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Effects of pyridyl-ring alkylation on complexation of Mn,
Fell, Ni!, Cu'! and Zn" by chelators based on r-1,c-3,c-5-tri-
aminocyclohexane (tach) have been studied. The chelators
studied are N,N’ ,N'"'-tris[(x-alkyl-2-pyridyl)methyl] deriva-
tives of tach, where the ring substituents are 3-Me, 4-Me, 5-
Me, 6-Me or 6-MeO (“tach-x-Rpyr"). Dicationic complexes
were synthesized for most combinations of the above five
metals and five chelators, using ClO,~, NO3~, CI~, or CF3SO3~
as counterions. Their bonding, structure, and aqueous la-
bility were analyzed by UV/Vis/NIR spectroscopy, magnetic
moment determination, HPLC, and single-crystal X-ray crys-
tallography. The striking features are seen in the 6-alkylated
complexes, where steric repulsions between the 6-substitu-
ents at the threefold axis of the pseudo-octahedral coordina-
tion sphere result in a substantially weakened metal-ligand
interaction. In the [M(tach-6-Rpyr)]?* series of divalent Mn,
Ni, Cu and Zn, effects of these repulsions include bond angle

and length distortions, decrease of the coordination number
to five, shifts of d-d electronic transitions to lower energies,
and spin-free complexes of the bound metal ion. Aqueous
lability studies by HPLC agree with the spectroscopic find-
ings. The bonding properties of the other tach-x-Mepyr che-
lators (x = 3, 4, 5) closely resemble the unalkylated parent
tachpyr in solution. Similarly in the X-ray studies, [Zn(tach-
3-Mepyr)]** resembles [Zn(tachpyr)]?*. The cytotoxicities of
the chelators toward human breast cancer cells (MCF7) at a
fixed chelator concentration of 16 pM show time-dependent
induction of cell death in the order tach-3-Mepyr >= tach-
4-Mepyr > tach-5-Mepyr > tachpyr, whereas tach-6-Mepyr
and tach-6-MeOpyr had no effect on the cells. The depressed
cytotoxicities of the latter two are attributed to inability to
bind Fe' or Zn" strongly.
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Introduction

The tripodal aminopyridyl chelator tachpyr {r-1,c-3,c-5-
tris[(2-pyridylmethyl)amino]cyclohexane} has been shown
to readily complex divalent 3d transition metal ions;!!~#
tachpyr and its derivatives are under consideration as che-
motherapeutic agents.>~7 It is strongly cytotoxic to a vari-
ety of tumor cells as seen by an ICs, of 4.8 um toward cul-
tured bladder tumor cells. It is also preferentially toxic,
showing a sevenfold decrease in ICsq in cancer cells relative
to normal cells.®] We have recently shown that it binds Zn'!
and Fe'l in cells, and that the binding of Fe!l in vitro is
accompanied by redox processes.”] Metal complexes are
well known to promote oxidative damage by catalyzing pro-
duction of HO’, O, or other species collectively termed
reactive oxygen species (ROS). We therefore pursue the
hypotheses that tachpyr may affect cells by causing depri-
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tach-3-Mepyr tach-4-Mepyr tach-5-Mepyr
M(TD) (R =Me) (R =Me) (R =Me)
Mn(1I) - - _
Fe(ID® 2a 2b %
Ni(Ip™ 3a 3b 3¢
Cu(In™ 4a 4b 4c
Zn(I)™ 5a 5b 5¢

2+

tach-6-Mepyr  tach-6-MeOpyr tachpyr
(R =Me) (R = MeO) (R=H)
1d (X=CIO;) le (X=CF;S05) -
1d’ (X=CF;805")
2d (X=ClOy) 2e -
3d (X=ClOy) 3e -
3d’ (X=NOy)
44" de -
5d (X=NO5") Se 5f (X=CF;S0;")
5d° (X=ClIOy)

[a] X = Cl'(except 2d); [b] X = ClO4 (except 3d’); [c] X = NO;™ (except 5d’ and 5f)

Scheme 1. Structures and numbering of the isolated metal complexes of tach-x-Mepyr and tach-6-MeOpyr.

vation of essential biometals and/or that the complexes
formed may go on to catalyze oxidative damage, particu-
larly those of redox-active bioavailable metals such as Fe
and Cu.

Study of pyridyl-ring-alkylated tachpyr variants ap-
peared appropriate in order to change electronic properties
or induce steric hindrance in tachpyr and its derivatives.
Herein we focus on the ability of such derivatives to bind
divalent biometals as seen from the coordination geometries
and the electronic properties of [M"Y(tach-x-Rpyr)]**
(Scheme 1; M = Mn, Fe, Ni, Cu, Zn; R = Me where x =
3-6 and R = MeO where x = 6). The electronic structure in
solution has been studied by spectroscopy, and solid-state
structures have been studied by single-crystal X-ray crystal-
lography. Aqueous formation processes have been studied
by electronic spectroscopy, and the lability of isolated com-
plexes has been investigated by reversed-phase HPLC. Cyto-
toxicities of tach-x-Rpyr in human breast cancer (MCF7)
cells are reported and the relationship of metal chelation
to biological effects is discussed. In toxicity studies, tach-3-
Mepyr, tach-6-Mepyr and tach-6-MeOpyr emerged as most
interesting, tach-3-Mepyr due to more rapid onset of toxic-
ity and the tach-6-Rpyr derivatives due to lack of toxicity,
hence, these have received greater scrutiny in the present
work.

Results and Discussion

Complexation Processes and Products

To investigate steric and electronic effects resulting from
variation of the metal ion in the series 1x, 2x, 3x, 4x and

3972 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

5x and of chelator in the series #a, #b, #c, #d, #e
(Scheme 1), binding of Mn"!, Fe'', Ni'l, Cu'", and Zn'" by
tach-x-Mepyr (x = 3, 4, 5, and 6) and tach-6-MeOpyr was
studied in aqueous and nonaqueous solution. Isolation of
complexes proceeded straightforwardly in MeOH by reac-
tion of equimolar amounts of ligands and metal ion salts
of counterions CI-, ClO,, NO; and CF;SO;5 followed by
precipitation with Et,O. The counterion ClO4 provided su-
perior material for X-ray study, while the other counterions
were preferred for most solution studies due to greater
aqueous solubility. Due to the ability of Fe' to mediate
oxidation of bound tachpyr,?! all studies with this metal
ion were conducted under anaerobic conditions. To study
solution chemistry of alkylated tach chelators, complex-
ation of Fe'l, Ni'l, Cu'! and Zn'! ions was carried out gen-
erally in water (for all tach-3-Mepyr and tach-6-Mepyr
cases and most others; MeOH for a few cases) and the re-
sulting solutions were analyzed. Adequate concentrations
for analysis, ca. 5 X 102 M were obtained with all counter-
ions except ClO4 . The appropriate physical methods were
employed including UV/Vis/NIR spectroscopy, 'H NMR
spectroscopy, HPLC and solution magnetic moment deter-
mination. The electronic spectra from solution complex-
ation closely resembled those of isolated complexes 2a-4e
in MeCN (Table 1 and Exp. Sect.). Mn'" complexation was
generally not possible in aqueous media, and tach-6-Mepyr
complexes were labile under HPLC conditions in some
cases (see below). The spectral analyses of the solutions
were consistent with six-coordination in all cases except
[Cu(tach-6-MeOpyr)]>* which is discussed later.

HPLC studies provided good qualitative indications of
lability trends and lipophilicities as a function of chelator
and metal ion. The method very clearly distinguished metal
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Table 1. UV/Vis/NIR spectroscopic data for tach-x-Mepyr complexes.!

Complex v [cm @l Assignments(®! Ao [em™] Color
[Fe(tach-3-Mepyr)]Cl, 22700 (7000) MLCT - bronze
18200 sh (290) Ay — Ty,
[Fe(tach-4-Mepyr)]Cl, 23100 (6600) MLCT - bronze
17800 sh (320) Al = Ty,
[Fe(tach-5-Mepyr)]Cl, 22600 (4200) MLCT - bronze
17400 sh (290) Al — Ty,
[Fe(tach-6-Mepyr)](ClOy), 28800 (650) MLCT
19600 sh (36.6) unassigned 11700 red-
11700 (9.4) T, — °E, brown
[Fe(tach-6-MeOpyr)]Cl, 28200 (790) MLCT
11100 (5) Ty, — °E, 11100 yellow
[Ni(tach-3-Mepyr)](ClO,), 11300 sh (10.8) Ay, — 'E,
12900 (15.9) e — T, 12900 pink
19700 (11.7) Ay, — T,
[Ni(tach-4-Mepyr)](C1Oy), 11300 sh (12.7) Ay, — 'E,
12800 (15.9) 3Ase — 3Thg 12800 pink
19500 (14.2) 3As, — 3Ty,
[Ni(tach-5-Mepyr)](ClO,), 11200 sh (12.7) Ay, — 'E,
12800 (17.0) 3Ase — 3Thy 12800 pink
19500 (14.2) 3As, — 3Ty
[Ni(tach-6-Mepyr)](ClOy), 10800 (25.4) Asg — 3Toy
12400 sh (11.4) Ay, — 'E, 10800 pale
18100 (9.28) 3As, — 3Ty brown
[Ni(tach-6-MeOpyr)](Cl0,), 10900 (17.5) Asg — 3Thg
12400 sh (11.4) Ay, — 'E, 10900 violet
18100 (7.28) 3As, — 3T,
[Cu(tach-3-Mepyr)](ClOy,), 15300 (97.1) ’E, — Ty, 15300 blue
[Cu(tach-4-Mepyr)](ClOy), 15100 (88.3) ’E, — Ty, 15100 blue
[Cu(tach-5-Mepyr)](ClOy), 15000 (68.8) ’E, — Ty, 15000 blue
[Cu(tach-6-Mepyr)](C1O,4),"! 10800 (154.3) dy.y- — do - blue
14100 (89.5) dyy — de 2
15400 (223.8) 2> de
[Cu(tach-6-MeOpyr)](ClOy), 10400 (117.9) dyy. = dy2 2 - blue
14100 (34.4) dyy — de 2

15300 (174.5)

d>— dxz—yz

[a] All Fe'' and Ni'! complex spectra measured in MeCN; all Cu'! spectra measured in MeOH except [Cu(tach-6-Mepyr)](ClO,), and
[Cu(tach-6-MeOpyr)](C10,), which were measured in H,O. [b] In the case of d-d transitions, assignments of pseudo-octahedral complexes
are made in the O, point group while the square-pyramidal Cu'' complexes are given as transitions between individual orbitals according

to literature conventions.

complex from metal chelator and was particularly appropri-
ate for study of Zn' and Mn!! speciation where Vis/NIR
spectroscopy is not available.''”) Due to their polarity the
metal complexes eluted at 12 to 15 min, whereas free chela-
tor retention times were upwards of 20 min. The separation
was improved by isocratic elution with a mobile phase of
90% Et;N/HOACc buffer and 10% MeOH in order to clearly
discriminate complexes of different metal ions with the
same chelator.

The Mn!' complexes 1d and le could be prepared in
MeOH, but they dissociated completely under HPLC
analysis, as expected given the poor match of size and hard—
soft acid—base properties as well as the steric effects of 6-
substitution of the coordinating pyridine ring. The
[Zn(tach-6-Mepyr)]>* complex 5d was also labile, but
[Zn(tach-3-Mepyr)]>* (5a) and [Zn(tachpyr)]** (5f) yielded
clean single peaks, indicative of inertness.

Ring alkylation of tachpyr increased lipophilicity of che-
lators and complexes as shown by RP-HPLC studies in the
gradient mode. Thus, the free chelator tachpyr and
[Zn(tachpyr)]?* eluted at substantially shorter times

Eur. J. Inorg. Chem. 2005, 3971-3982 www.eurjic.org

(18.8 min and 8.4 min) than the respective alkylated com-
pounds tach-3-Mepyr and [Zn(tach-3-Mepyr)]** (22.9 min
and 14.6 min).

'H NMR spectra of complexes 2a—c and 5a—e are consis-
tent with the octahedral-enforcing nature of tach-frame-
work chelators as previously shown in [Ni(tachpyr)]**,
[Zn(tachpyr)]** and [Ga(tachpyr)]’*.] Characteristic pat-
terns of proton—proton coupling between cyclohexyl H
atoms indicate “closed”, complexed tach as opposed to
“open” tach.['l The two methylene protons of the coordi-
nated pendant arms are diastereotopic, indicating that the
arms of these complexes are twisted about the metal ion in
the A or A configuration, and A-A interconversion does
not occur on the NMR time-scale at room temperature,
also as previously found for [M(tachpyr)]** (M = Fe', Zn™,
Galll, Tn!1h).[1218]

In total, synthetic and physical studies demonstrate the
alkylated derivatives of tachpyr to be effective chelators of
Fe!', Ni'!, Cu'! and Zn", while Mn!! is not bound in aque-
ous media, and some of the 6-alkylated tachpyr variants are
labile in aqueous media.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3973
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Electronic Structure

To examine metal-complex structures in solution and as-
sess effects of pyridyl substituents at various positions, the
UV/Vis/NIR spectra of the Fe', Ni"!, and Cu'" complexes
were measured, assigned, and compared with other amino/
pyridyl-metal compounds (Table 1). The spectral assign-
ments for Ni'! and Cu' complexes were made as previously
reported for their complexes of tachpyr and N-alkylated
tachpyr derivatives.[':3] The Fe! complexes 2a—¢ exhibit a
large absorption band at 22600-23100 cm™' with a weak
low-energy shoulder at 17400-18200 cm'. We assign the in-
tense absorption to a metal-to-ligand charge-transfer band
(dn—pn*) typical of LS Fe' complexes with m-acceptor li-
gands.!'?-2? This absorption appears to mask all d-d transi-
tions except the low-energy shoulder that is generally as-
signed as the 'A;, — 'Ty, transition in LS Fe'! or Co™
complexes.[20-23

Comparison across the chelate tach-x-Mepyr series
shows that 6-substituted ligands have weaker field strength
toward Fe', Ni"!, and Cu", while methyl substitution at the
3, 4, and 5 positions on the pyridine rings has no notable
effect on the field strength relative to tachpyr. Thus, the 6-
substituted Ni'! complexes 3d and 3e have lower d-d transi-
tion energies as compared to the 3-, 4- and 5-substituted
compounds 3a—c. In the Fe!l series, 6-substitution causes a
shift of Fe!' from low-spin (LS) to high-spin (HS) state. The
Fe!' complexes 2d and 2e contain a considerably weaker
MLCT band around 28500 cm™! with a slight shoulder to
lower energy. The MLCT band is weaker as is typical for
HS Fe!'.?%T Additionally there is a very weak absorption at
11100-11800 cm . This absorption is assigned to a T, —
3E, transition, as is seen in [Fe([12]JaneNspy;)]** and other
HS Fe!' complexes.[!9-20-22]

Alkylation of the pyridyl 6-position leads to a five-coor-
dinate complex in the case of Cu'l. The UV/Vis/NIR spec-
trum of [Cu(tach-6-MeOpyr)]** 4e displays a low energy
shoulder indicative of five-coordination as seen for [Cu-
(tach-6-Mepyr)]** (4d).’] We obtain a satisfactory fit to
three Gaussian peaks (Figure 1) which we assign to the

do—do o, do—do p, and dy,,,.—d,-> . transitions in order

o
o
,

absorbance units
o

[ Ja— : } RSRSRPEL SNSRI P SRS EFE
23000 21000 19000 17000 15000 13000 11000
wavenumber (cm™")

9000

Figure 1. Resolution of the electronic spectrum of [Cu(tach-6-Me-
Opyr)](ClOy), (aq) into bands (L to R, dotted lines): d..,. —

22, d,. — d\> 2 and d.> — d.> 2. The calculated spectrum in the
range 21000-9000 cm™! is shown as a solid line and the experimen-
tal spectrum at 0.04 absorbance units above.
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of increasing energy as has been shown for aqueous [Cu-
(tach-Et3)(H>0),]** and other square-pyramidal Cu'’ com-
plexes.?*2¢l The molar absorptivities of the component
peaks are relatively high, ca. 25-160 M ' cm™! as is typical
of d-d transitions of square-pyramidal copper complexes
where parity-forbidden Laporte selection rules are relaxed
by lowered symmetry.*”!

Overall, the weakened interactions between the 6-substi-
tuted ligands and the divalent metal centers that are seen
here result in a substantially weakened ligand field as seen
from coordination number, spin state, or d-d electronic
transitions of the bound metal ion. The effects are due to
steric hindrance produced by the methyl or methoxy groups
when the pyridyl rings are brought into proximity in the
closed conformation of the chelator.

Cytotoxicity Studies

The cytotoxicities of tach-x-Mepyr (x = 3-6) and of
tach-6-MeOpyr were studied against a tachpyr control (Fig-
ure 2). Using a fixed concentration of chelator (16 um), ex-
tent of cell death in the first 24 h varied considerably,
whereas at the 72 h timepoint all chelators except tach-6-
Mepyr and tach-6-MeOpyr had caused loss of 75-80% of
cell viability. The lack of toxicity in the 6-substituted chela-
tors is as expected because their metal-binding properties
are sterically hindered as demonstrated by the solution UV/
Vis spectra. However, there are significant differences in
rate of cell killing, in the order tach-3-Mepyr >= tach-4-
Mepyr > tach-5-Mepyr > tachpyr. There is no correspond-
ing variation in the ligand-field strength as a function of
alkylated position on pyridine.

6-Me

= | 6-MeO -~
5100 - N
c
2 80 ’ —*— tachpyr
5 —oo e

_ -vie
240 =~ &Me
820
>

0

0 10 20 30 40 50 60 70
Time ( hrs)

Figure 2. MCF7 cells were treated with 16 pm tach-x-Rpyr for the
indicated times (8, 24, 48 and 72 h) and viability assessed using an
MTT assay as described in Exp. Sect. Viability was expressed as
percent survival relative to the control cells, which were untreated.
Means and standard errors of 3 independent experiments are
shown. In the case of 6-methyl-tachpyridine, only the 72 h time-
point was assessed.

Structural Studies

To elucidate the influences of the metal ion and alky-
lation of the pyridine rings of tachpyr upon bonding in the
complexes, we undertook crystallographic studies of se-
lected complexes. These studies focused on 6-alkylated and

www.eurjic.org Eur. J. Inorg. Chem. 2005, 3971-3982
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Metal ion M-N(amine) bond M-N(pyridyl) bond Twist angle or
radius [A] distance or distance or angle pairs,™ @ [°]
distance pairst! [A] distance pairsi! [A]
[Ni(tach-6-Mepyr)]>* 0.83 2.078(3) 2.191(3) 55.3(2)
2.099(3) 2.203(3)
2.102(3) 2.267(3)
[Ni(tachpyr)]**-11 0.83 2.099(4) 2.118(4) 45.5(2)
2.099(4) 2.122(4)
2.107(4) 2.127(4)
[Cu(tach-6-MeOpyr)]** 0.87 [2.051(3), 2.008(3)] [1.994(3), 1.998(3)] -
[2.102(3), 2.045(3)] [2.012(3), 2.093(3)]
[2.170(3), 2.172(3)]
[Zn(tach-3-Mepyr)]** 0.88 [2.151(3), 2.143(3)] [2.156(4), 2.158(3)] [42.8, 41.8]
[2.156(3), 2.163(3)] [2.167(3), 2.170(3)]
[2.167(3), 2.165(3)] [2.170(3), 2.183(3)]
[Zn(tach-6-Mepyr)]** 0.88 [2.128(4), 2.115(5)] [2.203(4), 2.213(5)] [53.9(3), 49.5(1)]
[2.133(4), 2.133(5)] [2.216(4), 2.218(5)]
[2.135(4), 2.151(5)] [2.566(5), 2.527(5)]
[Zn(tachpyr)]**4 0.88 2.160(3) 2.165(4) 43.7(2)
2.160(3) 2.165(4)
2.160(3) 2.165(4)
[Mn(tach-6-Mepyr)]** 0.97 [2.235(3), 2.222(4)] [2.277(3), 2.268(3)] [52.6(3), 49.6(1)]
[2.247(3), 2.258(3)] [2.282(3), 2.289(4)]
[2.262(3), 2.262(3)] [2.442(3), 2.417(4)]
[Mn(tach-6-MeOpyr)]** 0.97 2.250(2) 2.210(2) 44.8(2)
2.286(2) 2.277(2)
2.300(2) 2.306(2)
[Mn(tachpyr)]>+1 0.97 2.2330(17) 2.2829(17) 2.5(1)
2.236(2) 2.2920(18)
2.245(2) 2.2992(17)

[a] In structures with two independent molecules per asymmetric unit, pairs of corresponding distances or angles are given in brackets.

3-alkylated pyridyl derivatives because of their particular
influences on lability or biological activity. The salient find-
ings are presented in Table 2, and views of selected complex
cations are shown in Figures 3, 4, 5, 6 and 7.

Figure 3. Projection along the N6-Mn bond of one cation in the
asymmetric unit of [Mn(tach-6-Mepyr)](ClO4),+0.5H,0-0.5McOH
(1d-0.5H,0-0.5MeOH) (PLUTO) showing that the pyridyl ring
C21eee(C24 is not coplanar with the N6-Mn1 bond.

The M-N(amino) bond lengths of the complexes are
generally comparable to the unalkylated analogues
[M(tachpyr)]?* (M = Ni'l, Zn™", Mn'){'l and to other ami-
nopyridyl ligands. They correlate well with the divalent me-
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Figure 4. ORTEP view of the complex cation of [Ni(tach-6-Me-
pyn)](NO3),-0.5Et,0O (3d'+0.5Et,0) (50% probability ellipsoids).

tal ionic radii; as the six-coordinate ionic radius?®?%! in-
creases from Ni'! (0.83 A) to Zn' (0.88 A) to Mn™! (0.97 A),
the M—N bond lengths increase as well.

From the structural standpoint, 3-alkylation has little ef-
fect on complexation geometry in the solid state. The M—N
bond lengths and the twist angle of [Zn(tach-3-Mepyr)]**
(5a) (Figure 6) are very comparable to those of [Zn(tach-

pyn)** .1

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 3975



FULL PAPER

R. P. Planalp et al.

Figure 5. ORTEP view of one molecule in the asymmetric unit of
[Cu(tach-6-MeOpyr)](ClOy), (4e) (50% probability ellipsoids).

Figure 6. ORTEP view of one molecule in the asymmetric unit of
[Zn(tach-3-Mepyr)](NO3),2MeOH-0.5H,0 (5a-2MeOH-0.5H,0)
(50% probability ellipsoids).

However, the M—N(pyridyl) distances vary substantially
in the 6-alkylated compounds. Elongations of the Mn—N
bond lengths due to steric hindrance may be uniform as
seen in the cations [Ni(tach-6-Mepyr)]** (3d’) (Figure 4)
and [Mn(tach-6-MeOpyr)]** (1e) or non-uniform as in
[Zn(tach-6-Mepyr)]>* (5d") (Figure 7) and [Mn(tach-6-Me-
pyn)]** (1d) (Figure 3). The Ni"" complex 3d’ shows a uni-
form elongation (i.e., Ni"N,,, distances increase simi-
larly) by roughly 0.11 A relative to [Ni(tachpyr)]** for all
three Ny, donor atoms. In contrast, the Zn'' complex 5d’
shows two lesser elongations (ca. 0.050 A) of the Zn—Npy
bonds and one very long bond with an elongation of ca.
0.38 A. In the non-uniform elongation case, it is notable
that the plane of the pyridyl ring is not coplanar with the
longest M"-N(,,, bond; thus, the lone pair of the pyridyl
N atom is directed away from the metal center. This is illus-
trated by a projection of [Mn(tach-6-Mepyr)]** along the
(longest) Mn1-N6 bond in Figure 3.

The compound [Cu(tach-6-MeOpyr)](ClO,), (4e) is five-
coordinate in the solid state (Figure 5), consistent with the

3976 © 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Figure 7. ORTEP view of one molecule in the asymmetric unit of
[Zn(tach-6-Mepyr)](Cl0O,4),:0.5H,0-0.5MeOH
(5d'-0.5H,0-0.5MeOH) (50% probability ellipsoids).

assigned aqueous structure. This complex has four shorter
bonds and one longer bond as expected in Jahn-Teller-dis-
torted Cu'", and previously observed in [Cu(tach-6-Mepyr)]-
(ClO,4), (4d).’! The shorter bond lengths of 4e [range
1.994(3) to 2.102(3) A] compare favorably to those of 4d
[range 2.001(3)-2.103(3) A] (Table2), and the long dis-
tances [average of 2.171(3) A in two molecules in the asym-
metric unit] are somewhat shorter than in 4d [2.216(3) A].
Sterically crowded Cu'! is well known to assume coordina-
tion geometries varying from square-based pyramidal to
trigonal-bipyramidal. In these cases the coordination geom-
etry may be described by the in-plane angular distortion
= (f— a)/60°, where ff and a are the two basal angles formed
by the trans ligands and the metal ion. The ideal square
pyramid is defined by 7 = 0 and the trigonal bipyramid by
7 = 1.B9 The shape of Cu'' compound 4e is closer to a
square-based pyramid with an average 7 = 0.26 whereas 4d
has a more distorted intermediate shape, with t = 0.58.

In the case of Mn'!, the 6-substitution of the pyridyl ring
makes the trigonal-prismatic geometry less favorable than
distorted octahedral, as shown by comparison of trigonal
twist angle (®) values in [Mn(tach-6-Mepyr)]*>* (1d) and
[Mn(tach-6-MeOpyr)]** (le) to [Mn(tachpyr)]**.l'l The @
value is the angle by which the triangles of pyridyl N atoms
and amino N atoms are staggered, as viewed down the
pseudo-C; axis. The octahedron possesses perfect stagger-
ing with an angle @ = 60° and the trigonal prism is perfectly
eclipsed with @ = 0°. The value of @ for [Mn(tachpyr)]>" is
2.5° while values of @ for 1d and le are 52.6° and 44.8°,
respectively. The drastic change in @ reflects the closeness
of 6-substituents to each other in a trigonal prism. It was
observed in [Mn(tachpyr)]** that extension of the pendant
arms into a planar arrangement [i.e., making the N(H)—
CH,—(2-pyridyl) framework planar], to achieve a trigonal-
prismatic coordination sphere, allowed the most favorable
bite angles for a large metal ion. However, in the trigonal
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prism the groups at the 6-pyridyl position must point di-
rectly at each other. Thus, 1d and 1le attain larger @ values
because sterics make the trigonal-prismatic geometry unfa-
vorable in this case. Additionally, binding a metal ion into
the trigonal-prismatic geometry of an aminopyridyl tach
chelator causes severe distortions of the coordination geom-
etry of the tach nitrogen atoms, forcing them into a trigo-
nal-pyramidal geometry (with H at the apex of the pyra-
mid).[" In 1d similarly to 5d, the third arm is forced away
from the other two at a greater Mn—N bond length, and it
is unable to attain good overlap of the N(py) lone pair with
Mn"! (Figure 3). In le, steric effects do not seem as great,
and the average N(py)-Mn bond length is marginally
shorter than that of [Mn(tachpyr)]** (Table 2).

Conclusions

The 6-position has a considerable effect on metal-binding
properties in tach-6-Mepyr due to steric interactions
amongst 6-substituents in metal-bound tach-6-Rpyr. On the
other hand, there appears to be little electronic effect of
3-, 4-, or 5-alkylation on ligand-field strength in the tach-
x-Mepyr series, nor any steric effect of 3-alkylation. The
biological differences between tach-3-Mepyr and tachpyr
appear to derive from other factors such as a difference in
rate of metal ion binding, or formation constants of metal—
ligand interaction, or other parameters specific to the Fe!!
complexes. Studies of formation constants and complex-
ation reactivities to compare the interactions of Zn'' and
Fe!' with tach-3-Mepyr and tachpyr are therefore in pro-
gress.

Experimental Section

General: Full physical characterization of complexes was carried
out with material prepared and isolated using nonaqueous solvents
without optimization of yields. Aqueous complexation studies are
described by a general procedure for each metal. X-ray crystal-
lography was carried out on the isolated complexes from nonaque-
ous media. Cytotoxicity studies were performed with phosphate-
buffered saline solutions of the free chelators, which were prepared
as reported.>10]

Materials and Methods: All the materials cited below were of re-
search grade or spectro-quality grade in the highest purity available
and were generally obtained from commercial sources and used
without further purification except Et,O. Et,O was distilled from
Na and used immediately. [Dg]DMSO was obtained from Cam-
bridge Isotope Laboratories. UV/Vis/NIR solution electronic spec-
tra were measured using a Varian Cary 5 or a Varian Cary 50-Bio
UV/Vis spectrometer with 1- or 3-mL quartz cuvettes (1 cm path
length). Solid-phase Vis spectra were obtained with a model RSA-
HP-53 reflectance spectroscopy attachment (Labsphere, Inc.) to an
HP8453 diode-array instrument. All solution UV/Vis/NIR spectra
are presented in Table 1; deconvolutions of Cu'! spectra were per-
formed using Microcal Origin 6.0 software. Electrospray ionization
(ESI) mass spectra in the positive ion detection mode were ob-
tained with a Finnegan LCQ Classic instrument with dual optical
Paul traps and Picoview nanospray source. Fast-atom bombard-
ment mass spectra (FAB-MS) were taken with an Extrel 4000 in-
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strument in the positive ion detection mode. Samples were de-
sorbed from mixtures of DMSO and Magic Bullet (“MB”). Calcu-
lations from the program developed by Scientific Instrument Ser-
vices (http://www.sisweb.com/cgi-bin/mass10.pl, accessed August 2,
2004) aided in assignment of peaks. '"H NMR spectra were ob-
tained using a Bruker AM360 instrument or a Varian Mercury
400 MHz instrument. Chemical shifts are reported in ppm on the
o scale relative to TMS. Magnetic moments were determined using
Evans’ method.[''l Elemental analysis was performed by Atlantic
Microlabs (Atlanta, Georgia). Drying was accomplished in air or
under reduced pressure (ca. 102 Torr) with a standard Schlenk line.
All work with Fe!' was conducted with standard Schlenk or
glovebox techniques under prepurified N, or Ar due to the oxi-
dation sensitivity of the complexes.['?]

CAUTION: Perchlorate salts can be explosive and should be han-
dled with care. No explosions occurred during the course of this
work.

Metal Complex Syntheses

[Mn(tach-6-Mepyr)|(Cl04),:H,O (1d-H,0): A colorless solution of
Mn(ClOy),*6H,0 (0.0899 g, 2.48 x 10~* mol) in MeOH (2 mL) was
added to a pale yellow solution of tach-6-Mepyr (0.110 g, 2.48 X
104 mol) in MeOH (2 mL) affording yellow prisms suitable for X-
ray diffraction (shown to be 1d-1/2MeOH-1/2H,0). The crystals
were isolated and dried under reduced pressure giving a pale yellow
solid. The solid was washed with MeOH (5 mL) and Et,O (5 mL)
and dissolved in MeCN followed by vapor-phase diffusion of Et,O
generating yellow prisms. The prisms were isolated and dried under
reduced pressure affording a yellow solid in 73.9% yield (0.128 g,
1.83 x 10* mol). MS (ESI): m/z = 498 [M — 2 ClO4 — H*], 598
[M — ClOy]. tterr (DMSO, 25 °C) = 5.79 B.M. C,;H33C1,MnN4Oq
(715.15): caled. C 45.26, H 5.35, N 11.73; found C 44.93, H 5.16,
N 11.98.

[Mn(tach-6-Mepyr)](CF5SO3), (1d'): A solution of Mn(CF;S03),
-6H,0 (0.083 g, 1.8 x 10*mol) in MeOH (2 mL) was added to a
pale yellow solution of tach-6-Mepyr (0.079 g, 1.8 x 10#mol) in
MeOH (2 mL) giving a pale yellow solution. Addition of dry Et,O
(20 mL) to this solution gave a pale-yellow oil that was isolated by
decantation and triturated to a light tan powder with Et,O (2 X
20 mL). The powder was dried under reduced pressure, then taken
up in MeOH (3 mL) and subjected to vapor-phase diffusion of
Et,0 to provide colorless prisms that were isolated and dried under
reduced pressure affording a 46 % yield (0.066 g, 8.3 x 10> mol) of
white prisms. HPLC (gradient mode): Identical to free ligand at
R, = 21.0 min. MS (FAB/glycerol): m/z = 648 [M — CF3SO;7]".
CooH36FsMnN¢OgS, (797.14): caled. C 43.67, H 4.55, N 10.54;
found C 43.62, H 4.51, N 10.50.

[Mn(tach-6-MeOpyr)](CF3S03), (1e): A solution of Mn(CF;S03),
-6H,0 (0.058 g, 1.3 x 10*mol) in MeOH (2 mL) was mixed with
a pale yellow solution of tach-6-MeOpyr (0.059 g, 1.2 x 10~* mol)
in MeOH (2 mL), giving a pale yellow solution. Addition of dry
Et,0 (20 mL) to this solution gave a pale yellow oil that was iso-
lated by decantation and triturated to a white powder with Et,O
(2 x 20 mL). The powder was dried under reduced pressure, then
taken up in MeOH (3 mL) and subjected to vapor-phase diffusion
of Et,O to provide colorless prisms (1e-MeOH) suitable for X-ray
diffraction. The prisms were isolated and dried under reduced pres-
sure affording a 58 % yield (0.059 g, 7.0 x 10~ mol) of white prisms.
Lerr (DMSO, 25 °C) = 5.70 B.M. MS (FAB/gly): m/z = 696 [M —
CF;S057*, 532 [M -2 CF3SO5 — CH;3*]*". HPLC (gradient mode):
identical to free ligand at R, = 23.7 min. CyoH3cFsMnN¢OoS,
(845.13): calcd. C 41.19, H 4.29, N 9.94; found C 41.03, H4.33, N
9.86.
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|Fe(tach-3-Mepyr)|Cl,-1.5H,0 (2a-1.5H,0): A pale green solution
of FeCl,*4H,0 (0.0070 g, 3.53 x 107> mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-3-Mepyr (0.0155 g, 3.48 x
1073 mol) in MeOH (I mL) producing a brown-yellow solution.
Et,O (2 mL) was added and the solution let stand for 48 h at 10 °C
producing clusters of carmine red needles. Product was isolated and
dried under reduced pressure affording deep red needles. '"H NMR
(400 MHz, [D¢]DMSO, 25 °C): 6 = 7.59, 7.15, 6.91 (d, dd, d, 3 H,
3-MeCsH3N), 5.29 (br. t, 1 H, NHCH,), 4.23, 4.02 (dd, dd, 2 H,
NHCH,py, diastereotopic), 2.95 (br. s, 1 H, cyclohexyl methine H),
2.37 (s, 3 H, CH;py), 2.12 (br. d, 1 H, equatorial cyclohexyl methyl-
ene H), 1.84 (br. d, 1 H, axial cyclohexyl methylene H).
Cy7H39CLFeNO, 5 (597.19): caled. C 54.25, H 6.58, N 14.07;
found C 54.17, H 6.22, N 13.76.

|Fe(tach-4-Mepyr)|Cl,-1.5H,0 (2b-1.5H,0): A pale green solution
of FeCl,4H,0 (0.0110 g, 5.53 x 1073 mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-4-Mepyr (0.0244 g, 5.49 x
103 mol) in MeOH (1 mL) affording a brown-yellow solution.
Slow Et,O diffusion produced several deep red microcrystals. The
supernatant was decanted and the microcrystals were dried under
reduced pressure. 'H NMR (400 MHz, [Dg]DMSO, 25 °C): 6 =
7.42, 7.17, 6.86 (s, d, d, 3 H, 4-MeCsH;N), 545 (br. t, 1 H,
NHCH,), 4.43, 4.19 (dd, dd, 2 H, NHCH,py, diastereotopic), 3.21
(br. s, 1 H, cyclohexyl methine H), 2.37 (s, 3 H, CH3py), 2.02 (br.
d, 1 H, equatorial cyclohexyl methylene H), 1.79 (br. d, 1 H, axial
cyclohexyl methylene H). C,;H39ClLFeNgO; 5 (597.19): caled. C
54.25, H 6.58, N 14.07; found C 54.56, H 6.16, N 13.86.

|Fe(tach-5-Mepyr)|Cl,H,O (2¢'H,0): A pale green solution of
FeCl,-4H,O (0.0108 g, 5.43 x 103 mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-5-Mepyr (0.0235 g, 5.28
x 10 mol) in MeOH (1 mL) creating a brown-yellow solution.
Addition of Et,O (ca. 20 mL) produced a slightly cloudy solution
that yielded carmine red needles upon standing one week. The su-
pernatant was decanted and the product was allowed to air dry
giving deep red needles. 'H NMR (400 MHz, [D¢]DMSO, 25 °C):
0 =1765,1749, 6.78 (d, d, s, 3 H, 5-MeCsH;3N), 5.57 (br. t, 1 H,
NHCH,), 4.43, 4.12 (dd, dd, 2 H, NHCH,py), 3.13 (br. s, 1 H,
cyclohexyl methine H), 2.08 (partially obscured) (s, 3 H, CHspy),
2.09 (partially obscured) (br. d, 1 H, equatorial cyclohexyl methyl-
ene H), 1.81 (br. d, 1 H, axial cyclohexyl methylene H).
C,7H;33CLFeNgO: caled. (588.18) C 55.08, H 6.51, N 14.28; found
C 54.73, H 6.45, N 13.88.

[Fe(tach-6-Mepyr)|(C104),-H,O (2d-H,0): A yellow solution of
Fe(ClO4),6H,0 (0.0160 g, 4.41 x 10° mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-6-Mepyr (19.5 g, 4.39 X
10> mol) in MeOH (1 mL) producing a dark red solution. During
24 h at 5 °C red needles precipitated from the solution. Removal
of the supernatant and air-drying produced bright red needles. .
(DMSO, 25 °C) = 5.46 B.M. at 25 °C. C,;H33Cl,FeN¢Oq (716.14):
caled. C 45.24, H 5.35, N 11.73; found C 45.45, H 5.31, N 11.61.

|Fe(tach-6-MeOpyr)|Cl,:1.5H,O (2e:1.5H,0): A pale green solu-
tion of FeCl,-4H,0 (0.0113 g, 5.68 x 107> mol) in MeOH (1 mL)
was added to a pale yellow solution of tach-6-MeOpyr (0.0276 g,
5.61 x 1073 mol) in MeOH (I mL) producing a yellow solution.
Addition of ca. 15 mL of Et,O produced a slightly cloudy solution
that deposited yellow prisms upon standing 48 h. The supernatant
was decanted and the product allowed to air-dry resulting in bright
yellow prisms. u.; (DMSO, 25 °C) = 577 BM. at 25 °C.
C57H39CLFeNgO, 5 (645.17): caled. C 50.22, H 6.09, N 13.02;
found C 50.21, H 6.10, N 12.84.

[Ni(tach-3-Mepyr)](ClOy), (3a): A pale green solution of Ni(ClOy),
-6H,0 (0.0169 g, 4.62 x 107> mol) in MeOH (1 mL) was added to
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a pale yellow solution of tach-3-Mepyr (0.0204 g, 4.59 x 10> mol)
in MeOH (1 mL) affording a pale purple-pink solution. Pink need-
les formed after 24 h. The supernatant was decanted and the solid
was washed with Et,O and dried, producing pale pink needles
(0.0191 g, 59.3%). MS (ESI, MeOH): m/z = 501 = [M - 2 CIO, -
H*], 601 [M — ClO,]. Cy7H36CL,NgNiOg (700.13): caled. C 46.20,
H 5.17, N 11.97; found C 46.43, H 5.28, N 12.06.

[Ni(tach-4-Mepyr)](ClO4), (3b): A pale green solution of Ni(ClOy),
*6H,0 (0.0159 g, 4.35 x 1073 mol) in MeOH (1 mL) was added to
a pale yellow solution of tach-4-Mepyr (0.0197 g, 4.43 x 10> mol)
in MeOH (1 mL) producing a pink solution. Small pink needles
were produced by Et,O diffusion into the MeOH solution. These
crystals were isolated, washed with Et,O, dried under reduced pres-
sure, and taken up in MeOH (1 mL). Et,O diffusion into the
MeOH solution yielded pink needle clusters that were isolated and
dried affording a pink solid (0.0184 g, 59.2%). MS (ESI, MeOH):
mlz =501 [M -2 ClO, -~ H"], 601 [M — ClO,]. C57H34C1,N¢NiOg
(700.13): caled. C 46.20, H 5.17, N 11.97; found C 46.31, H 5.14,
N 11.94.

[Ni(tach-5-Mepyr)](ClOy4), (3¢c): A pale green solution of Ni(ClOy),
*6H,0 (0.0162 g, 4.42 x 1073 mol) in MeOH (1 mL) was added to
a pale yellow solution of tach-5-Mepyr (0.0200 g, 4.50 x 10> mol)
in MeOH (1 mL) producing a purple-pink solution. Slow diffusion
of Et,O produced light pink microcrystals. The microcrystals were
isolated, washed with Et,O, dried under reduced pressure, and
taken up in MeOH (1 mL). Diffusion of Et,O into the MeOH solu-
tion produced pink needles that were isolated, washed with Et,O,
and dried producing pink needles (0.0221 g, 70.2%). MS (ESI,
MeOH): m/z 501 [M - 2 ClO, - H*], 601 M - ClO4].
C,7H;36C1L,NgNiOg (700.13): caled. C 46.20, H 5.17, N 11.97; found
C46.21, H 5.13, N 11.76.

[Ni(tach-6-Mepyr)|(C104),-H,0 (3d-H,0): A pale green solution of
Ni(ClOy4),*6H,0 (0.0169 g, 4.62 x 103 mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-6-Mepyr (0.0203 g, 4.57 X
103 mol) in MeOH (1 mL) affording a dark yellow solution. Small
light brown needles along with a yellow-brown oil formed after
24 h. The supernatant was decanted, the needles and oil were
washed with Et,O, and the needles were isolated and dried under
vacuum (0.0046 g, 14%). MS (ESI, MeOH): m/z = 501 [M —
2 ClO4 — H*], 601 [M — CIOy47]. fterr (DMSO, 25 °C) = 3.8 B.M.
C,7H33C1,NgNiOy (718.14): caled. C 45.03, H 5.32, N 11.65; found
C 4537, H 5.32, N 11.63.

[Ni(tach-6-Mepyr)|(NO3), (3d’): A pale yellow solution of tach-6-
Mepyr (0.0839 g, 1.89 X 10~* mol in MeOH, 2 mL) was added to
a pale green solution of Ni(NOs),*6H,0 (0.0549 g, 1.89 x 104 mol)
in MeOH (2 mL) affording a peach solution. After adding Et,O
(12mL) and standing for 2 h, pale lavender microcrystals formed
which were isolated, washed with CH5CN, and dried under reduced
pressure to a pale violet solid. This was dissolved in MeOH fol-
lowed by vapor diffusion of Et,O, affording pale violet prisms of
an ether adduct (3d’-0.5Et,0) that were suitable for X-ray crystal-
lography. These were isolated and dried to a pale violet solid
(0.0828 g, 69.8%). MS (FAB/DMSO/NBA): m/z = 502 [M —
2 NO;7]. UV/Vis/NIR (MeOH): . (¢) = 10800 (23.2), 12300
(13.7), 17800 cm™! (7.8 cm™' M), uer = 3.087 B.M. at 25 °C.
Cy7H;36NgNiOg (626.21): caled. C 51.35, H 5.80, N 17.83; found C
51.70, H 5.78, N 17.86.

[Ni(tach-6-MeOpyr)|(ClO4), (3e): A pale green solution of
Ni(ClOy4),*6H,0 (0.0167 g, 4.57 x 1073 mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-6-MeOpyr (0.0208 g, 4.23
x 107 mol) in MeOH (1 mL) producing a pale violet solution. The
violet prisms that deposited after 24 h were isolated, washed with
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Et,0, and dried under vacuum (0.0150 g, 47.3%). MS (ESI,
MeOH): m/z = 549 [M - 2 ClO, — H'], 649 [M — ClO47]. terr
(DMSO, 25 °C) = 3.1 B.M. C,;H3CI,NgNiO; (748.12): caled. C
43.25, H 4.84, N 11.21; found C 43.09, H 4.94, N 11.11.

[Cu(tach-3-Mepyr)](C104), (4a): A blue solution of Cu(ClOy),
*6H,O (0.0267 g, 7.21 x 10> mol) in MeOH (1 mL) was added to
a pale yellow solution of tach-3-Mepyr (0.0315 g, 7.09 x 103 mol)
in MeOH (1 mL). A light indigo-blue precipitate formed that redis-
solved immediately to a blue solution. Slow Et,O diffusion into the
solution produced shiny blue prisms that were isolated and recrys-
tallized from MeCN (4 mL) by vapor-phase diffusion of Et,O
(0.0419 g, 84.0%). MS (FAB/DMSO/MB): m/z = 606 [M — ClO4].
UV/Vis/NIR = (solid):  Apax = 14700 cm™!.  C,;H34Cl,CuN4Og
(705.13): caled. C 45.86, H 5.13, N 11.89; found C 45.86, H 5.15,
N 11.99.

[Cu(tach-4-Mepyr)|(ClO04),:H,O (4b-H,0): A blue solution of Cu-
(Cl0,),6H,0 (0.0258 g, 6.96 x 107> mol) in MeOH (1 mL) was
added to a pale yellow solution of tach-4-Mepyr (0.0310 g, 6.97 x
1075 mol) in MeOH (1 mL). A blue precipitate formed that immedi-
ately redissolved to a blue solution. Slow Et,O diffusion into the
solution formed a blue oil which was triturated to a powder with
Et,O and recrystallized from MeOH by vapor-phase diffusion of
Et,O providing blue plates (0.0240 g, 48.8%). MS (FAB/DMSO/
MB): m/z = 606 [M — ClO4]. UV/Vis/NIR (solid): Agax =
15100 cm™!. C7H33ClL,CuNgOy (723.14): caled. C 44.73, H 5.28, N
11.59; found C 44.64, H 5.10, N 11.19.

[Cu(tach-5-Mepyr)](ClO4), (4c): A blue solution of Cu(ClOy),
*6H,0 (0.0264 g, 7.12 x 103 mol) in MeOH (1 mL) was added to
a pale yellow solution of tach-5-Mepyr (0.0322 g, 7.24 x 10> mol)
in MeOH (1 mL). A light blue precipitate formed that immediately
redissolved to a blue solution. Slow Et,O diffusion into the solution
formed a blue oil which was triturated to a powder with Et,O and
recrystallized from MeOH by vapor-phase diffusion of Et,O pro-
viding blue needles (0.0376 g, 74.8%). MS (FAB/DMSO/MB): m/z
= 606 [M — ClO47]. UV/Vis/NIR (solid): Apac = 15200 cm™'.
C,7H;34C1L,CuN4Og (705.13): caled. C 45.86, H 5.13, N 11.89; found
C 46.16, H 5.28, N 11.64.

[Cu(tach-6-MeOpyr)|(ClO4), (4e): A blue solution of Cu(ClOy),
*6H,O (0.0229 g, 6.18 x 10> mol) in MeOH (1 mL) was added to
a pale yellow solution of tach-6-MeOpyr (0.0306g, 6.22 X
103 mol) in MeOH (1 mL). A light blue precipitate formed that
immediately redissolved to a blue solution. Slow Et,O diffusion
into the solution formed a blue oil which was triturated to a powder
with Et,O and recrystallized from MeCN (2 mL) by vapor-phase
diffusion of Et,O giving shiny blue needles suitable for X-ray crys-
tallography (0.0365 g, 78.3%). MS (FAB/DMSO/MB): m/z = 654
[M — ClO47], 493 (free tach-6-MeOpyr). UV/Vis/NIR (solid): Apax
= 10204, 15060 cm™'. C7H34Cl,CuNgO,; (753.11): caled.C 42.95,
H 4.81, N 11.13; found C 43.12, H 4.80, N 11.17.

[Zn(tach-3-Mepyr)|(NO5),2H,O0  (5a-2H,0): A solution of
Zn(NO3),-6H,0 (0.0335 g, 1.126 x 10~* mol) in MeOH (2 mL) was
mixed with a pale yellow solution of tach-3-Mepyr (0.0502 g, 1.129
x 104 mol) in MeOH (2 mL) with no obvious change observed.
Diffusion of Et,0 into the solution overnight gave clusters of color-
less needles. The product was isolated, washed with Et,O, and dried
under reduced pressure affording white needles (0.0364 g, 5.74 %
1073 mol, 51.0%). Suitable crystals for X-ray diffraction (shown to
be 5a:2MeOH-0.5H,0) were grown from MeOH by vapor-phase
diffusion of Et,O. 'H NMR (360 MHz, [D¢]DMSO, 25 °C): § =
791, 7.76, 742 (d, d, dd, 3 H, 3-MeCsH;3N), 441 (br. t, 1 H,
NHCH,), 4.05, 3.95 (dd, dd, 2 H, MepyCH,N, diastereotopic),
3.29 (br. s, 1 H, cyclohexyl methine H), 2.32 (partially obscured)
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[s, 3 H, (CH3)py], 2.34 (partially obscured) (br. d, 1 H, equatorial
cyclohexyl methylene H), 1.88 (br. d, 1 H, axial cyclohexyl methyl-
ene H). MS (ESI): m/z = 507 [M - 2 NO3; — H*], 570 [M — NO;].
HPLC (gradient mode): R, = 14.6 min (free ligand R, = 22.9 min).
C,7H40NgOgZn (668.23): caled. C 48.40, H 6.02, N 16.72; found C
48.15, H 6.06, N 16.66.

|Zn(tach-4-Mepyr)|(NOs), (5b): A solution of Zn(NOs),6H,O
(0.0284 g, 6.16 x 10> mol) in MeOH (1 mL) was mixed with a
pale yellow solution of tach-4-Mepyr (0.0278 g, 6.25 x 10 mol) in
MeOH (1 mL), giving a pale yellow solution. Diffusion of Et,O
overnight gave colorless needle clusters. The product was isolated,
washed with Et,O, and dried under reduced pressure affording
white needles (0.0235g, 3.71 x 10 mol, 60.2%). 'H NMR
(360 MHz, [Dg]DMSO, 25 °C): 0 = 7.68, 7.46, 7.34 (d, s, dd, 3 H,
4-MeCsH;N), 4.60 (br. t, 1 H, NHCH,), 4.07 (m, 2 H, MepyCH,N,
diastereotopic), 3.26 (br. s, 1 H, cyclohexyl methine H), 2.48 (s, 3
H, CH;py), 2.32 (br. d, 1 H, equatorial cyclohexyl methylene H),
1.86 (br. d, 1 H, axial cyclohexyl methylene H). MS (FAB/DMSO/
MB): m/z = 507 [M - 2 NO; — H*], 570 [M - NO;7.
C57H34NgO4Zn (632.20): caled. C 51.15, H 5.72, N 17.68; found C
51.11, H 5.75, N 17.61.

|Zn(tach-5-Mepyr)|(NO5),-:3H,0  (5¢:3H,0): A  solution of
Zn(NO3),*6H,0 (0.0203 g, 6.82 x 105 mol) in MeOH (1 mL) was
mixed with a pale yellow solution of tach-5-Mepyr (0.0301 g, 6.77
x 107° mol) in MeOH (1 mL), giving a colorless solution. Diffusion
of Et,0 into the solution overnight gave a colorless oil. Trituration
produced a white precipitate. The product was isolated, washed
with Et,0, and dried under reduced pressure affording a white
powder (0.0345 g, 5.44 x 10> mol, 80.4%). '"H NMR (360 MHz,
[D]DMSO, 25 °C): 0 = 7.95, 7.60, 7.52 (d, s, d, 3 H, 5-MeCsH3N),
4.59 (br. t, 1 H, NHCH,), 4.07 (qd, 2 H, MepyCH,N, dia-
stereotopic), 3.23 (br. s, 1 H, cyclohexyl methine H), 2.29 (partially
obscured) (s, 3 H, CHspy), 2.33 (partially obscured) (br. d, 1 H,
equatorial cyclohexyl methylene H), 1.86 (br. d, 1 H, axial cyclo-
hexyl methylene H). MS (FAB/gly): m/z = 507 [M — 2 NO;~ — H"],
570 [M — NO57]. C5;H4,NgOoZn (686.24): caled. C 47.14, H 6.15,
N 16.29; found C 47.18, H 6.11, N 15.96.

[Zn(tach-6-Mepyr)|(NO3),H,O (5d-H,O0): A solution of Zn(NO3),
-6H,0 (0.0423 g, 1.42 x 10~* mol) in MeOH (2 mL) was mixed with
a pale yellow solution of tach-6-Mepyr (0.0614 g, 1.38 x 104 mol)
in MeOH (2 mL), giving a pale yellow solution. Adding Et,O di-
rectly into the solution and waiting 18 h gave a white solid. The
product was isolated, washed with Et,O, and dried under reduced
pressure affording a white solid (0.0143 g, 2.26 x 103 mol, 16.3%)).
'H NMR (360 MHz, [Dg]DMSO, 25 °C): § = 7.89, 7.37, 7.31 (t, d,
d, 3 H, 6-MeCsH;3N), 4.23 (br. m, 1 H, NHCH,), 4.20, 4.09 (d, d,
2 H, MePyCH,N, diastereotopic), 3.08 (br. s, 1 H, cyclohexyl meth-
ine H), 2.16 (s, 3 H, CH;CsH;N), 2.10 (br. d, 1 H, equatorial cyclo-
hexyl methylene H), 1.82 (br. d, 1 H, axial cyclohexyl methylene
H). MS (FAB/NBA/DMSO): m/z = 570 [M — NOs], 507 [M —
2 NOs;~ — H*]. HPLC (gradient): labile, identical to free tach-6-
Mepyr at R, = 21.3 min. C,;H33NgO;Zn (650.22): caled. C 49.74,
H 5.87, N 17.19; found C 49.30, H 5.91, N 17.15.

|Zn(tach-6-Mepyr)|(C104),:H,O (5d"*H,0) and |Zn(tach-6-Mepyr)]-
(C104),:0.5MeOH-0.5H,0 (5d'-0.5MeOH-0.5H,0): A pale yellow
solution of tach-6-Mepyr (0.0540 g, 1.22 x 10~*mol) in MeOH
(4 mL) was added to a solution of Zn(ClO4),-6H,0 (0.0493 g, 1.22
x 104 mol) in EtOH (4 mL) affording a white precipitate. After
standing for 1 h, the precipitate was isolated and washed with Et,O
and MeOH. This was dried under reduced pressure affording a
white solid in 60.3% yield (0.0569 g, 8.05 x 105 mol). Single crys-
tals suitable for X-ray crystallography (shown to be
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5d’'-1/2MeOH-1/2H,0) were obtained by Et,O diffusion into an
MeOH solution of the complex. 'H NMR ([Dg]DMSO, 25 °C): 6
=17.89, 7.36, 7.34 (t, d, d, 3 H, CH3CsH;N), 4.22, 4.05 (m, d, 3 H,
diastereotopic methylene H’s of MePyCH,N and NHCH,), 3.07
(br. s, cyclohexyl methine H), 2.15 (s, 3 H, CH;CsH3N), 2.13 (br.
d, 1 H, equatorial cyclohexyl methylene H), 1.82 (br. d, 1 H, axial
cyclohexyl methylene H). MS (FAB/glycerol): m/z = 507 [M —
2 Cl04 — H*]. C57H33C1,N¢O9Zn(724.14): caled. C 44.61, H 5.27,
N 11.56; found C 44.58, H 5.41, N 11.74.

|Zn(tach-6-MeOpyr)|[(NO3), (5¢): A solution of Zn(NOs),6H,O
(0.0212 g, 7.13 x 103 mol) in MeOH (I mL) was mixed with a
colorless solution of tach-6-Mepyr (0.0364 g, 7.39 x 107> mol) in
MeOH (1 mL) giving a colorless solution. Diffusion of Et,O over-
night produced colorless needles that were isolated, washed with
Et,0, and dried under reduced pressure affording white needles
(0.0232 g, 3.36 x 10°mol, 47.1%). '"H NMR (360 MHz, [Dg]
DMSO, 25 °C): § = 7.99, 7.10, 6.92 (t, d, d, 3 H, 6-OMeC;sH;N),
4.39 (d, 1 H, NHCH,), 4.14, 3.95 (dd, dd, 2 H, MeOpyCH,N),
3.28 (s, 3 H, CH;0), 3.13, (br. s, 1 H, cyclohexyl methine H), 2.24
(br. d, 1 H, equatorial cyclohexyl methylene H), 1.81 (br. d, 1 H,
axial cyclohexyl methylene H). MS (FAB//NBA/DMSO): m/z = 618
[M — NO5]. Cy7H36NgO9Zn (680.19): caled. C 47.56, H 5.32, N
16.43; found C 47.30, H 5.24, N 16.17.

|Zn(tachpyr)](CF3S03), (5f): A solution of Zn(CF;3S03), (0.063 g,
1.7 x 10*mol) in MeOH (2 mL) was mixed with a pale yellow
solution of tachpyr (0.070 g, 1.7 x 10~* mol) in MeOH (2 mL), giv-
ing a pale yellow solution. Vapor-phase diffusion of Et,O into this
solution gave colorless needles after 18 h, which were isolated by
decantation of solvent, washed with Et,O and dried under reduced
pressure affording an 82% yield (0.110 g, 1.4 x 10~*mol) of white
needles. '"H NMR ([Dg]DMSO, 25 °C): MS (ESI, MeOH): m/z =
617 [M — CF3S057], 469 [M — 2 CF5SO5~ + H*]*. HPLC (gradient
mode): R, = 8.4 min (free ligand R, = 18.8 min). HPLC (isocratic
mode): R; = 5.0 min. CysH30FsNgO6S,Zn (764.09): caled. C 40.76,
H 3.95, N 10.97; found C 40.92, H 3.87, N 10.96.

Solution-Phase Complexation: Solution complexation studies for
Fe!', Ni'l, and Cu" were carried out by combining aqueous or
methanolic M'" and ligand solutions followed by spectroscopic
analysis as described below; tach-x-Mepyr (x = 3, 4, 5 and 6) were
easily dissolved in water while acidic conditions were required for
tach-6-MeOpyr to dissolve (6 equiv. HCI). M'! (aq) was added to
the chelator solution resulting in immediate complexation except
in the case of tach-6-MeOpyr where 6 equiv. of NaOH was needed.
Their spectra agreed well with those of the isolated metal com-
plexes in MeCN (Table 1).

Fe'' Complexes: Complexation by tach-3-Mepyr and tach-6-Mepyr
was studied in H,O and solution reactions for all other chelators
were run in MeOH. FeCl, (10 uL of 0.1 m aqueous) was added to
tach-3-Mepyr (10 pL of 0.1 m aqueous) affording a bronze solu-
tion. Aqueous FeCl, (30 uL of 0.1 m) was added to tach-6-Mepyr
(30 uL of 0.1 M) resulting in a red-brown solution. Each solution
was brought to 1 mL with water producing solutions adequate for
analysis. FeCl, (10 pL of 0.1 M methanolic solution) was added to
tach-x-Mepyr or tach-6-MeOpyr (10 pL of 0.1 M methanolic solu-
tion) producing a bronze solution when x = 3, 4 or 5, a red-brown
solution when x = 6 and a yellow solution for tach-6-MeOpyr.
MeOH (980 uL) was added to the reactions producing solutions
suitable for UV/Vis spectroscopic analysis.

Ni'' Complexes: Aqueous NiCl, (100 uL, 0.05 M) was added to
aqueous tach-x-Mepyr or tach-6-MeOpyr, (100 uL of a 0.05M
solution) producing a clear pink solution with tach-x-Mepyr (x =
3,4, 5), a clear yellow solution with tach-6-Mepyr, and a violet-
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white precipitate with tach-6-MeOpyr. Water (800 uL) was added
to the reactions and the solutions were warmed (60 °C, 1 min) af-
fording the appropriate pink, brown, and violet solutions for UV/
Vis spectroscopic analysis.

Cu'"" Complexes: All solution reactions for Cu'! complexes were run
in water. Cu(ClOy), (60 pL of 0.05 M solution) was added to tach-x-
Mepyr (x = 3, 4, 5) or tach-6-MeOpyr (120 pL of 0.025 m solution)
producing a pale blue precipitate in all the reactions. Applying heat
(50 °C, 30 s) and adding water (820 pL) produced bright blue solu-
tions appropriate for analysis. Aqueous Cu(ClOy), (100 uL of
0.05 M solution) was added to aqueous tach-6-Mepyr (100 pL of
0.05 M solution) affording a pale blue precipitate. Water (800 pL)
was added to the reaction producing a blue solution for UV/Vis
spectroscopic analysis.

HPLC Studies: HPLC analyses of [Fe(tach-3-Mepyr)]**, [Zn(tach-
pyt)?H11 [Zn(tach-6-Mepyr)**, [Zn(tach-6-MeOpyr)]**, [Mn-
(tachpyr)]>*,l1 [Mn(tach-6Mepyr)]>* and [Mn(tach-6MeOpyr)]**
were conducted. Chromatograms in the gradient elution mode (RP-
HPLC) were obtained with a Waters 600E/486/746 dual-pump sys-
tem with UV detection at 254 nm. A Beckman Ultrasphere 4.6 X
25 cm RP-18 column was eluted with a gradient of 100% 0.05 m
Et;N-HOACc buffer (pH = 5.5) to 100% MeOH over 25 min. Chro-
matograms in the isocratic mode (RP-HPLC) were obtained on a
Perkin—Elmer 250 dual-pump system with UV detection at 254 nm.
A Beckman Ultrasphere 4.6 X 25cm RP-18 column was eluted
with 90% 0.05 m Et;N-HOAc buffer (pH = 5.5) and 10% MeOH
over 20 min. All complexes of tach-6-Mepyr and tach-6-MeOpyr,
and also [Mn(tachpyr)]**, produced signals attributed to the free
ligand and were therefore determined to be labile under gradient
elution conditions. The complex [Zn(tachpyr)]** was found inert as
described previously,['l and [Fe(tach-3-Mepyr)]>* showed a broad
set of peaks indicative of imine formation previously observed for
iron complexes of tach derivatives.!?l Under isocratic elution, the
separation of [Fe(tach-3-Mepyr)]>* oxidation products improved
sufficiently that the progressive transformations into higher imino
species were observed.

Attempted Aqueous Reaction of tachpyr with Mg'' and Ca': These
reactions were conducted in D,O and analyzed by 'H NMR spec-
troscopy; tachpyr (500 pL of 0.0241 M, 1.20 x 10> mol) was added
to excess MgBr,-6H,0 (0.0180 g, 6.20 x 10~> mol) or CaCl, (6.8 X
103 g, 6.1 x 10 mol); tachpyr remained unbound in both reac-
tions.

X-ray Data Collection, Structure Solution and Refinement: See
Tables 3 and 4) Single crystals of the various solvates of 1d, le, 3d,
4e, 5a, and 5d’ were grown as described. The crystals were removed
from the supernatant under a stream of N, and immediately cov-
ered with a layer of viscous hydrocarbon oil (Paratone N, Exxon).
A suitable crystal was selected under the microscope, attached to a
glass fiber, and immediately placed in the low-temperature nitrogen
stream of the diffractometer. All data sets were collected using a
Bruker SMART system, complete with 3-circle goniometer and
CCD detector operating at —54 °C. The data sets were collected
using a Cryojet low-temperature device from Oxford Instruments
by employing graphite-monochromated Mo-K, radiation (4 =
0.71073 A). Crystal decay was monitored by repeating the initial
frames at the end of the data collection and analyzing the duplicate
reflections. In all cases, no decay was observed. The crystal struc-
tures of all compounds were solved by direct methods, as included
in the SHELX program package.l'3] Absorption corrections were
made with SADABS.I" Missing atoms were located in subsequent
difference Fourier maps and included in the refinement. The struc-
tures were refined by full-matrix least-squares refinement on F>.
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Hydrogen atoms were placed geometrically and refined using a ri-
ding model, including free rotation about C—C bonds for methyl
groups. Thermal parameters for hydrogen atoms were refined with
Ui, constrained at 1.2 (for non-methyl groups), and 1.5 (for methyl
groups) times U.q of the carrier C atom. All non-hydrogen atoms,
with the exception of some disordered or restrained positions were
refined anisotropically. The twist angles @ were calculated by first
determining the centroid in each of the triangles of the three cyclo-
hexylamino nitrogen atoms [N(tach); designated as X1] and of the

FULL PAPER

three ethylamino nitrogen atoms [N(en); designated as X2]. Then,
the torsion angles N(tach)-X1-X2-N(en), each involving the two
nitrogen atoms of the same chelate arm, were calculated and
averaged. ORTEP drawings were made with SHELXTL!3 and
ORTEP-3.115:16 The ORTEP plots of 1d-1/2H,0+1/2MeOH and 1e
are available as Supporting Information. CIF files for the structural

analyses of 1d°1/2H,O-1/2MeOH, 1le, 3d’+0.5Et,0,

4e,

5a-2MeOH-0.5H,0, and 5d’-0.5H,0-0.5MeOH have been de-
posited with the Cambridge Crystallographic Data Centre. CCDC-

Table 3. Crystal data and structure refinement parameters for 1d-0.5H,0+0.5MeOH, 1e-MeOH and 3d'-0.5Et,0.

1d-0.5H,0-0.5MeOH le-MeOH 3d'-0.5Et,0
Empirical formula C27_50H37_50C12MHN609 C30H39F6MHN601082 C29H41N8N106_50
Formula mass 721.97 876.73 664.41
Crystal system triclinic monoclinic monoclinic
Space group Pl P2,/c P2,/n
a[A] 9.4981(4) 14.490(8) 12.0745(4)
b [A] 17.6530(7) 15.655(8) 16.6907(5)
c[A] 19.2146(7) 17.015(9) 15.0261(5)
a[°] 96.521(3) 90 90
£ 95.382(1) 104.461(10) 92.280(1)
y [1 94.633(1) 90 90
VA3 3173.1(2) 3737(3) 3025.8(2)
zZ 4 4 4
Color colorless colorless pale violet
Crystal shape fragment fragment fragment
Crystal dimensions [mm] 0.14 x 0.20 x 0.27 0.05 x 0.12 x 0.21 0.24 x 0.35 x 0.40
Deiea. [gem™) 1.515 1.558 1.458
u [mm] 0.646 0.557 0.700
A[A] 0.71073 0.71073 0.71073
Refl. collected/unique 20018/8601 16755/4080 18825/3830
0 range [°] 1.07-27.88 1.79-23.29 1.82-27.88
Parameters 883 512 419
GOF 0.996 1.040 1.054
Final R indices [/ > 2o(/)] R =0.0625 R =0.0343 R =0.0710
R, =0.1518 R,, = 0.0898 R, = 0.1473
Apmas. [e:A 7] 1.601 0.552 0.715

Table 4. Crystal data and structure refinement parameters for 4e, 5a-:2MeOH-0.5H,0O and 5d’-0.5H,0-0.5MeOH.

4e 5a-2MeOH-0.5H,0 5d’-0.5H,0-0.5MeOH
Empirical formula C27H36C12CUN50|| C58H72N160|7Zn2 C55H72CI4N12018ZH2
Formula mass 755.06 1396.06 730.91
Crystal system monoclinic monoclinic triclinic
Space group P2i/n P2/c Pl
a [A] 20.450(4) 16.3245(10) 9.4081(4)
b [A] 16.643(4) 18.9702(12) 17.6239(8)
c [A] 21.223(5) 20.9807(13) 19.1521(8)
a[°] 90 90 96.581(1)
S 1] 118.293(4) 92.3000(10) 95.722(1)
y [1 90 90 95.383(1)
V [A3] 6360(2) 6492.0(7) 3121.1(2)
z 8 4 2
Color blue colorless colorless
Crystal shape fragment needle fragment
Crystal dimensions [mm] 0.03 x 0.09 x 0.31 0.30 x 0.30 x 0.55 0.06 x 0.08 x 0.49
Deaieq. [g cm ) 1.577 1.428 1.563
4 [mm] 0.924 0.819 1.021
A[A] 0.71073 0.71073 0.71073
Refl. collected/unique 28509/5763 34815/8774 19752/7146
0 range [°] 1.14-23.29 1.45-25.00 1.08-27.97
Parameters 868 839 883
GOF 0.813 1.022 1.027
Final R indices [ > 20(1)] R =0.0378 R =0.0538 R = 0.0698
R, = 0.0812 R, = 0.1427 R,, = 0.1346
Apiax. [6:A73)] 0.704 1.499 0.986
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268824 to -268829 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.

Cytotoxicity Assays: MCF-7, a breast cancer cell line, was obtained
from the ATCC and was grown in Dulbecco’s Modified Eagle me-
dium containing 10% fetal bovine serum in a humidified chamber
containing 5% CO,. 5 x 103 cells were plated in 96-well tissue cul-
ture dishes and allowed to attach overnight before test compounds
were added. Six replicate cultures were used for each point. After
8,24, 48 and 72 h (8 and 72 h in the case of tach-6-Mepyr), viability
was assessed using an MTT assay, in which 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide was added to the medium
and the formation of a reduced product assayed by measuring the
optical density at 560/650 nm after 3 h. Color formation is pro-
portional to viable cell number.'7l Assays of all compounds were
repeated at least three times.
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