data-to-param ratio 126 12.9 potentiometric titrations of the ligand solution (pH 3.5 to 8.0 and
goodness-of-fit orfF? 1.167 1.067 back to 3.5) in triplicate and solving for total moles of ligand using
final R indices { > 20(1)) the program Hyperquald,by calculating the buffering capacity of
E;Z 8:%28 8:%22 the solution based on published protonation consf@n&tock
R indices (all data) solutions of ferric ion were obtained by dissolving solid FeCl
R1 0.1490 0.1184 6H,0 in standardized 0.1 M HCI. The actual ferric ion concentration
wWR2 0.2212 0.2245 was determined by titration with a standardized EDTA solution to
Iar%estdlfflggak and 0.82 and-0.31 1.3 and-1.04 the Variamine Blue end poirf.
ole, e/

Incremental Titrations. Initial titration solutions were assembled
with box size parameters of 1.6 1.6 x 0.62° The data were from the constituent reagents in ratios determined previously by
corrected for Lorentz and polarization effects. An empirical modeling using estimated formation constants and the modeling
absorption correction for each crystal was based on the measuremerprogram Hys$#3%In the case of the EDTA competition titrations,
of redundant and equivalent reflections using an ellipsoid model a trial titration solution was assembled and systematically varied
for the absorption surface and was applied using SADABS. in pH to confirm the appropriate conditions. The solutions were
Equivalent reflections were merged, and the space groups wereincrementally perturbed by the addition of either acid (HCI) or base
determined using XPREPon the basis of lattice symmetry and (KOH) titrant, followed by a time delay for equilibration (90 s for
systematic absences. protonation studies2 h for EDTA competition titrations). All

The structures were solved by direct methods (SHELXS2B6). titrations were conducted in pairs: first a forward titration from
After most of the atoms had been located, the data set was refinedow to high pH (or vice versa) and then a reverse titration back to
using the SHELXTL-97 software packagfeAll nondisordered non- the starting pH. The data for the two titrations comprising each
hydrogen atoms were refined anisotropically. Unless otherwise experiment were pooled for calculation of formation constants. All
noted, hydrogen atoms were assigned to idealized positions. In thedbsorbance measurements used for calculation of formation con-
structure of TRENHOPOTAM HCI, the phenol, amide, and  stants were less than 1.05 absorbance units.
capping amine protons were found in a Fourier difference map  Batch Titrations. Bulk titration solutions were assembled from
before being included in idealized positions. Additional experi- the constituent reagents as described above. Aliquots of the bulk
mental details for the two structures are summarized in Table 3. solution were removed with a volumetric pipet and stored in plastic

Solution Thermodynamics. General Methods.The titration centrifuge tubes. The pH of each aliquot was adjusted individually
apparatus has been described in detail by O'Sulllivan &t-l. using acid (HCI) or base (KOH) titrant. The aliquots were allowed
Corning high-performance combination glass electrodes, whoseto equilibrate at 25C for at least 48 h, at which time the final pH
response to [H] was calibrated before each titratihwere used was determined, and a UWisible spectrum was taken of each
in concert with either an Accumet pH meter or a Metrohm Titrino aliquot. All absorbance measurements used for calculation of
to measure the pH of the experimental solutions. Metrohm formation constants were less than 1.05 absorbance units.
autoburets (Dosimat or Titrino) were used for incremental addition  Protonation Constants. The protonation constants of
of acid or base standard solutions to the titration cell tWsible TRENHOPQTAM, TRENHOPOTAM, and TRENTAM were
spectra for incremental titrations were recorded on a Hewlett- determined by potentiometric titration (no spectral data collected).
Packard 8452a spectrophotometer (diode array)-Usible spectra  Solutions were assembled from a weighed portion of ligand and
for batch titrations were recorded on a Varian Cary 300 ScarUV  the supporting electrolyte solution, with resulting ligand concentra-
tions between 0.2 and 0.5 mM. The solutions were titrated from
pH 4.0 to 9.5 and back to 4.0. An average of-®D data points

(26) SAINT, SAX Area-Detector Integration Progra#n024 ed.; Siemens
Industrial Automation, Inc.: Madison, WI, 1994.

(27) SMART Area-Detector Software Packag§e&mens Industrial Automa-
tion, Inc.: Madison, WI, 1994.

(28) SHELXTL, Crystal Structure Analysis Determination Packdg&0
ed.; Siemens Industrial Automation, Inc.: Madison, WI, 1997.

(29) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—-473.

(30) Johnson, A. R.; O'Sullivan, B.; Raymond, K. Morg. Chem200Q
39, 2652-2660.

(31) Gans, P.; O'Sullivan, Bralanta200Q 51, 33—37.

(32) LABVIEW 5.0.1 ed.; National Instruments Corp.: Austin, TX, 1998.

(33) Ueno, K.; Imamura, T.; Cheng, K. Handbook of Organic Analytical
Reagents2nd ed.; CRC Press: Boca Raton, FL, 1992.

(34) Alderighi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A.; Vacca, A.
Coord. Chem. Re 1999 184, 311-318.

(35) Alderighi, L.; Gans, P.; lenco, A.; Peters, D.; Sabatini, A.; Vacca, A.
HYSS Leeds, U.K., and Florence, Italy, 1999.
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Table 4. Protonation Constants of TREN-Based Ligands TRENTAM EDTA Competitions. The data from three incre-
ligand TRENHOPGTAM TRENHOPOTAM, TRENTAM mental EDTA competition titrations and one batch titration over
log K, 5.06(1) 5.11(1) 517(1) the pH range 4.%5.9 were used to determine the !:e[TRENTAM]
—log Ka, 5.79(1) 5.86(1) 6.00(1) complex formation constants. As the pH was raised, the charge-
—log K 6.97(1) 6.99(1) 6.98(1) transfer bands for an Fe(TAMxomplex could be seen growing
;;I&?cz?és 8é07(1) 84'10(1) 2'03(1) in at 450 and 506 nm (broad shoulder). During refinement of the
globalo 0.044 0.060 0.061 data from these experiments, factor analysis of the collected spectra
largest corr 0.64 0.66 0.65 indicated the presence of two absorbing species over the pH range

of the experiment. These absorbing species were modeled as the
were collected in each pair of titrations (forward and back), each Fel3~ and FeLH~ species. The refined formation constants for
data point consisting of a volume increment and a pH reading, and the incremental and batch titrations were very similar and were

the titrations were repeated at least three times to provide at leastcombined to give final values of 45.2(2) for @110 and 50.9(2)
180 data points for final refinement of the ligand protonation fo jog B,;,.

constants. Refinement of the protonation constants was accom- -
plished using the program Hyperqu¥dyhich allows simultaneous TRENHOPOTAM 2EDTA Con_1.pet|t|.ons.. Three forwa_lrd-and-
refinement of the data from multiple titration curves. Determination °2ck incremental EDTA competition fitrations and a single batch
of the first protonation constant for the bidentate terephthalamide titration were performed over the pH range 3%2. As the pH

units (log Borx ~ 11.1) was not attempted. For the purpose of Was raised, the charge-transfer bands for the ligand-iron complex
refining the other protonation constants, the value ofgg was could be seen growing in at 420 nm (shoulder of a band below
held constant at 11.1. For TRENHOPOTAMcontaining two 400 nm) and at 526 nm. During refinement, factor analysis of the
terephthalamide units, Ig6p1> was also held constant at 22.2, and collected spectra indicated the presence of two absorbing species
for TRENTAM (3 terephthalamides), Ifg:s was also held constant  in the wavelength range under investigation. The absorbing species
at 33.3. Globab values between 0.028 and 0.075 were obtained were modeled as F&t and FeLH species. Refinement of the data

for the refinement of the ligand protonation constants, and the with this model gave values of lo:10= 41.0(5) and logs11; =
largest correlation between two protonation constants for any ligand 45 4(6).

was 0.8 (most were 0.6 or less). The protonation constants were -

refined in two ways: as association constants (corresponding to TR'_ENHOPOZTAM EDTA COWPEtItIQns._ Three forwa_\rd-and-
stepwise association of protons with a fully deprotonated ligand) pack_ incremental EDTA competition titrations and a single batch
and as dissociation constants (corresponding to stepwise dissociatiofitration were performed over the pH range 235. As the pH

of protons from a fully protonated ligand). Virtually identicalog was raised, the charge-transfer bands for the ligaruh complex

Ka values were obtained using the two methods, and the refined could be seen growing in at 412 nm and at 528 nm. During
values are summarized in Table 4. In the course of the refinement,refinement, factor analysis of the collected spectra indicated the
the molar amount of ligand used in each titration was refined. In presence of two absorbing species in the wavelength range under
every case, the average molecular weight calculated from theseinvestigation. The absorbing species were modeled as the FelL
molar amounts corresponded closely with that determined by and FelLH species. Refinement of the data with this model gave
elemental analysis. values of logfi10 = 34.53(20) and logh11; = 38.65(25).

Iron Complexation Constants Determined by EDTA Com- TRENTAM FeL = FeLH Potentiometric Titration. The UV—

petition Titrations. Each EDTA competition experiment consisted . .
of a pair of titrations: forward vs KOH and reverse vs HCI. At the visible spectra of FeTI_?ENTAM ar_1d monoprotonated Fe.
TRENTAM are very similar. To confirm the value of the ferric

lower pH end of the titration, the colorless ireEDTA complex ) ) »
dominated, but as the pH was raised, the solution turned pink to complex protonation constant obtained from the EDTA competition

red, corresponding to the gradual formation of the iréigand data, a separate potentiometric titration of the iron complex was
complex. The following concentration ranges were used for iron, Performed at an iron complex concentration of 0.25 mM. The
ligand, and EDTA in the competition titrations: Fe, 0:0515 mM; solution was titrated forward-and-back over the pH range-5.5

ligand, 0.06-0.16 mM; EDTA, 0.6-1.0 mM. In every case, the 7.5. The collected data were refined in Hyperquad with the total
EDTA and ligand were present in at least 5% excess over the iron FeL concentration held constant. A value for the complex proto-
to prevent formation of insoluble iron species. In each experiment, nation constant of 5.75(20) was obtained. This is within error of
an average of 24 points were collected over a period of 4821 ( the value of 5.6(3) obtained by refinement of the EDTA competition
h equilibration time/point). Each data point consisted of a pH tjtration data.

measurement and an absorbance spectrum over at least 80 different
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