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Reactions between the antitumor agent titanocene dichloriddiClp) and the hexadentate ligahtiN'-ethylenebis-
(o-hydroxyphenylglycine) (Fehpg) have been investigated in aqueous solution and the solid state. The racemic
ligands give crystals of the monom@ri(ehpg)(H0)]-(11/3)H:0O (1), while themesdigand gives the oxo-bridged
dimer [ Ti(Hehpg)(HO)}20]-13H,0 (2). Complex1 crystallizes in the monoclinic space groGg/c with a =
24.149(4) A\b = 14.143(3) A,c = 19.487(3) A, = 105.371(13), V = 6417.7(19) R, Z = 12, andR(F) =
0.0499 for 4428 independent reflections havirrg 20(1), and contains seven-coordinate pentagonal-bipyramidal
Ti'"V with two axial phenolate ligands (FiO, 1.869(2) A). The pentagonal plane contains the two N-atoms at
2.210(2) A, two carboxylate O-atoms at 2.061(2) A, and a water molecuteQip, 2.091(3) A). Complex2
crystallizes as an oxygen-bridged dimer in the triclinic space gRtpwith a = 12.521(6) Ab = 14.085(7) A,

c = 16.635(8) Ao = 80.93(2), B = 69.23(2}, y = 64.33(2), V = 2472(2) B, Z = 4, andR(F) = 0.0580 for

5956 independent reflections havihg 20(l). Each seven-coordinate, pentagonal-bipyramid¥l fas a bridging
oxide and a phenolate as axial ligands. The pentagonal plane donorsGrantd carboxylate O-atoms, and two
NH groups, which form H-bonds to O-atoms both in the same half-moleculeN02.93-3.13 A) and in the
other half-molecule (8N, 2.73-2.75 A); the second phenoxyl group of each Hehpg ligand is protonated and
not coordinated to T, but H-bonds to a nearby amine proton-{®, 2.73-2.75 A) from the same ligand and

to a nearby HO (O---O, 2.68 A). In contrast to all previously reported crystalline meEHPG complexes
containing racemic ligands, in which the i6C(R,R or N(R,RC(S,S form is present, complek unexpectedly
contains the N$,SE(S,9 and NR,RC(R,R)forms. This is attributed to the presence of ring strain in seven-
coordinate TV complexes. Moreover, thec ligands selectively form crystals of monometicwhile themeso
ligand selectively forms crystals of the dim2r(N(R,RC(R,S)or N(S,SL(S,R). Complexesl and 2 exhibit
phenolate-to-TY charge-transfer bands near 387 nm, and 2D NMR studies indicate that the structlirasdof

2 in solution are similar to those in the solid state. Complesg stable over the pH range 0.0, while2 is
stable only between pH 2.5 and pH 5.5.,Ti€l, reacts with EHPG at pH7.0 to give complex with at, of

ca. 50 min (298 K), but comple® was not formed at this pHvalue. At pH 3.7, the reaction is very slowl
forms with a half-life of ca. 2.5 d, andl after ca. 1 week at ambient temperature. The relevance of these data to
the possible role of serum transferrin as a mediator for the delivery"6ft@itumor cells is discussed.

Introduction shown that CgriCl; significantly overcomes cisplatin resistance
in ovarian carcinoma cell lines. The potent antitumor activity
and low toxicity of this compound, supported by the encouraging
results from two recent phase | clinical tria{ene in Germany,
one in the U.K.), suggest that titanocene dichloride could be a
promising novel chemotherapeutic ageht.addition, titanocene
dichloride exhibits pronounced antiviral, antiinflammatory, and
insecticidal activitied. Additional medical interest in titanium

Biscyclopentadienyt Ti"V complexes and big¢diketonato)-
Ti"V complexes have been shown to exhibit low toxicity and
high antitumor activities against a wide range of murine and
human tumors:2 Two of them, titanocene dichloride (€fCl,)
and Budotitane [Ti(bzag)OEt)] (Hbzac = 1-phenylbutane-
1,3-dionato), are currently on clinical trial. The initial results
with Cp,TiCl, suggest a lack of cross-reactivity with cisplatin
and patterns of antitumour activity different from those produced
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arises from the recent use 63Ti in radiopharmaceuticafs.
However, in contrast to platinum-based anticancer dfugsy
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Chart 1. Schematic Drawing of
N,N'-Ethylenebis[¢-hydroxyphenyl)glycine] (Hehpg}

little is known about the biological chemistry of titanium
compounds. The cytotoxic action of titanium complexes, and “ooc_o *Nfl,
their vanadium and molybdenum analogues, may involve *
mechanisms different from those of cisplatit-12 Formation
of Ti"V—DNA complexes is thought to be important for the
antitumor properties of GiCl,, which inhibits DNA synthesis s
rather than RNA and protein synthesis, and from which titanium 4 4
accumulates in nucleic-acid-rich regions of tumor cells after in
vivo or in vitro administratiod#~16 However, unlike cisplatin,
Cp.TiCl, does not bind to DNA bases strongly at physiological
pH, but forms strong complexes with nucleotides only at low
pH.17 Also, there is no evidence for stable complexes of the V - o i o )
or Mo analogues with nucleotides or DNA under physiological 10 the specific F¢ binding sites;?we have now studied in detail
conditions!®213This raises doubts about DNA as the predomi- the binding of T to the phenolic ligand ethylenehis(
nant target®13cEfforts to identify the biologically active Ti ~ hydroxyphenylglycine) (EHPG). This ligand itself contains
species have been largely unsuccessful due to the rapiddonor groups similar to those of transferrin (2Tyr, His, Asp,
hydrolysis of the titanium(IV) complexes at neutral pH, which and CQ*") and has long been used to model meteansferrin
results in precipitation of uncharacterized polymeric hydrolysis Pinding. Metai-EHPG complexes have been shown to model
products?11a not only many of the physical properties of metaiansferrin
Transferrin is an 80 kDa iron-transport protein present in the complexes but also a number of other irgshenolate pro-
serum of vertebrates at a concentration of aboupB68 It teins?*~3* In addition, EHPG has been suggested as a potential
carries iron(lll) in blood at pH 7.4, delivers it to cells via radiopharmaceutical carrier for positron emission.tom.ogréﬁ)hy.
receptor_med|ated endocytos|8, and re'eases |t at pH_dTaIBS We have Stud|ed the Interaction Of EHPG W|th titanocene
in endosome§,19|n human serum, Only 30% of the transferrin dichloride and tltanlum(|V) citrate in aqueous solution over a
sites are saturated with iron. Many other metal ions have beenWide range of pH values, and here report the NMR studies and
reported to bind reversibly to human serum transfetin. X-ray crystal structures of two novel ¥EHPG complexes. The
Moreover' transferrin has been |mp||cated in transport and structures reveal a Un|que Stel‘eose|ectlve I‘eCOgnItlon Of the

HyNT_o ~CO0"
3

2 OH HO. 2

Hy4ehpg

2 The asterisks indicate the chiratcarbons. The labeling scheme
indicated is used for protons in NMR spectra. For comf@ea dash
is used to label atoms on the uncoordinated phenol,(H&, etc.)

delivery of therapeutic metal ions such @&d" and RU' to
cancer cellg221 Since we have recently found thatTforms
a strong complex with human serum transferrin (hTF) by binding
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EHPG ligands by TV.

Experimental Section

Materials. The ligand Hehpg (see Chart 1) was purchased from
Sigma Chemical Co. and purified as described previotfHo attempt
was made to separate the raceR|&S,Sand mesomeri®,Sisomers
of the ligand, which are present in an unspecified mixture in commercial
preparations (subsequently determined to be ca. 1:1 in our samples).
Cp:TiCl, was purchased from the Arcos Chemical Co., and mono-
sodium citrate from the Aldrich Chemical Co. Titanium(lV) citrate was
prepared as described previouglll other chemicals were AR grade
and were used as received.

NMR Spectroscopy.*H (500 or 600 MHz) NMR spectra were
recorded in RO on a Bruker DMX 500 or Varian 600 NMR
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spectrometer.H chemical shifts were referenced to 1,4-dioxane Table 1. Crystal Structure Data for Complexésand 2
(internal). The 2D COSY, 2D DQFCOSY, and 2D NOESY data were 1 2

obtained using standard techniques. All spectra were recorded at 298

K unless otherwise stated. The water resonance was suppressed bychemical formula  [Ti(GgH1eN20)- [Ti20(CagH17N20e)2-
presaturation or via the WATERGATE pulsed-field-gradient sequé&nce. (H0)]-(11/3)RO (H20)e]-13H,0

pH Measurements.The pH values were determined using a Corning 488.30 1096.47

. . ; - - color deep orange deep orange
240 pH meter equipped with an Aldrich micro combination electrode, e P

; - . ; cryst syst monoclinic triclinic
calibrated with Aldrich buffer solutions at pH 4, 7, and 10. The pH- space group c2lc P-1
meter readings for ED solutions are recorded as pMalues, i.e., a(®) 24.149(4) 12.521(6)
uncorrected for the effects of deuterium on the glass electrode. p(A) 14.143(3) 14.085(7)
Adjustments of pH were made with HCI or NaOH (DCl or NaOD for ¢ (A) 19.487(3) 16.635(8)
samples in RO). o (deg) 90 80.93(2)

UV —Vis and FT-IR Spectra. UV —vis spectra at different pH values S (deg) 105.371(13) 69.23(2)
were recorded in 0.1 M NaCl solution on a Shimadzu UV-2501PC 7 (deg) 90 64.33(2)
spectrophotometer at 298 K, using 1 cm path length cells. Concentra- AGS) 6417.7(19) 2472(2)
tions of complexe4 and2 were determined by measuring the Ti content T %SO 5 ;‘20 5
using the ICP-AES technique. The FT-IR spectra were recorded on a () o ) (2)

- . Pealcd (@-CmM3) 1.516 1.473
Perkin-Elmer Paragon 1000 spectrometer using KBr pellets. Lcaica (MM 0.462 3582

Synthesis of [Ti(ehpg)(HO)]-(11/3)H,0 (1). Cp,TiCl, (124.5 mg, F(000) 3056 1152
0.5 mmol) was dissolved in boiling distilled water (10 mL), angt H 0 range (deg) 2.5625.03 2.84-70.01
ehpg (180 mg, 0.5 mmol) was added slowly with stirring. The mixture no. of refins 9463/5662 8694/8070
was stirred for 30 min with addition of drops of cold water to keep the collected/unique
volume approximately the same. The resulting deep red-orange solution no. of reflns with 4428 5956
was filtered while hot to remove traces of unreacted ligand. After 1> 20(1)
cooling to ambient temperature, the pH of the solution was ca. 1.7. No. of params 434 729
One day later, regular rhombic orange crystals were obtained which R1 Fo>20(Fo))  0.0499 0.0580

wR2 (all data) 0.1340 0.1649

were suitable for X-ray crystallography. The crystals were filtered and
washed X with cold water. Yield 73.6% (82.56 mg, based on EHPG-
(rac), or 36.8% based on Ti). Anal. Calcd for [Ti{§16N2Og)(H20)]-
5H,0, CigH1aN207Ti-5H,0: C, 42.20; H, 5.50; N, 5.47. Found: C,
42.00; H, 5.32; N, 5.28. FT-IR data (c#): 3423br, 1637vs, 1597s,
1478m, 1452m, 1340m, 1250vs, 1188w, 1072w, 1032w, 963w, 901s,
829m, 779m, 761m, 730w, 691w, 646s, 501m, 447w, 428m.

Similar crystals ofl were also obtainable in lower yield by reaction
of titanium(IV) citrate with EHPG (1:1, 20 mM each) in water at 277
K, pH 6.1, for several days.

Synthesis of [Ti(Hehpg)(H20)}.0]-13H,0 (2). The pH of a
solution of 200 mL of titanocene dichloride (249.5 mg, 1.0 mmol)
containing 1.0 equiv of kkhpg was adjusted to 3.7, and the solution
was left at ambient temperature. A week later, large thin orange
rectangular plate crystals were obtained, which were suitable for X-ray
crystallography. The crystals were fitered and washegdv8th cold
water. Yield 47.4% (117 mg, based on EHR@®E9, or 23.7% based
on Ti). Anal. Calcd for GegHzsN4O15Ti2°9H,0: C, 42.21; H, 5.50; N,
5.47. Found: C, 42.53; H, 5.35; N, 5.44. FT-IR data (&mn 3422br,
3211br, 1638vs, 1597s, 1480m, 1458m, 1353m, 1294w, 1267m, 1187w,
1106w, 1062w, 1053w, 1006w, 966w, 902w, 790m, 760m, 738m, 702s,
616s, 500m, 434m.

Similar crystals of pure were also obtainable in very low yield
from solutions of the same concentration as above at pH 1.9 or at pH
5.0 after about a week at ambient temperature.

X-ray Crystallography. X-ray crystallographic studies df and2

Kinetic Studies of Reactions in Solution.These were carried out
at pH values of 7.0 and 3.7 in f@. An aliquot of CpTiCl,(aq) was
introduced inb a 5 mm NMRtube charged with EHPG solution (pH*
8.5 or 7.4, respectively) to give a final concentration of 5 mM of each
reactant. The pH* values fell to 5.7 or 3.7, respectively, and were
readjusted with concentrated NaOB1 NMR spectra were recorded
immediately, and then subsequently at various time intervals thereafter.
There was no measurable change in pH* during the reaction. Similar
experiments were performed using titanium(lV) citrate instead ef Cp
TiCl,. For kinetic analysis of NMR spectra, relative concentrations of
each species were calculated at each time point from peak integrals.

Results

Preparations of [Ti(ehpg)(H.0)]-(11/3)H,0 (1) and [{ Ti-
(Hehpg)(H20)}20]-13H,0 (2). The reaction of CgriCl,(aq)
with commercial EHPG ligand (1 mol equiv) in water afforded
orange crystals containing both monomeric [Ti(ehpgidH (1)
and the oxygen-bridged dimef Ti(Hehpg)(H0)}-0] (2),
containing theac andmesasomers of the ligand, respectively
(vide infra). The yields oflL and 2 depended on the pH, the
concentrations of the reactants, and the reaction times. Complex
1 has a higher solubility in water (ca. 5 mM) and was stable at
low pH (near pH 1), so a good yield of compl&éxvas achieved

were carried out on a Stadi-4 diffractometer equipped with an Oxford PY carrying out the reaction near boiling temperature for 0.5 h

Cryosystems low-temperature device. Single crystals were mounted atat higher concentrations (ca. 50 mM reaCta_mS) at pH ca. 1.7.
ambient temperature on the ends of quartz fibers in RS3000 oil, and Then crystals formed after the reaction solution was allowed to

data were collected at 220 K with ModKradiation forl and Cu ko

for 2, using aflw scan modes-scan data showed no significant
intensity variation forl, so no absorption correction was applied. The
crystal structures were solved by Patterson methods (DIRD)Rr(d

by direct methods (SHELXSPJ. H-atoms attached to C and N were
placed in calculated positions, while those attached to O were located
in difference Fourier maps; all were allowed to ride on their parent

atoms during subsequent refinement. Both structures were refined by

full-matrix least-squares agairist (SHELXL). All non-H-atoms were
modeled with anisotropic displacement parameters (adps). The final
difference map maximum and minimum wet®.75 and—0.38 e A3

(1) and+0.82 and—0.78 e A3 (2). Further crystallographic information

is summarized in Table 1.

(35) Piotto, M.; Saudek, V.; and Sklenar, ¥.Biomol. NMR1992 2, 661.

stand overnight at ambient temperature. The crude crystals
obtained under these conditions sometimes contained trace
amounts of the dimeR, but this was readily removed by
washing the crystals with cold water during filtration. Pure
crystals ofl were also obtained from reactions at higher pH
(ca. 6.1), using CfICl, or titanium(lV) citrate as starting
material, but the yields were quite low. Compl2xs stable
only over the pH range of ca. 2%.5. It is less soluble<1

mM) in water at low pH, but dissolves readily at neutral pH,
forming a colorless solution. This implies thatdecomposes

at neutral pH. The reaction giving crystals2ivas quite slow,

a good yield being achieved after a week at ambient temperature
with low concentrations of reactants (ca. 5 mM) at pH 3.7.
Crystals of pure dime2 were obtainable without contamination
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Figure 1. Molecular structure and atom-labeling scheme for one of
the mirror isomers of compleka. For complexlb, see Figure S1.

by 1. Pure crystals o2 were also obtainable at pH ca. 1.9 or
5.0 with the same concentrations of reactants but with very low
yields.

X-ray Structure of [Ti(ehpg)(H 20)]-(11/3)H,0O (1). Two
independent moleculesld and 1b) and their enantiomers
(N(S,3C(S,9 and NR,RC(R,R) are present in the unit cell.
Molecule 1lalies on a crystallographic 2-fold axis whildb is
in a general position. They differ slightly in their bond lengths
and bond angles (Figure 1, Figure S1 in the Supporting
Information, and Table 2). Both contain the racemic isomer of
EHPG R,RandS,3. Ti'V exhibits 7-fold coordination with a
distorted pentagonal-bipyramidal geometry. 1a, the two
phenolate oxygen atoms are in the axial positions-{0-O
angle, 171.22(14) Ti—0, 1.869(2) A), while the two nitrogen
atoms from the two amine groups @IN, 2.210(2) A), the two
oxygen atoms from the two carboxylate groups<Di, 2.061-

(2) A), and an additional oxygen atom from a water molecule
(Ti—0, 2.091(3) A) are nearly equally distributed around the
equatorial pentagonal plane of'Tii Selected bond lengths and
bond angles are given in Table 2. The-N bonds are much
longer while the short phenolate ¥O bond lengths are
comparable to those reported previously fot¥Fiphenoxo
complexes® The coordinated water molecule is further away,
with a bond length similar to those in [Y{EDTA)(H20)] (Ti—
OH,, 2.082(2) A¥72and Cd'(EDTA)(H20)] (Co—OHy, 2.073-

(2) A).37 |t forms H-bonds with each of the nearby coordinated
carboxylate oxygens (OHO distance, 2.20 A). The coordina-
tion sphere inlb is slightly more distorted than ida, and
selected bond lengths and angles are compared in Table 2.

X-ray Structure of [{Ti(Hehpg)(H20)}20)]-13H,0 (2). In
the crystal of complexX2, two molecules, a pair of mirror
isomers, appear in the unit cell, and both of them contain only

(36) Bird, P. H.; Fraser, A. R.; Lau, C. fhorg. Chem.1973 12, 1322
1328.

(37) (a) Fackler, J. P. Jr.; Kristine, F. J.; Mazany, A. M.; Moyer, T. J.;
Shephard, R. Hnorg. Chem1985 24, 1857-1860. (b) Zubkowski,
J. D.; Perry, D. L.; Valente, E. J.; Lott, $horg. Chem.1995 34,
6409-6411. (c) Thewalt, U. and Kebbel, B. Organomet. Chem.
1978 150, 59-66.
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Figure 2. Molecular structure and atom-labeling scheme for one of
the mirror isomers of compleR.

themesadsomer of EHPG. In each of the enantiomersRINRC-

(R,9 in both {Ti(Hehpg)(HO)} units in one molecule, or
N(S,9C(S,R in both {Ti(Hehpg)(HO)} units in the other
molecule, one of which is shown in Figure 2), tfibi(Hehpg)-
(H20O)} units are linked by a-O bridge. The TV atoms are
also seven-coordinate with a more distorted pentagonal-bipyr-
amidal geometry than that in compléxbound to the bridging
oxide, one phenolate group, two nitrogens, two carboxylates,
and a water molecule. The other phenol group is protonated
and uncoordinated, but forms a hydrogen bond with the nearest
amine proton (N--O distance, 2.732.75 A) and a nearby water
molecule (3--O distance, 2.68 A). The coordinated phenolate
oxygen and the bridgingi-O atom are located in the axial
positions (G-Ti—O angles, 164%and 167.4). The other five
coordinated atoms are located in the equatorial plane. The
bridging oxygen forms short HO bonds of 1.874(3) and 1.803-
(3) A, and the T+O—Ti angle is slightly bent (160%. The
existence of a nearly linear FO—Ti fragment is also indicated

by the strong vibration bad® at 702 cm! in the FT-IR
spectrum oR. The other bond lengths are comparable to those
of 1. There is extensive hydrogen bonding between the complex
and solvent water molecules in the unit cells of batand 2.

UV —Vis Spectra. The optical spectra of complexésand?2
over the pH range 0:78.0 in 0.1 M NaCl are shown in Figure
3. They both exhibit two bands at acidic pH, one below and
one above 300 nm. The higher energy band is due to internal
ligand transitions, whereas the band centered at 386 nrh for
and at ca. 388 nm fa2 (the origin of the orange color of the
complexes) can be assigned as a ligand-to-metal charge-transfer
(LMCT) band. As can be seen from the LMCT bands in Figure
3, complexesl and 2 are both more stable at low pH than at
high pH. Complexl is stable between pH 1.0 and pH 6.5. At
pH 7.0, ca. 40% of the absorbance at 386 nm is lost, and by
pH > 8.0, the LMCT band has nearly disappeared, correspond-
ing to the loss of TV —phenolate bonding. Compléxwas less
stable thanl. The LMCT band was observable only between
pH 2.5 and pH 6.0. At pH> 7.0, this band disappeared
completely. Although the absorbance maximum of the-
EHPG complexes is constant at 386 nm throughout the pH range
1.0-6.4, the absorbance maximum of tmeseEHPG complex
2 shifted from 388 nm to a slightly higher wavelength as the
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Table 2. Selected Bond Lengths (A) and Angles (deg) for Complekesd2 (# = —x, y, —z + 1)

complexla complexlb
Distances (A)
Ti(11)—0(11) 1.869(2) Ti(22)0(12) 1.866(2) Ti(22) 0(202) 1.879(2)
Ti(11)—0(821) 2.061(2) Ti(22y0(822) 2.056(2) Ti(22y0(1332) 2.059(2)
Ti(11)—N(91) 2.210(2) Ti(22) N(92) 2.197(3) Ti(22yN(122) 2.231(3)
Ti(11)—0(1W1) 2.091(3) Ti(22yO(2W2) 2.077(2)
Angles (deg)
O(11)-Ti(11)—0O(11#) 171.22(14) O(12)Ti(22)—0(202) 168.24(10)
O(11)-Ti(11)—0(821) 91.64(9) O(12)Ti(22)—0(822) 93.18(10) O(202)Ti(22)—0(1332) 91.74(10)
O(11)-Ti(11)—0O(821#) 90.91(9) O(12)Ti(22)—0(1332) 90.51(10) O(2029Ti(22)—0(822) 91.41(10)
O(11)-Ti(11)—N(91) 82.74(10) O(12)Ti(22)—N(92) 82.22(10) O(202)Ti(22)—N(122) 81.60(10)
O(11)-Ti(11)—N(91#) 90.14(10) O(12)Ti(22)—N(122) 88.25(10) O(202)Ti(22)—N(92) 89.03(10)
O(11)-Ti(11)—0O(1W1) 94.39(7) O(12)Ti(22)—-0(2W2) 95.89(11) O(202)Ti(22)—0(2W2) 95.81(11)
O(821)-Ti(11)—0(821#) 146.24(12) 0O(822)Ti(22)—0(1332) 145.92(9)
O(821)-Ti(11)—N(91) 71.16(8) 0(822)Ti(22)—N(92) 71.31(9) 0O(1332)Ti(22)—N(122) 70.80(9)
O(821)-Ti(11)—N(91#) 142.47(9) 0(822)Ti(22)—N(122) 143.13(9) O(1332)Ti(22)—N(92) 142.67(10)
0O(821)-Ti(11)—O(1W1) 73.12(6) 0(822)Ti(22)—0(2W2) 72.59(9) 0O(1332)Ti(22)—0(2W2) 73.33(9)
N(91)—Ti(11)—N(91#) 71.91(12) N(92)Ti(22)—N(122) 72.41(9)
N(91)-Ti(11)—O(1W1) 144.05(6) N(92) Ti(22)—O(2W2) 143.67(10) N(122)Ti(22)—0(2W2) 143.91(9)
Complex2
Distances (A)
Ti(1)—0(1) 1.853(3) Ti(2)-0(21) 1.944(3)
Ti(1)—O(1B) 1.874(3) Ti(2-O(1B) 1.803(3)
Ti(1)—0(4) 2.025(3) Ti(2)-0(24) 2.045(3)
Ti(1)—0O(3) 2.093(3) Ti(2-0(23) 2.097(3)
Ti(1)—0O(1T) 2.084(3) Ti(2)-0(2T) 2.095(3)
Ti(1)—N(2) 2.226(3) Ti(23-N(22) 2.222(3)
Ti(1)—N(1) 2.241(3) Ti(2)N(21) 2.233(3)
Angles (deg)
O(1)-Ti(1)—0(3) 91.59(12) O(2H)Ti(2)—0(23) 87.53(12)
O(1)-Ti(1)—0(4) 99.40(12) O(2H)Ti(2)—0(24) 91.51(12)
O(1)-Ti(1)—0(1B) 164.59(11) O(2HTi(2)—0O(1B) 167.36(11)
O(1)-Ti(1)—0(@1T) 93.69(12) O(2E)Ti(2)—0(2T) 93.77(12)
O(1)-Ti(1)—N(1) 80.70(12) O(2L)Ti(2)—N(21) 82.73(12)
O(1)-Ti(1)—N(2) 85.73(12) O(21)Ti(2)—N(22) 86.20(12)
O(3)-Ti(1)—0O(4) 142.98(10) 0(23)Ti(2)—0(24) 144.09(11)
O(3)—Ti(1)—0(1B) 88.24(12) O(23)Ti(2)—0O(1B) 91.27(12)
O(3)—Ti(1)—0O(1T) 71.65(11) O(23)Ti(2)—0O(2T) 72.33(11)
O(3)—Ti(1)—N(1) 71.32(11) O(23)Ti(2)—N(21) 70.53(11)
O(3)-Ti(1)—N(2) 144.25(11) 0(23)Ti(2)—N(22) 143.41(12)
O(4)—-Ti(1)—0(1B) 90.92(11) O(24)Ti(2)—0(1B) 96.79(12)
O(4)-Ti(1)—O(1T) 72.19(11) 0(24)Ti(2)—0(2T) 71.92(11)
O(4)—Ti(1)—N(1) 145.40(11) O(24)Ti(2)—N(21) 144.88(11)
O(4)-Ti(1)—N(2) 72.37(11) 0(24y Ti(2)—N(22) 72.14(11)
O(1B)-Ti(1)—O(1T) 100.86(11) O(1B)Ti(2)—0(2T) 97.85(12)
O(1B)-Ti(1)—N(1) 84.65(12) O(1B}Ti(2)—N(21) 85.01(12)
O(1B)-Ti(1)—N(2) 85.43(12) O(1ByTi(2)—N(22) 87.30(12)
O(1T)-Ti(1)—N(1) 142.33(12) O(2TyTi(2)—N(21) 142.81(12)
O(1T)-Ti(1)—N(2) 144.07(12) O(2TyTi(2)—N(22) 144.04(12)
N(1)-Ti(1)—N(2) 73.07(12) N(21yTi(2)—N(22) 72.93(12)
Ti(1)—O(1B)-Ti(2) 160.22(16)

pH was lowered (401 nm at pH 0.7). This shift implies the isomers gave distinguishable signals under these analysis

formation of protonated metal chelate speéfes. conditions. In addition, resonances for the phenyl ring protons
NMR of Ligands. Commercially available EHPG ligand of the isomers were unassigned. At pH* values below 2,

consists of a mixture ofnesoandrac isomers. Since we were  resonances for all the protons of the isomers of EHPG are well

able to prepare T¥ complexes containing either the pureso resolved. TheH NMR spectrum of the commercial ligand is
or rac ligand, we have been able to characterize individual reproduced exactly by combining the spectra of the individual
isomers of the ligand by NMR. The NMR spectra of fraeese mesoandrac isomers. Unambiguous assignments were estab-

or rac-EHPG ligands were obtained by acidifying the corre- lished by 2D fH,!H] COSY and NOESY NMR experiments
sponding TV complex until a colorless solution was obtained. (Figure S3 in the Supporting Information), and the chemical
During this process, tiny amounts of white precipitate, presum- shifts are listed in Table 3.

ably polymeric titanium hydroxide, were formed and subse- NMR of Complexes.Solution-staté¢H NMR studies of the
quently filtered off. Since théH NMR spectra are in agreement  diamagnetic TY complexesl and 2 allowed comparison of
with formation of the free ligand, as can be seen by comparison some of their structural features with those in the solid state.
with the commercial ligand at low pH (Figure S2 in the Peak assignments were established by 2D NMR techniques. The
Supporting Information), no further attempt was made to remove 2D COSY and 2D NOESY NMR spectra @fand2 in acidic

the metal. 1D'H NMR data on the EHPG isomers at alkaline solution are shown in Figures 4 and 5 and Figure S4 in the
pH have been publishéd?? but only the a-protons of the Supporting Information. The chemical shifts and assignments
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Table 3. Comparison of thiH NMR Chemical Shifts ¢) of Complexesl and2 and theRacand Mesolsomers of EHPG in BD at Various

pH Values, at 298 K

EHPG (ac) EHPG fnes9 complexl (rac) complex2 (mes9Q
pH* 1.38 1.33 1.37 341
o-H 5.08(s) 5.11(s) 4.86(s) 4.94(s), 4.81(s)
methylene 3.43(m), 3.21(m) 3.33(m) 3.01(d), 2.66(d) 3.55(t), 3.32(d), 2.90(d), 2.65(t)
phenol H3 [H3']¢ 6.96(d) 6.98(d) 6.73(d) 6.66(d), [6.93(d)]
H4 [H4'] 7.41(1) 7.43(t) 7.40(1) 7.36(t), [7.34(1)]
H5 [H5] 7.00(t) 7.02(t) 7.08(t) 7.02(t), [6.99(t)]
H6 [H6'] 7.28(d) 7.27(d) 7.40(d) 7.39(d), [7.34(d)]

aFor atom labels see Chart 1Closed phenolate ring.Uncoordinated phenof. At 308 K.
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Figure 3. UV—vis spectra of complexesand2 showing the LMCT
bands at various pH values: (A) compldx pH 0.73-4.12; (B)
complexl, pH 4.12-8.06; (C) complex2, pH 0.70-3.37; (D) complex
2, pH 4.30-8.03. Concentrationd, 3.08 x 1075 M, €3gs = 9600 M
cm i, pH 4.1;2,1.86 x 1075 M, €33 = 9480 Mt cm™%, pH 4.3 (298
K, #«=0.1M, 0.1 M NaCl).

are shown in Table 3, together with data for thesoandrac
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Figure 4. 2D NOESY spectrum (800 ms mixing time, 308 K) of the
monomer comple® in D,O (together with a COSY spectrum, Figure
S3), which establishes the NMR resonance assignments. Strong NOE
peaks are observed for the phenyl protons, MCHAN protons,o-H

to NCH,CH:N, anda-H to H6. For the labeling system, see Chart 1.

a, axial protonsge, equatorial protons.

observed for the monoméy indicating that the twet-H-atoms

are magnetically equivalent. The ethylenediamine protons for
the monomer gave rise to two deceptive quasi-quartets at 3.01
and 2.66 ppm representing anBy system. This indicates a
gaucheconformation of the ethylenediamine portion of the
EHPG ligand, similar to that observed in the solid state. The
resonances for the axial protons are 0.45 ppm to higher field
than those for the equatorial protons, perhaps due to differences
in magnetic shielding by the phenyl rings and the diamagnetic
anisotropic C-N bonds. For the dimeZ, two single peaks (one

for each of thenx-H-atoms connected to the unbound phenolate
and the bound phenolate) were expected for thedeHratoms.
However, we observed only omeH peak (2H) at 4.94 ppm at
298 K. The other peak is under the water signal at this
temperature. Upon raising the temperature 808 K, the other

o-H peak (2H, 4.81 ppm at 308 K) was readily observed. 2D
NOESY NMR experiments revealed connectivities between the
o-H at 4.94 ppm and the bound phenolate. The ethylenediamine

isomers of the EHPG ligand. Both upfield (low-frequency) and  region of the spectrum of the dimer showed two triplets at 3.55
downfield (high-frequency) shifted signals were observed for and 2.65 ppm, and two doublets at 3.32 and 2.90 ppm, each of
the complexes compared with the corresponding ligands. Thewhich is further split into fine doublets, representing an'BB'

phenolate-Ti'"V coordination causes a marked upfield shift of
the H3 resonance (ca. 0.2 ppm for ttae isomer and 0.3 ppm
for themesaisomer), but downfield shifts for H6 (ca. 0.17 ppm
for rac and 0.10 ppm fomes9, whereas H5 and H4 peaks are
only slightly shifted 0.08 ppm). Resonances for the uncoor-
dinated phenol ring in the dimer compl&xvere assigned with
the aid of 2D DQFCOSY and 2D NOESY NMR data. TdoéH-
atoms of monomeric compleixgave rise to a peak at 4.86 ppm,
which was not affected by pH over the range 1700, in
contrast to the large chemical shift changes of dhd-atoms

system. This indicates that the HN@EH,NH groups are also
fixed in agaucheconformation in solution. The assignment of
the NMR peaks is shown in Figure 5. The chemical shifts of
complexedl and2 were unchanged over the pH* ranges studied
(7.5-1.0 and 6.6-1.4, respectively).

pH Stability of Complexes 1 and 2.The stability of
complexesl and? at different pH values was further investi-
gated by'H NMR. Complex1 is stable over the pH* range
1.0-7.0, but below pH* 1.0, dissociation occurred slowly, the
IH NMR spectrum being consistent with the appearance of the

of the free ligands. As expected, only one single peak was free ligand. However, at pHZ 7.5, many new peaks appeared,
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Figure 6. Kinetics of the reactions between gjiCl,(ag) and EHPG
H6,H4' o ~CHLCH, in D,O at pH* 7.0 and 298 K followed byH NMR, showing the
HG,H4\“5 H’ \/ D ef He Hd gradual release of the Cp ligands and formation of compleReak
~ \6H3/H3 aH\T| Ha| Hb | labels: Cp, cyclopentadiens)andr, mesoandrac forms of the free
ligand Hkehpg. The same reaction at pH* 3.7 gives rise to both complex
ppm @ 1 and complex2; see Figure S4.
¥ later. Deep orange crystals were isolated from the solution after
4 | ' 8 d at ambient temperature.
5 ‘ " Discussion
H . . .
6 ¢ The yleld_ of monomeric cc_>mp|ex [Ti(ehpg)¢B)]-(11/3)-
4 N o H,0 (1) or dimeric complex{Ti(Hehpg)(HO)}20]:13H:0 (2)
74 .ﬂ N " depends on pH, concentrations, and the reaction time. Complex
I e 1 has higher solubility in water (ca. 5 mM) than compl2x
8 T , T T ] (<1 mM) and can tolerate low pH conditions. Hence, a good
8 7 & 5 4 ppm yield of complexd was achieved by reacting high concentrations

Figure 5. (A, top) 2D DQFCOSY!H NMR spectrum (500 MHz, 298 (ca. 50 mM) of reactants at close to boiling temperature for 0.5
K) and (B, bottom) 2D NOESY spectrum (500 ms mixing time, 308 h and a pH of ca. 1.7. Crystals bthen formed after the solution

K) of the dimer complex in DO, establishing the NMR resonance  \yas allowed to stand overnight at ambient temperature. Crude
assignments. Strong NOE peaks are observed for the phenyl protons,. ystals obtained under these conditions sometimes contained
for the geminal NCHCH;N protons (a/b and c/d, see the inset), and ¢ ts of di tals &f but th dil

for a-H to H6 for the ring-closed but not for the ring-opened side of race amounts o . |mer_ crystals u Qse \_Nere_ readily
the ligand. For the labeling system, see Chart 1. removed by washing with cold water during filtration. Pure

crystals ofl were also obtained from reactions at higher pH

indicating thatl decomposes at alkaline pH (Figure S5A inthe (ca. 6.1) using CfIICI; or titanium(IV) citrate as starting
Supporting Information). Comple is less stable thaf, and mate_rlal, but the yields were quite _Iow. Complgxs stable
only over the pH range 2-55.5. At pH* > 5.5, many newH only in the pH range of ca. 2:5.5. It is less soluble{1 mM)
NMR resonances appeared (Figure S5B in the Supporting in acidic solutions, but it readily dissolves at neutral pH, forming
Information), indicating the decomposition of compl2xNo a colorless solution, which implies thatlecomposes at neutral

attempt was made to identify all the decomposition products. PH- The reaction leading to crystals fs quite slow. A good
Reactions in Solution.The interaction between GRiCl, and yield of product was achieved after a week of reaction at ambient

EHPG was followed b).lH NMR in D,O at two pH* v;Iues temperature using low concentrations (ca. 5 mM) and pH 3.7.

pH* 7.0 and 3.7. At pH* 7.0, the ép ligands were readily This gave only dime without contamination by any crystals

released as can be seen from the decrease in intensity #f the of the monomed. Pure crystals o2 were also obtained at pH

V. ca. 1.9 or 5.0 using the same concentrations of reactants but
NMR peak for TIV-bound Cp at 6.42 ppm, and the appearance with very low yields.

of peaks at 6.64 and 6.57 ppm assignable to free cyclopentadiene . . .
! ' - ) Both complexesl and 2 exhibit strong visible absorption
(Figure )" Both of the isomers of EHPG bind to Y but bands near 3%7 nm. The visible bands fd?FEHPG and VF()}

]Eherat(;]hgar:d bf":jds faster tf}e:gégaﬁlfﬂa;ome; as_rf]a”. be seen  elpG have been recognized as+M charge-transfer bands
rom the rate or decrease o peaxs. 1he Increase involving a pr orbital on the phenolate oxygen and half-filled

in intensity of the two deceptive quasi-quartets at 2.99 and 2.64d : : . :

) orbitals of iron or empty d orbitals of vanadium (V),
ppm (NCHCH:N), the doublet at 6.72 ppm (H3), the triplet at respectively?332Similar bands have also been observed for other
706 ppm (H5), and the m”'t'p"?‘ at 7.39 ppm (H4 and_H6) 1S phenoxe-Ti"V complexes, and assigned to ligand-to-metal
indicative of the _gradual formation of trac complex1 W_'th_ charge-transfer transitiod8 The visible bands fot and2 can
aty of ca. 50 min. However, no NMR peaks characteristic of yharefore e attributed to £+ M charge transfer from asp
the meso complex 2. were obs_erved du_nng the reaction, orbital of the phenolate oxygen to an empty titanium d orbital.
suggesting that species containing thesoligand were other We have observed a similar broad band at-3800 nm for
than complex2 at th's pH value. . TiV—transferrin?245The CT band of thenesdsomer is slightly

At pH* 3.7, CeTiCl, reacted very slowly with both of the  red-shifted compared with that of thac isomer, as is also the
EHPG isomers, as can be seen from the NMR spectra (Figurecase for Fé —EHPG complexes.
S6 in the Supporting Information). The reaction leading to the  The NMR spectra of the ligands at acidic pH have not been
formation of therac complex1 required about one week for  reported previously, probably because of the poor solubility of
completion {12 of ca. 2.5 d), and weak NMR peaks character-
istic of the mesodimer, complex2, did not appear until 7 d (38) Harrod, J. F.; Taylor, K. Rinorg. Chem.1975 14, 15411545,
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Table 4. Comparison of Data for MetalEHPG Complexes
metal (M) da radiu¢ CN geomt M—-0° M-—N¢ [ONMN¢ [OOMO¢® ligand complex chirality ref

TiV (2 0 0.68 7 pent 1991 2.237 73.00 143.54 meso  N(RR)C(R,S or N(SSC(SR) this work
TiV(lb) O 068 7 pent 1987 2214 7241 145.92 rac N(RRIC(RR) or N(S9C(SS this work
TiV (14 0 0.68 7 pent 1990 2.210 7191 146.24 rac N(RR)C(RR) or N(SSC(SS this work
vV 1 063 6  oct 1.894 2208  78.20 103.24 rac N(RRIC(SS or NGYCRR) 39
Fel 5(hs) 0.64 6 oct 1977 2.166 79.86 105.51 rac N(RR)IC(SS or NS9C(RR) 43
Fel 5(hs) 064 6  oct 1.967 2151  80.61 107.17 rac N(RRIC(SS or NSGYCRR) 43
Fe! 5ths) 064 6  oct 1.967 2157  79.17 112.66 meso  N(RR)C(RS or NSSHC(SR) 43
Gd! 10 062 6  oct 1.949 2.090  82.96 96.53 rac N(RRIC(SS or NSGYC(RR) 28
cu' 9 072 6  oct 2.187 2005  85.94 91.55 rac N(RR)C(SS or NSYC(RR) 28
co 6(sy 063 6  oct 1.907 1.938  86.59 87.14 rac N(RRIC(SS or NSGYC(RR) 28

a|onic radius (A).P Key: pent, pentagonal bipyramid; oct, octahedt@verage bond distance (A).NMN angle (deg)¢ The OMO angldrans
to the NMN angle (deg).

the ligand at low pH value¥23 However, the commercial 4 compares data for available X-ray crystal structures of metal
EHPG ligand readily dissolves in,D at pH* values below 2, EHPG complexes. It can be seen thdf Tias a relatively large
which may be due to the protonation of the carboxylate groups ionic radius (0.68 A), and that fi-EHPG complexes have

of the ligand. Resonances for all the protons of the and the longest M-N bonds ¢2.2 A), and therefore the smallest
mesoisomers of EHPG were well resolved and have been N—M—N angles. Modeling studies reveal that increases in the
unambiguously assigned for the first time in this work. M—N bond lengths lead to movement of tinensoxygen atoms

The TiV complexes of both theac- andmeseEHPG ligand connected to the nitrogens by chelate rings and to concomitant
are seven-coordinate with a water molecule as a coligand (Figureopening of the corresponding-—0O bond angledrans to
S7 in the Supporting Information). In the crystal structur@of ~ the M—N bonds. In the case of Ti-EHPG complexes, the
one of the phenol groups of the Hehpg ligand is not coordinated, M—N bond lengths are long and thetWM—N angles are small
and is present in the ring-opened form. The only reported ring- (71—73°). Concomitant opening of the-&M—0O bond angles
opened metallo-EHPG compRéxis the octahedral vanadyl transto the M—N bonds is large enoughr(43.5) to encourage
complex [VO(Hehpg)], containing one ring-opened phenol. the coordination of a water molecule in the large hole thus
Similar to 2, the vanadyl complex is stable only under weakly formed. Therefore, it is understandable thdY Becomes seven-
acidic conditions. In transferrin, Beis coordinated to two  coordinate in these circumstances. Thé MEHPG complex
deprotonated phenolates (Tyr residues), but intermediates withalso has long ¥N bonds, but V(IV) has a smaller ionic radius
just one bound Tyr may be formed during metal uptake and (0.63 A), one of the oxygen ligands 0) in the trans
release. The detection of ring-opened model complexes isO—V—O unit is not connected by a chelate ring (one of the

therefore of significance. phenolates is not coordinated td“\Min this complex), and the
TiV has empty 3d orbitals and an ionic radius of ca. 0.68 O—V—O angle is only 103 not large enough to accommodate
A.%0 Similar to its 4@ and 5d analogues 2¥ and Hfv 4 TilV a water molecule.

is readily isolated in solvated form, with the metal achieving A similar analysis may also apply to the spherically symmetric
seven-coordination. Several X-ray structures of seven-coordinatehigh-spin & Fe'' —EHPG complexes, which also have relatively
complexes have been reporfé@41lt has been suggestéd long Fe-N bond lengths (ca. 2.16 A) and a medium ionic radius
that a spherically symmetric charge distribution favors pentagonal- for Fe!' (0.64 A). Although they are six-coordinate in the crystal
bipyramidal geometry if the central metal ion is of sufficient lattice with O-Fe—0O angles of 105112, optical spectroscopic
size to tolerate a coordination number higher than 6, or if the properties suggest that ''e EHPG may be seven-coordinate
ligand-field splitting does not greatly favor an octahedral in aqueous solution with an additional bound water ligghd.
arrangement. With its relatively large size, and a spherically ~ The most distinguishing feature of thesé"HEHPG struc-
symmetric charge distribution, 'Yi can adopt coordination  tures is their stereochemistry. The EHPG ligand itself contains
numbers from 2 to 11. Our examination of a number of X-ray two chiral carbon atoms, so it has two diastereomeric forms, a
crystal structures in the Cambridge Structure Database (ca. 1000pair of enantiomersR,RandS,S and amesdform (R,Sor S,R.
suggested that the most common coordination number is 4 (ca.However, the EHPG ligand contains two prochiral nitrogen
45%), followed by 6 (ca. 18%) and 5 (ca. 16%), with about atoms, and so the two amine nitrogens become chiral when
2.5% having a coordination number of 7. bound to a metal. Thus, there are four chiral atoms in metal

Hoard et al. have pointed détthat, for metalEDTA EHPG complexes, resulting in a total of 16 possible configura-
complexes, as the size of the central ion increases and ¢ M tions. As discussed earliét,only a gaucheconformation for
bond lengths increase, seven-coordination becomes favorabléhe NCHCH:N group in the metal complexes is possible. This
via the binding of a water molecule to fill the “hole” created constraint and the 2-fold axis in thraesoconformers reduce
by expansion of @M—0 bond anglesransto M—N bonds. the original 16 possible conformers to only 6.
This seems to be the case for metBHPG complexes. Table In the three conformers with nitrogen atoms in theSNY
configuration, the chiral carbon atoms can be labeled BSRE(
(39) Riley, P. E.; Pecoraro, V. L.; Carrano, C. J.; Bonadies, J. A.; Raymond, C(S,9, and CR,9. If the nitrogen atoms are in the R(R form,

K. N. Inorg. Chem.1986 25, 154—160. a similar argument holds, since they are mirror images of the

40) (a) Mazzanti, M,; Rosset, J.-M.; Floriani, C.; Chiesi-Villa, A.; Guastini, : P
(40) ((:')J' Chem. Sot.., Dalton Trans99Q 1335.1344. (b) Corazza, F.. three NS,S conformers. The complex with absolute chirality

Solari, E.; Floriani, C.; Chiesi-Villa, A.; Guastini, @. Chem. Soc., of N(S,3C(R,R, which has been designated &R rac®* or
Dalton Trans.199Q 1335-1344. ARR8 in some previous reports, and its mirror image isomer

(41) Coles, S. J.; Hursthouse, M. B.; Kelly, D. G.; Toner, A. J.; Walker, 28 ix-
N. M. 3. Chem. Soc.. Dalton Trans098 34863494 N(R,RC(S,9, ASS?® have the six-membered phenolate chelate

(42) Stezowski, J. J.; Countryman, R.; Hoard|nbrg. Chem.1973 12, rings in the equatorial positions and five-membered carboxylate
1749-1754. chelate rings in axial sites. One of the mirror isomers with the




214 Inorganic Chemistry, Vol. 39, No. 2, 2000 Guo et al.

Chart 2. Schematic Drawing of Octahedral MEHPG None of the preparations gave rise tdVHEHPG NES,3C-
Isomerg (R,R or N(R,RC(S,9 ((R,R) rac,ARRandASS isomers, which
have always been observed for other metals studied so far.
zl For octahedral metalEHPG complexes, greater stability has
o been proposé@3*for (R,R) racisomers due to the geometric
H A X -H selectivity in the placement of both six-membered chelate rings
sn—"] N o in the equatorial plane defined by the ethylenediamine ring. In
//M H the(S,S) raacconformer, both of the six-membered chelate rings
/. O o are in the axial position, which is a very strained arrangement.
H o In the case of the(R,S) mesoisomer, the only possible
C . . . . .
& arrangement is the one with all coordinating groossto one

another, that is, one axial phenyl and one equatorial phenyl.

This structure is intermediate between the highly straii@8)

rac arrangement and the most favorafieR) racarrangement.
The unusual N$,3C(S,9 or N(R,RC(R,R ((S,3 rac, ASS

or ARR) chirality of Ti"V—EHPG in1 can be understood by

considering the factors leading to metal complex stability. The

(A) N(S,S)C(R,R)

#Ne two major factors are ligand basicity and coordination geom-
/" etry 33 Experimental results have suggested that the two isomers
(o)

of EHPG have the same basicitie#ad 38.0 andmeso37.9)33
Therefore, the coordination geometry is likely to play a major
g role. Since the bite angle of a six-membered chelate?¥itfgs
about 90-95° and substantially greater than that of a five-
(C) N(S,9)C(R.S) membered chelate ring (ca. #80°),2844 more satisfactory
3 The asterisks indicate chiral atoms. octahedral coordination is achieved with both six-membered
rings bound to the metal in the equatorial plane that contains
N(S,9C(R,R configuration is shown in Chart 2A. The complex  the five-membered ethylenediamine group. This is the case for
with N(S,9C(S,9, which has been designated & rac®* or the(R,R) racconformation in most of the reported met&@HPG

ARRZ?8 in the literature, and its mirror isomer R(RC(R,R complexes. For the HEHPG complexes, M is seven-
both have the six-membered chelate phenolate rings in axial coordinate with pentagonal-bipyrimidal geometry, which will
sites. One of the mirror isomers with the NGC(S, I config- be very strained if any of the six-membered chelate rings bound
uration is shown in Chart 2B. The B(SC(R,9 mesoisomer, to the metal are in the pentagonal plane. More satisfactory

which has been designated &9 mesoin the literature, and pentagonal-bipyrimidal coordination is achieved with the six-
its mirror isomer NR,RC(S,R have one axial and one equato- membered chelate rings in the axial position, which results in
rial phenolate, as shown in Chart 2C. the ring-closed monomer [Ti(ehpg){8)]-(11/3)H,0 (1) crys-
Although X-ray crystal structures containing the \§C- tallizing as the N§,9C(S,9 and NR,RC(R.R ((S.9 rac, ASS
(R,R and NR,RC(S,9 ((R,R) rac,ARRandASS conformers O ARR) isomers, and theR,9 mesoligands forming the ring-
of Féll, cd", Gd', Cu', and W and the R,§ mesoconformer opened oxo-bridged dimef Ti(Hehpg)(HO)} 20]-13H,0 (2).
of F'l are available, the crystal structure of a complex Titanium(lV) readily forms complexes with EHP@E), a
containing the corresponding S§C(S,3 or N(R,RC(R,R chelating amino acid derivative, at neutral pH. This has
as far as we are aware. The absence of th®,8((S,S or drugs. T is very “hard” and readily hydrolyzes to form
N(R,RC(R,R ((S,S rac, ASSor ARR conformers in crystals ~ insoluble polymeric species at neutral pH. Both titanocene
has previously been ascribed to unfavorable crystal packing, dichloride and Budotitane undergo rapid and complete hydroly-
or to the inherent instability of th€S,S) racconformer?® Sis to fprm msolulble polymers at physllolo_glcall p2However, )
Molecular mechanics studof Fe'' —EHPG complexes show biological expenments reyeal that t|tan|gm is accumulated in
that the most stable conformers are theSNIC(R,R and Fhe_cellular _nuc_lelc-ac_ld-rl_ch regions (mainly the_nucleus) after
N(R,RC(S,3 ((R,R) rac,ARRandASS, both in vacuo and in in vivo ap_pllcanon _of tltamum_qlrugé.'l'herefore, plomolecules
aqueous solution, while the least stable is th&§C(S,S or must be involved in the stablllzgtlon of'Tland its transport.
N(R,RC(R,R ((S,9 rac, ASSor ARR conformer. Stability The present Wor_k shows that"’_hca_n bind to EHPQGC) at
constants for théR,R) racand(R,S) mesgomplexes of EHPG neutral pH, ar_1d is though_t to_blnd in a manner S|m|la_1r to that
with a few metal ions (F&, Ni', Znf!, Cu', Gd', and Ii") have of to transferrir??45 Both titanium (V) citrate and GTiCl>-
been determine#f and the results show that all tliR,R) rac (aq) can trgnsfer Ti to the specn‘!c Fé sites of human
conformers are more stable by2 kcal/mol than théR,S) meso gglti)\t/r;n%f\? :‘:’I(;]ma:h?-ilirl?t.iijmT(;?gfgzrggj'glayof’hglzz?tztear?:rt\C/)e to
: : 2
e e s he PES€12 f cancer el whih are knoun t hve 3 gher densty
N(R.RC(R.R as pairs in the unit cell) in crystals df was transfgrrm receptors.tha.m normal céi‘fsand may release the
une>’<pectea In crystals of the dimrboth TiY—EHPG units metal in endosomes inside cells. This may allow these drugs to

X . target biomolecules such as nucleic acids at low pH, or
arein the(_R,S)_ meséorm (N(R,RC(R.$ for both .EHPG Ilgands subsequently to bind to other phenolate proteins. Either of these
with its mirror isomer N§,9C(S,R also present in the unit cell).

(44) Bannochie, C. J.; Martel, A. Enorg. Chem.1991, 30, 1385-1392.

(43) (a) Bailey, N. A.; Cummins, D.; Mckenzie, E. D.; Worthington, J. M. (45) Guo, M.; Sun, H.; Sadler, P. J. Manuscript in preparation.
Inorg. Chim. Actal976 18 L13. (b) Bailey, N. A.; Cummins, D.; (46) Wagner, E.; Curiel, D.; Cotten, MAdv. Drug. Delivery Re.. 1994
Mckenzie, E. D.; Worthington, J. Mnorg. Chim. Actal981, 50, 511. 14, 113.
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routes could result in T inhibition of DNA synthesis and 1b], Figure S2 [500 MHZH NMR spectra of commercial EHPG and
mitotic activity. Recently, Marks and co-workers also suggested its rac andmesasomers at acidic pH* values inJD], Figure S3 [500

that enzymes could also be targets for metallocene anticanceMHz [*H,*H] (A) COSY and (B) NOESY (mixing time 1.2 s) spectra
drugs°2Further biological investigations of titanium transferrin ~ ©f the EHPG(ac) isomer in RO at 310 K, which establish the NMR

. I i 14 1 1
or other phenolate proteins are therefore warranted. resonance assignments], Figure £2D [*H,H] COSY "H NMR
spectrum (500 MHz, 298 K) of the monomer compleix D>O], Figure
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