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Copper(ll) complexes of three bis(tacn) ligands, [Cua(T2-0-X)Cls] (1), [Cua(T2-m-X)(H20)4)(ClO4)4+H20-NaClO, (2),
and [Cuy(T2-p-X)Cly] (3), were prepared by reacting a Cu(ll) salt and L-6HCI (2:1 ratio) in neutral aqueous solution
[T-0-X = 1,2-his(1,4,7-triazacyclonon-1-ylmethyl)benzene; T,-m-X = 1,3-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene;
To-p-X = 1,4-bis(1,4,7-triazacyclonon-1-ylmethyl)benzene]. Crystals of [Cuy(T,-m-X)(NPP)(u-OH)](ClO4)-H20 (4)
formed at pH = 7.4 in a solution containing 2 and disodium 4-nitrophenyl phosphate (Na,NPP). The binuclear
complexes [Cuy(T,-0-XAc2)(H20)2](ClO4)2-4H,0 (5) and [Cua(T,-m-XAc,)(H20),](ClO4),+4H,0 (6) were obtained on
addition of Cu(ClO,),+6H,0 to aqueous solutions of the his(tetradentate) ligands T,-0-XAc; (1,2-bis((4-(carboxymethyl)-
1,4,7-triazacyclonon-1-yl)methyl)benzene and T,-m-XAc; (1,3-his((4-(carboxymethyl)-1,4,7-triazacyclonon-1-yl)methyl)-
benzene), respectively. In the binuclear complex, 3, three N donors from one macrocycle and two chlorides occupy
the distorted square pyramidal Cu(ll) coordination sphere. The complex features a long Cu---Cu separation (11.81
A) and intermolecular interactions that give rise to weak intermolecular antiferromagnetic coupling between Cu(ll)
centers. Complex 4 contains binuclear cations with a single hydroxo and p-nitrophenyl phosphate bridging two
Cu(ll) centers (Cu-+-Cu = 3.565(2) A). Magnetic susceptibility studies indicated the presence of strong
antiferromagnetic interactions between the metal centers (J = —275 cm™1). Measurements of the rate of BNPP
(bis(p-nitrophenyl) phosphate) hydrolysis by a number of these metal complexes revealed the greatest rate of
cleavage for [Cuy(T2-0-X)(OHy)4]** (k =5 x 1078 s™t at pH = 7.4 and T = 50 °C). Notably, the mononuclear
[Cu(Mestacn)(OH,),]** complex induces a much faster rate of cleavage (k = 6 x 10~% s~* under the same conditions).

Introduction of 5-coordinate Cu(ll) complexes of tacn derivative$.
The coordination chemistry of the small tridentate mac- Subsequent reports of the [Cu(tagf) complex confirmed

rocycle 1,4,7-triazacyclononane (tacn) has attracted interesthat two tacn rings can also sandwich one Cu(ll) center such
for a number of decades. Determinations of the crystal @t the metal center resides in a distorted octahedral
structures of two copper(ll) complexes, [Cu(tacn)Band environment due.to JahnTeIIgr distortion’® Since these .
[Cu(tacn)C}],2 ascertained that the 5-coordinate Cu(ll) early studies, this small tridentate macrocycle and its
centers in these complexes adopt square pyramidal (SP) (3) Graham, B.; Fallon, G. D.; Hearn, M. T. W.; Hockless, D. C. R;
geometries, with one nitrogen occupying the apical site and ,,, Lazarev, G.; Spiccia, Linorg. Chem.1997 36, 6366.

.. 2 (4) Brudenell, S. J.; Spiccia, L.; Tiekink, E. R. horg. Chem1996 35,
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(2) Schwindinger, W. F.; Fawcett, T. G.; Lalancette, R. A.; Potenza, J. (8) Beveridge, A. D.; Lavery, A. J.; Walkinshaw, M. D.; S¢Hes, M. J.
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derivatives have been used in the development of, for
example, model compounds for the active sites of enzymes,
catalytic agents for organic transformatidfsS photoactive
materialst®” and protein purification method8 A number
of these applications rely on the high thermodynamic stability
of tacn complexes (for Cu(ll) logt; = 15.5)1°

Investigations have also focused on the coordination
chemistry of assemblies consisting of two or more tacn
macrocycles connected via organic backbdi&s? Such
ligands andN-alkyl and N-benzyl derivatives thereof have

been used in the synthesis of mononuclear and polynuclear

metal complexes with novel structural, electronic, and
functional properties, applicable, for example, in biomimetic

studies and in the study of magnetic exchange interactions

in polynuclear metal complex&4%24 The introduction of
pendant coordinating groups, usually through N-functional-
ization with alcohols, amines, carboxylates, imidazoles,

phosphonates, pyridyls, etc., enabled systematic variation of

the environment that the ligand provides to the metal
center3—51120-22,25,26

In comparison with alkyl bridgedn(= 2—8) (tacn)
ligands, the coordination chemistry of (taga¥semblies with

aromatic linkers has been less intensely studied, but com-

plexes of ligands with naphthalefAexylene?>28 mesityl-
ene?and duren®-3! have been reported. We report here
the synthesis and characterization of Cu((ll) complexes
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Figure 1. Complexesl—3, 5, and®6.

formed by xylyl-bridged (tacn) ligands [1,2-bis(1,4,7-
triazacyclonon-1-ylmethyl)benzene£-X), 1,3-bis(1,4,7-
triazacyclonon-1-ylmethyl)benzenexfin-X), 1,4-bis(1,4,7-
triazacyclonon-1-ylmethyl)benzene £p-X), 1,2-bis((4-
(carboxymethyl)-1,4,7-triazacyclonon-1-yl)methyl)benzene
(T2-0-XAc»), 1,3-bis((4-(carboxymethyl)-1,4,7-triazacyclonon-
1-yl)methyl)benzene Fm-XAcy)]. In addition to the X-ray
structures and variable-temperature magnetic studies of two
of the complexes, [CAT2-p-X)Cl,4] (3) and [Cu(T-m-X)-
(NPP)-OH)](ClO4)-H20 (4), we report the rate constants
for the cleavage of BNPP by a selection of these Cu(ll)
complexes.

Results and Discussion

Synthesis of ComplexesThe copper(ll) complexes of, T
o-X and T,-p-X (Figure 1) were synthesized by addition of
aqueous solutions of-BHCI to 2 equiv of CuCl in water
and adjusting the pH to ca. 7. Workup gave crystals o&{Cu
(T2-0-X)Cly] (1) and [Cu(T2-p-X)Cl4] (3), the latter being
suitable for X-ray crystallography. In the case of the T
m-X complex, -m-X-6HCI and cupric perchlorate were
reacted in a 1:2 molar ratio to give the complex, which was
purified by cation exchange chromatography and isolated as
[CUz(Tz-rﬂ-X)(H20)4](0'04)4'H20'N8.C|O4 (2) Dark blue
needles of [Cy(T,-m-X)(NPP)(u-OH)](ClO4)-H,0 (4) pre-
cipitated when a neutral solution containid@nd disodium
4-nitrophenyl phosphate (M4PP) was allowed to stand
overnight at 38°C (pH ~ 7.4 maintained by a HEPES
buffer). The IR spectra of these complexes show sharp bands
due to the NH stretches of the secondary amines of the tacn
rings in the 3208-3350 cn1? region. The fingerprint region
shows bands due to stretching vibrations of the aromatic
groups connecting the tacn macrocycles. In the casg of
stretching vibrations of the bridging hydroxide and the water
of crystallization were observed at 3458 and 3577 §m
while 2 exhibited a broad OH stretch at 3420 ¢mnThe

(30) Graham, B.; Grannas, M. J.; Hearn, M. T. W.; Kepert, C. M.; Spiccia,
L.; Skelton, B. W.; White, A. Hlnorg. Chem.200Q 39, 1092.

(31) Graham, B.; Hearn, M. T. W.; Junk, P. C.; Kepert, C. M.; Mabbs, F.
E.; Moubaraki, B.; Murray, K. S.; Spiccia, llnorg. Chem2001, 40,
1536.
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Table 1. Comparison of Geometric Features of fCip-p-X)Cl4] (3)
with Those of Other Cutacn—Chloro Complexes

3 [Cu(tacn)CH)? [Cuy(T2-but)ClL]?2
Bond Lengths (A)
Cu—N(apical) 2.250(9) 2.246(4) 2.285(3)
Cu—N(basal) 2.02(1) 2.038(4) 2.034(4)
2.046(9) 2.063(4) 2.061(4)
Ccu—Cl 2.270(4) 2.268(1) 2.26(1)
2.284(4) 2.312(1) 2.301(1)
Bond Angles (deg)
N(apical)-Cu—N(basal) 82.9(4) 83.0(2) 81.9(1)
82.7(3) 82.6(2) 82.4(1)
N(basalj-Cu—N(basal)  83.5(4) 82.2(2) 82.9(1)
N(apical)-Cu—Cl 102.9(3) 105.8(1) 100.4(1)
108.4(3) 107.2(1) 113.5(1)
N(basaly-Cu—Cl 89.4(3) 90.5(1) 88.3(1)
90.2(3) 91.0(1) 91.5(1)
166.3(2) 167.0(1) 161.1(1)
170.4(3) 168.2(1) 173.3(1)

(5) and 1373 §) cm™! are assigned to the asymmetric and
symmetric stretching modes of carboxylate groups, respec-
tively, binding to Cu(ll) in a unidentate fashigh.As
expected, the electrospray mass spectra of the two com-
pounds were very similar. In particular both spectra show a
peak atmy/z 701, which corresponds to tH¢Cu,(T»-(0,m)-

X Ac»)]ClO,} * ion.

Crystal Structure of [Cu (T 2-p-X)Cl,4] (3). The crystal
structure of3 has been determined but not to a high level of
precision. Nevertheless, the molecular connectivity and
crystal packing arrangement has been determined unambigu-
ously. The complex is binuclear as shown in Figure 2a, and
selected bond lengths and angles are shown in Table 1. The
complex is centrosymmetric about the center of the xylyl
aromatic ring, and the Cu(ll) centers adoptaanti-conforma-
tion that gives rise to a large GuCu separation of 11.81
A. The Cu(ll) center is in a distorted square pyramidal (SP)
environment, with the basal plane defined by the two ClI
atoms, CI(1) and CI(2), and the two secondary nitrogens,
N(2) and N(3), while the apical site is occupied by the
bridgehead nitrogen, N(1). The mean deviation of CI(1),

Figure 2. (a) ORTEP plot of [Cu(T2-p-X)Cl4] (3) with atomic labeling : _ :
scheme drawn at the 50% probability level. (b) Partial molecular packing Cl(2), N(2), and N(3) from their least-squares plane is 0.045

diagram of [Cu(T2-p-X)Cl4] (3) showing the interactions between mol- A, and the Cu(ll) center lies 0.188(1) A above this plane,
ecules. toward N(1). The Cu-Cl distances of 2.270(4) and 2.284(4)
A are typical for such coordinatiosthe Cu-N(equatorial)
distances (2.02(1) and 2.046(9) A) are shorter than the Cu
N(apical) distance (2.250(9) A) as is expected fdCai(ll)
centers in SP geometty® A 7 value of 0.07, defined
according Addison et af indicates that the geometry is
close to SP. Table 1 highlights that these features are also
common to [Cu(tacn)G]J? and polynuclear tacn complexes,
such as [Cy(T,-prop)CL]-2H,O (T-prop = 1,3-bis(1,4,7-
triazacyclonon-1-yl)propane) and [&W-but)CL] (T-but=
1,3-bis(1,4,7-triazacyclonon-1-yl)butarté).

stretching vibrations of the phosphate moietyl iare masked
by a strong perchlorate stretch at 1098 énThe asymmetric
and symmetric stretches of the nitro group on the phosphate
moiety can, however, be seen at 1518 and 1345'cirthe
analytical and spectroscopic data for all the complexes
supported the proposed compositions.
Addition of 2 molar equiv of Cu(CIg),*6H,0 to aqueous

solutions of the crude oils of 7Jo-X Ac, or T,-m-X Ac;

and adjustment of the pH to ca. 5 produced dark blue

solutions which, following purification by cation exchange , L
chromatography and concentration, yielded blue powders of Figure 2b shows that there are some associations between

complexes with elemental compositions corresponding to the complex molecules. An interesting feature of the crystal
[CUx(T20-X AC2)(H20)](ClO4)24H,0 (5) and [Cu(To-m- structure is the alignment of hydrogen atoms to neighboring
X AC2)(H:0),](ClO)4H,0 (6). The IR spectra of the Cu(ll) centers. These are most probably a consequence of
complexes are virtually identical. Sharp NH stretches were : .

observed at 3297 and 3316 chnrespectively. Strong bands ggg 233&%’:]" (/i: S\',j:"é“afjoefrf'&?f gF'{g:j'iTll; ﬁ?t\%gslgijﬁ??.;4&'erschoor, G
at 1598 b) and 1624 6) cm ! and weaker bands at 1370 C.J. Chem. Soc., Dalton Tran$984 1349.
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N—H---Cl and C-H---Cl interactions as detailed below and a
give rise to weak intermolecular antiferromagnetic interac-
tions (see Magnetism). Thus, a hydrogen attached to C(4) is
separated from a symmetry-related Cu(ll) center (symmetry
operation: x, 3, — y, =, + 2) by 2.75 A. The C(4}-Cu
distance is 3.719(11) A, and the angle subtended at H i& 175
These interactions form a zigzag pattern within the crystal
lattice. Each binuclear complex associates with two of these

H atoms from neighboring complexes and also donates to
another two complexes which are translated by one unit along
thec axis from those complexes that donate to it. Therefore,
each complex is involved in two acceptor and two donor
interactions. The zigzag chains are reinforced by weak
N—H---Cl and C-H---Cl interactions: N(3)}H---Cl(2) is

2.60 A and N(3)-Cl(2) is 3.380(11) A with the bonds
centered about H at 13§symmetry operationx, 3/, — v,

Y, + 2). These interactions link the molecules together in b
the same way as the associations mentioned above. Mol-
ecules related by translation along thexis are linked to-
gether by C-H---Cl interactions [distances C(2H:--Cl(1)

2.73 A and C(2)-ClI(1) 3.705(10) A and the angle about

the H is 176 (symmetry operationx, y, 1 + 2); distances
C(4)—H---Cl(1) 2.78 A and C(4)-CI(1) 3.688(14) A and o8
the angle about the H is 15@symmetry operationx, y, 1 =
+ 2)]. These associations described above generate a
corrugated layer structure, stacked alongalagis. The links
between the layers are provided by interactions between
N(2)—H-+-Cl(2) [distances N(2}H---CI(2) 2.50 A and N(2)
--Cl(2) 3.293(12) A, so that the angle about the H atom is Figure 3. (a) ORTEP plot of the [CHTo-m-X)(NPP)(u-OH)]* cation of
141° (symmetry operation;l/2 + XY, Yy — 2)]. The crystal 4 drawn at the_ 50% probability_ level with atomic Iab_eling schemg. _(b)
structure OT the monohydrate derivative 8f has been tEhéteCr;SggFackmg array @f showing the H-bonded chains formed within
determined independentl§The two complexes are therefore

psuedopolymorphic. In the hydrate, the oxygen atom is 3.42 Table 2. Selected Bond Distances (A) and Angles (deg)4or

A from the Cu atom, and as such, the interesting-Gl Cu(1)-N(1) 2.318(3) Cu(2yN(4) 2.312(4)

“contacts” observed in anhydrous form®#re not featured gug)):mgg gggg% gu%“% g-gg;g;

H u . u .

in the monohydrate. Cu(1y-0(1) 1.903(2) Cu(2y0(1) 1.912(2)
Crystal Structure of [Cu (T >-m-X)(NPP)(u-OH)](CIO 4)- Cu(1)}-0(2) 1.967(2) Cu(2y0(3) 1.951(3)

H20 (4). The ORTEP diagram of the [G{I-m-X)(NPP)- 0(2)-P(1-0(3) 115.6(2)  O(3}P(1-0(4) 107.2(2)

(u-OH)]* cation (Figure 3a) clearly shows that the NPP Oézg—Pgl)):Ofg 101.8523 O%PED):OES; 111.8%2;

; ; ; 0O(2-P(1)-0(5 113.1(2)  O@)P(1)-0(5 106.2(2
anion bndges Mo Cu(ll) _centers via two phosph_ate oxygens. N(D)—CU(1)-N(2) 821(2)  N(4)-Cu2)-N(5) 82.6(2)
A hydroxide bridge provides a further connection between N(1)—Cu(1)-N(3) 81.9(2) N(4)}-Cu(2)-N(6) 82.6(2)
the two metal centers. Selected bond distances and anglesN(1)—Cu(1)-O(1) 108.7(2)  N(4-Cu(2)-O(1)  113.2(2)

for the binuclear cation, showing the distortion from Sp N1)~Cu(1)-O@)  106.5@2)  N(4yrCu@-0(3)  98.32)

. N(2)-Cu(1)-N(3) 83.7(2)  N(5)»-Cu(2)-N(6) 83.1(2)
geometry for Cu(ll) and the differences between the two N(2)-cu(1)-0(1) 168.3(2) N(GYCu@-0O(l) 162.7(2)
unique metal centers, are given in Table 2. The corresponding mg;—gug)):ggg ggi% “gg?gug)):ggg 3(1)58
mi . —Cu . u .
bond Ie_ng_ths are ve_ry_5|m_|lar for Cu(1) and Cu(2); however, N(3)—Cu(1)-0(2) 1681(2)  N@erCu@zy-o@)  173.1(2)
more significant variation in some of the corresponding bond  o(1)-cu(1)-0(2) 92.2(2)  O(1}Cu(2)-0(3) 94.2(1)
angles about the two metal centers is apparent. Cu(1-0(1)-Cu(2  138.3(2

Adjacent cations in the structure are connected via perchlorate anions are also involved in hydrogen bonding.
hydrogen bonding as detailed in Table 3 and Figure 3b. The The water molecule, O(8), donates one proton to phosphate
bridging hydroxide, O(1), and amines, N(3) and N(6), donate oxygen, O(5), and the other to perchlorate oxygen, O(9),
their protons to the uncoordinated phosphate oxygen, O(5A), which in turn also accepts another hydrogen bond from an
of an adjacent cation [O(%)}O(5A) = 2.783(4) A, N(3)-- amine, N(2), of an adjacent tacn moiety [O¢BD(5) =
O(5A) = 2.898(4) A, and N(6)-O(5A) = 2.957(5) Al. 2.794(5) A, O(8):-0O(9) = 2.831(6) A, and N(2}-0(9) =
These intercation hydrogen bonds give linear chains propa-2.946(6) A]. These interactions effectively result in intra-
gating in theb direction (Figure 3b). The lattice water and cation connections via the three hydrogen bonds (Figure 3b).

C—H---O contacts also exist within the structure©bfThe
(34) Wang, H.-J.; Wu, C.-T.; Luo, B.-Siegou Huaxuel99§ 17, 119. strongest of these is between a phenyl proton on the NPP
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Table 3. Hydrogen Bond Distances (A) and Angles (deg) 4or

D—H-A D-H H-A DA  OD-H-A
O(1)~H(1)--O(Gp 0.83 197  2.783(4) 168
N(3)—H(3)--O(5) 093 202  2.898(4) 156
N(6)—H(6)-+-O(5) 093 207  2.957(5) 159
O(8)—H(8A)-+-0(5) 0.85 195  2.794(5) 173
O(8)—H(8B)-+-0(9) 0.84 200  2.831(6) 169
N(2)—H(2)---0(9) 093 211  2.946(6) 150
C(22)-H(22)+-O(8} 095 238  3.081(5) 131
C(7)—H(7A)-+-O(7) 099 252  3.211(7) 127
C(18)-H(18A)--O(6F 0.99 255  3.042(5) 110

a~-cSymmetry codes:a) 1/2—x,y — 1/2,z; ) 1/12—x, 12—y, z—
172, 0)1—x -y,1—z

moiety and the water molecule [H(22)0(8)* = 2.38 A].
These effectively occur within the chains described above.
Other C-H---O contacts between the nitro group on the NPP
moiety and C-H protons on the m-X ligand connect the
parallel linear chains in tha and c directions [H(7A)--
O(7)* = 2.52 A and H(18A)-O(6)* = 2.55 A]. Full details

are given in Table 3.

A comparison of the structure of with the related
structure reported by Graham etthls warranted since both
complexes have two copper centers linked by a hydroxide
and a phosphate moiety. Only slight structural differences
are apparent. The Cu¢tCu(2) distance of 3.565(2) A for
4 is identical with that of the related trinuclear cluster, with
a Cu(1)--Cu(2) distance of 3.557(4) A. The Cu@p—
Cu(2) angles of 138.3(2)for 4) and 134.6(6) also compare

Fry et al.

the Cu--Cu distance was 3.78 A and the €0—Cu bond
angle was larger than that found #h at 140.2. The
Cu---Cu distance ird is shorter than the ZrZn separation
of 3.94 A found in phosphate-modified alkaline phosphatase
(AP), where one &P—0 bridges two Zn centef§,and
comparable to the shortest-MM distance in phosphate-
modified phospholipase C (PLC), in which phosphate
coordinates to all three zinc centers, giving distances of the
following: Zn(1)++Zn(2) = 5.7 A; Zn(1y--Zn(3) = 3.5 A;
Zn(2)-++Zn(3) = 4.5 A3 In PLC, however, the short
Zn---Zn separation is a consequence of a single phosphate
oxygen bridge.

Electronic Spectra. The aqueous solution electronic
spectra ofL—3 exhibit two d— d absorption maximalfay)
at ca. 645 and 1040 nm which are typical of distorted SP
copper(ll) complexes formed by tacn-based ligands and are
due to ¢ — de-y and g, — de_2 transitions of Cu(ll)
centers residing in such a geometdy:*°Cu(ll) complexes
with TBP geometry typically exhibit an absorption maximum
ca. 806-900 nm* The diffuse reflectance spectra compare
well with the solution spectra with the exception of the
spectrum o#, for which a 60 nm blue shift in the maximum
for the reflectance spectrum indicates a solid-state geometry
closer to SP.

Magnetic and ESR Properties.Room-temperature mag-
netic moments ofl—3, 5, and6 are in the range normally
expected for mononuclear or polynuclear copper(ll) com-

favorably. The presence of the phosphate bridge increasedlexes with uncoupled or weakly coupleti@u(ll) centers.

both the Cur-Cu distance as well as the €0—Cu bond
angle relative to systems with two single atom bridges. For
comparison, the structure of [gll-m-X)(u-OH),]?" re-
ported by Farrugia et & shows a Cu(%)-Cu(2) distance
of 2.95 A and Cu(1XO—Cu(2) angles of ca. 99°6
Structures have been reported in which two Cu(ll) centers
are bridged through an-€P—0O bridge and an oxygen atom
located on the ligand backbone rather than a hydroxo
bridge3537 In a Cu(ll) complex of 2,6-bis[(bis(2-benzimi-
dazolylmethyl)amino)methyl]-4-methylphenolate, reported by
Wall et al.28 a dibenzyl phosphate bridge {®—0) between

the two copper centers is further supported by an endogenou?

phenolate bridge. The GuCu distance was found to be
slightly longer at 3.670(4) A; cf. 3.565(2) A fof. The
Cu(1y-0O—Cu(2) angle spanned by the copper centers and
the bridging phenolate oxygen was more acute (126h&n
that in 4. In the related complex of 2,6-bis[(bis(2-pyridyl-
methyl)amino)methyl]phenolate, reported by Karlin and co-
workers?® the Cu--Cu distance is significantly larger at
3.773(4) A, while Yamaguchi et &.found that in a dinuclear
Cu(ll) complex ofN,N,N',N'-tetrakig (6-methyl-2-pyridyl)-
methy}-1,3-diaminopropan-2-ol, with an endogenous oxygen
bridge from the propanol ligand backbone linking the two
copper(ll) centers and an-—0O bridge formed by BNPP,

(35) Mahroof-Tahir, M.; Karlin, K. D.; Chen, Q.; Zubieta, ldorg. Chim.
Acta 1993 207, 135.

(36) Wall, M.; Humes, R. M.; Chin, JAngew. Chem., Int. Ed. Endl993
32, 1633.

(37) Yamaguchi, K.; Akagi, F.; Fujinami, S.; Shionota, M.; Suzuki, S.
Chem. Commurk001, 375.

5598 Inorganic Chemistry, Vol. 42, No. 18, 2003

Complex4 shows a moment which is lower than the expected
value due to antiferromagnetic coupling between the metal
centers (see below).

Variable-temperature magnetic studies were carried out
on powdered samples of complexes3pb, and6 over the
temperature range 43800 K. For5 and 6 the yc, values
follow a Curie temperature dependenge,(= C/T) indica-
tive of little or no coupling between the Cu(ll) centers.
Complex 3 shows a decrease ine as the temperature
decreases, which is indicative of weak antiferromagnetic
coupling (Figure 4). The corresponding magnetic suscepti-
ilities show a maximum at ca. 10 K. The data Bwere
fitted to a modified BleaneyBowers equatiofi? calculated
for two S= 1/2 centers under &2JS-S, spin Hamiltonian,
using a nonlinear least-squares fitting routine. The suscep-
tibility equation (eq 1) allows for a monomeric impurity seen
commonly in such systentd,assuming theg-value is the
same as the complex. All the symbols have their usual
meaning, andP is the amount of monomeric impurity. The
parameters obtained from the fit obtained were the follow-
ing: gvalue=1.99;J= —8 cn1!; P =0.18. The coupling

(38) Hansen, S.; Hansen, L. K.; Hough, E.Mol. Biol. 1992 255, 543.

(39) Kim, E. E.; Wyckoff, H. W.J. Mol. Biol. 1991, 218 449.

(40) McLachlan, G. A.; Fallon, G. D.; Martin, R. L.; Spiccia, Lnorg.
Chem.1995 34, 254.

(41) Hathaway, B. J. I€omprehensie Coordination ChemistryVilkinson,
G., Gillard, R. D., McCleverty, J. A., Eds.; Pergamon: Oxford, U.K.,
1987; Vol. 5, pp 533774 and referenced therein.

(42) Bleaney, B.; Bowers, K. DProc. R. Soc. London, Ser.1952 214,
451.

(43) Kruger, P. E.; Moubaraki, B.; Fallon, G. D.; Murray, K. 5.Chem.
Soc., Dalton Trans200Q 713.
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Figure 4. Plot of ym (O) and uerr (O) (per Cu) versus temperature for
complex3 showing the fitted data.

is unlikely to be intramolecular across the aromatic ring )
(Cu+Cu distance= 11.81 A) but more likely to be
intermolecular in nature and involving an H-bonded pathway
between N(3) and Cl in an adjacent molecule (see Figure
2b).
M

()
_Ng’s? —2)11 . oy NGB
You= [3+ex;{ kT“)] (1-P)+ 2L 4N, ()

X-band ESR spectra of the complexes, recorded at 77 K
for frozen solutions of 1:1 ethylene glycol/water for com-
plexes1—3 and DMF/toluene for complexes and 6, are
shown in Figure 5. The complexes show a strong signal
centered around 3000 G. The parameters obtained are typical
of an SP environment around the Cu(ll) center vgttr gn
> 240 Three of the expected four hyperfine signals are
seen with the fourth hidden under tige line. Additional
hyperfine lines are seen in the spectra foand 2, which ‘
may be indicative of either diferent copper environments FOUE . B8 speckeol cotnias 5.8 et eenicd T o
within the complexes, perhaps involving partial solvation, o 5 ands.
or of the existence of weak dipoctalipole coupling between

T LI e s e — T L e e e
2500 2825 2750 2875 3000 3125 3250 3375 [C]

the copper centers. Brudenell etahave described the latter 0.00045 |
phenomena in binuclear coppgacn complexes, with the 0.00040
former explanation ruled out through crystallographic analy- 0.00035

sis of the complexes. They reported that the increasing
Cu-+-Cu separations, brought about by the increasing length .

0.00030
0.00025

mol !

of the bridge between two tacn units, decreased the dipole  § 0.00020 %z
dipole coupling between the copper centers. The complexes ~, 0'00015 ‘ =
of theortho- andmetaxylyl-bridged ligands described here = °

showed additional hyperfine lines due to this dipedpole 0.00010

coupling. This phenomenon has also been documented in 0.00005 |

other studies of copper(ll) complext#3eak half-field Ams 0.00000

= +£2) lines would be predicted at ca. 1500 G if dipole 0 50 100 150 200 250 300

dipole coupling was operative. T/IK

Magnetic susceptibilities fo# were measured in a field ~ Figure 6. Plot of ym (O) and ueir (O) (per Cu) versus temperature for
of 1 T over the temperature range of 3802 K. The complexa. ) ) o
variable-temperature magnetic moment plot (Figure 6) shows#s at ca. 90 K, after which the magnetic moment is fairly
a decrease in magnetic moment with temperature which is€onstant. The increase in the corresponding magnetic sus-
indicative of strong antiferromagnetic coupling between the CePtibility observed at low temperatures is due to a mono-

copper(ll) centers. The plot reaches a minimum value of 0.10 Meric impurity™ The data were fitted to eq 1, and the
parameters obtained are as followg:value = 2.00;J =

(44) Smith, T. D.; Pilbrow, J. RCoord. Chem. Re 1974 13, 173. —275 cntl; P = 0.004. This large, negative value bérises
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primarily due to strong antiferromagnetic coupling across
the Cu-O(H)—Cu bridge, since the NPP bridge and the
m-xylyl moiety are poor superexchange pathwajse OH
link joins the Cu g2 orbitals. The Cet+Cu distance of 3.57

A and the Ca-O—Cu angle of 138.2are predicted to lead
to aJ value of —515 cn1! by use of Thompson's défafor
single u-OH-bridged complexes. This angular correlation,
however, applies to a series of dinuclear compounds which
contain an aromatic diazine (A\N) as the second bridge,
and this does not allow for large €&®—Cu angles of the
magnitude observed fdr It also has a superexchange ability

Fry et al.

Table 4. Rate Constants for the Hydrolysis of BNPP to NPP by
Various Copper(ll) Complexes Measured at pH 7.4 ([BNRP).15
mM; [Complex] = 1.7 mM; lonic Strength= 0.15 M; T = 323 K)

complex 10k(s™)
[Cux(T2-0-X)(H20)a]** (1) 52
[CUz(Tz-I'T)-X)(H20)4]4Jr (2) 8.6
[CUz(Tz-mXACZ)(Hzo)Z] 2+ (6) 2.1
[Cu(tacn)(HO)z]%" 25
[Cu(Mestacn)(H0O)z]2* 630
[Cu(Mestacn)(HO),]2* 12
[Cu(Prtacn)(H0)z]2* 430

2 Rate constant for the hydrolysis of NPP (4-nitrophenyl phosphate).
b Calculated from the initial rate constants reported by Burstyn and co-

different from that of the organophosphate, and so the angularworkers® for the following conditions: [BNPP}E 1.0 mM; [complex]=

correlation gives poor agreement with the present system,

although strong antiferromagnetic coupling is anticipated,
largely via the Ca-O(H)—Cu angle.

A more appropriate comparison is made with compounds
such as [(bpyCu(u-OH)(u-ClO4)Cu(bpy}](ClO,),* for
which J is —161 cm!, Cu—O—Cu = 141.6(3}, and the
Cu—Cu distance= 3.642(2) A. Few [Cu¢-OH)(u-phos-
phate)Cu] bridged complexes are available for comparison.
In a related trinuclear complék,the [Cu(1)(OH)(QPOy)-
Cu(2)] moiety yieldedl;, = —161 cn'?, less than observed
for 4, even though the bridging geometry is rather similar.
Clearly more examples of-OH, u-phosphate bridged Cu(ll)
complexes are required.

The X-band ESR spectrum &f, recorded in a frozen
DMF/toluene solution at 77 K, exhibits a very weak signal
centered at ca. 3000 @ & 2.04); however, the signal is
most likely due to a monomeric impurity as seen in the
magnetic susceptibility plot. This is not unexpected due to

0.20 mM; ionic strength= 0.10 M; pH= 7.2 (50 mM HEPES)T = 323

(H20),]?*. Remarkably, [Cel-0-X(H,0)4]*" exhibits the
fastest rate of BNPP hydrolysis. The rate is 25-fold faster
than that for the parent tacn complex and 6-fold faster than
that for them-xylyl-bridged derivative. In other biomimetic
studies applying these binucleating ligands, the Cu(ll)
complexes of thetr andp-xylyl analogues have proved more
effective agents for cleaving GpppG, a model for thed&p
of mMRNA, than the parent tacn complex, but theylyl
analogue was not examin&®.Unfortunately, the formation
of a precipitate in the reaction mixtures prevented us from
determining the rate of BNPP hydrolysis by [CTy-p-X)-
(H20)4]*" derived from1 and also by [Cy(T,-0-XAcy)-
(H20),]?" (5). Our results do indicate that a study of the
ability of [Cux(T2-0-X)(H.0)4]*" to cleave such biological
fragments is warranted.

One explanation for the greater reactivity of jTw0-X-

the strong coupling seen at low temperature in the magnetic(H20)4]*" relative to [CuT,-m-X(H20)4*" is that for the

susceptibility plot (Figure 5).
Phosphate Ester Hydrolysis.The ability of a selection
of the binuclear copper(ll) complexes to cleave phosphate

latter a bis(hydroxo)-bridged binuclear complex, such as the
structurally authenticated [G{IT-m-X)(OH),]?>* complex,?®
forms around neutral pH and reduces the “effective”

esters was examined by measuring the rate of release offoncentration of the cleaving agent. In this context, the

p-nitrophenylate from the phosphate diester, bis(4-nitrophen-

crystallization of the p-nitrophenyl phosphate hydroxo-

yl) phosphate (BNPP), under the same reaction conditionsbridged complex, [CYTm-X)(NPP)u-OH)]* (4), in a

([complex] = 1.7 mM, [BNPP]= 0.15 mM, pH= 7.4
(HEPES), and = 50°C). For the binuclear complexes and
[Cu(tacn)(HO),]?", the rates for the hydrolysis of BNPP
were calculated using the initial rates method routinely
applied in the kinetic analysis of such slow reactions (see,
for example, refs 4749). In the case of [Cu(Mgacn)-
(H20),)?", the consecutive release of tvgenitrophenylate

solution used to measure the rate of cleavage of NPP by
[Cux(T-m-X)(OHy),]*" is also instructive in that it highlights
the potential for forming complexes bridged by phosphate
moieties in solutions used to conduct kinetic studies. In the
case of [Cu(T,-0-X)(H20)4*", formation of a similarly
inactive complex may be restricted by shortness of the bridge
connecting the tacn compartments (4 C’'s vs Snixylyl).

ions was followed and rate constants for the two processesThis complex, however, could rearrange in solution forming

were determined by fitting the time-dependent increase in

the inactive sandwich complex, [Cuf®-X)]?". The complex

absorbance to a double exponential equation for consecutiveof the bis(tetradentate),#n-XAc: ligand, [Cu(T-m-XAc)-

first-order reactions. The data are presented in Table 4.
The rate data indicate that the binuclear Cu(ll) complexes

of the xylyl-bridged bis(tacn) ligands accelerate the rate of

BNPP hydrolysis relative to the “parent” complex, [Cu(tacn)-

(45) Thompson, L. K.; Lee, F. L.; Gabe, E.ldorg. Chem.1988 27, 39.

(46) Haddad, M. S.; Wilson, S. C.; Hodgson, D. J.; Hendrickson, DI.N.
Am. Chem. Soc981 103 384.

(47) Kimura, E.; Kodama, Y.; Koike, T.; Shiro, Ml. Am. Chem. Soc.
1995 117, 8304.

(48) Deal, K. A.; Burstyn, J. Nlnorg. Chem.1996 35, 2792.

(49) Bencini, A.; Berni, E.; Bianchi, A.; Fedi, V.; Giorgi, C.; Paoletti, P.;
Valtancoli, B.Inorg. Chem.1999 38, 6323.
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(H20),](ClO4)2:4H,0 (6), was found to be a poorer BNPP
cleavage agent exhibiting a rate of BNPP cleavage that is
similar to that of [Cu(tacn)(Ok),]?". Even though the
formation of inactive hydroxo-bridged complexes is less
likely when such a ligand is coordinated to copper, the copper
coordination sphere may be too saturated with strongly
binding donor groups for cleavage to be effective.

Our exploratory study of the Cu()Mestacn complex
revealed a substantial increase in the rate of BNPP cleavage
relative to the parent tacn complex. Similar rate enhance-
ments have been reported very recently for the Cu{R)-
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tacn complex? These enhancements of 200-fold that results Crison 522 conductimeter with Pt black electrodes. Electro-

from N-alkylation of tacn cannot be explained in terms of spray mass spectra were recorded on Micromass Platform
differences in the acidity leading to increases in the quadrupole mass spectrometer fitted with an electrospray
concentration of the hydrolytically “active” [Cu(L)(OH)- source or a Bruker BioApex 47e Fourier transform mass

(H20)]*. As for the binuclear complexes, the origins of these spectrometer with a 4.7 T superconducting magnet and an
differences in reactivity may lie in a lowering of the stability ~Analytica electrospray source.

of the “inactive” bis(hydroxo) complexes. The rate of NPP caution! Although no problems were encountered in this
cleavage by [Cu(Mgacn)(HO)]*", obtained from the  work, metal perchlorate complexes are potentially expesi

al’la|ySiS of the biphaSiC kinetic data, indicates that this They should be prepared in small quantities and handled
complex is also an effective cleavage agent for phosphateyith care.

monoesters albeit at a rate that is ca. 50-fold slower than for Synthesis of Complexes{Cus(T5-0-X)Cl4] (L). T2-0-X+

BNPP. Such differences in the rate of cleavage of diesters6HCI (0.50 g, 0.90 mmol) was dissolved in water (10 mL)

and monoesters have been reported previously, but the rateg 4 5 S(.)Iutio,n éf CuGI2H,0 (0.61 g, 3.6 mmol dissolved '

of monoester cleavagez asrleszusually slower than found herein 10 mL water) was added. The pH c')f the dark blue solution

+ 51,
for [Cu(Mestacn)(HO)]*". was adjusted to 7 wit2 M NaOH. The precipitated Cu(OH)
Experimental Section was remoyed and the solution heated to reduce the volume
) . . by approximately half. The solution was allowed to cool and

Materials. All chemicals were of reagent grade quality then |eft to slowly evaporate. After 2 weeks a small number

or better, obtained from commercial suppliers and used of piye crystals had formed and were collected by vacuum
without further purification. Literature procedures were used fjjyration. Yield: 0.15 g (27%)

to obtain the hexahydrochloride salts of the (tadigands
(T2-0-X, To-m-X, and T-p-X),%2 and the bis(acetate) (tagn)
i -0- - 54 .

ligands (%-0-XAcz and -mX).>* [Cu(Mestacn)(HO).] trum: solid @ma, NM) 330, 636, 1043; solution (B Amax

(ClOy), was prepared from freshly distilled Macn and Rt
copper(ll) perchlorate hexahydrate. Solvents were used agm €, M= cm™)) 255 (5340), 649 (81), 1028 (39). IR

. . . - spectrum (KBry, cm1): 3417 s, 3225 s, 2905 m, 2849 m,
received or dried owet A molecular sieves. Distilled water 1638 w, 1619 w, 1561 w, 1488 m, 1446 m, 1385 w, 1356
was used throughout.

Physical Measurementsinfrared spectra were recorded w, 1285w, 1233w, 1198 w, 1150 w, 1095 m, 1012 m, 993
using KBr disks on a Perkin-Elmer 1600 series FTIR w, 944 w, 893 w, 862 w, 833 w, 775w, 731w, 656 m, 633

spectrophotometer. Solution and diffuse reflectance-UV Vn\:o?n8eonrv EI?cter:)nCL:r;:ripggbe:atC;éSC :(prEe;eRntS. !S?Sritlc
visible—NIR spectra were measured on a Cary 5G spectro- - Heff P OoHB i P

- = = 4 —1-
photometer. The instrument used to measure room-temper-(Hzglgtgglene glycol):gi = 2.29, A = 165 x 107 e
o = 2.00.

ature magnetic moments was based on a design describe
[CUQ(Tz-m-X)(H 20)4](C|O4)4'3H20’N3C|O4 (2) To-m-

elsewhere® Variable-temperature magnetic susceptibilities : )
were measured in a field of 10 000 G (1 T), using a Quantum X 6HCI (0.50 g, 0.90 mmol) was dissolved in water (10 mL),

Design MPMS Squid magnetometer, as described previ-@nd @ solution of Cu(Clg,*6H,O (1.33 g, 3.60 mmol
ously® Fitting of the data employed a nonlinear least-squares (€XCess)) in water (10 mL) was added. The pH of the dark
program called POLYMER written at Monash University. PlUé solution was adjusted to 7 Wwitl M NaOH. The
Electron microprobe analyses were made on a JEOL JSM-1Precipitated Cu(OH) was removed by filtration and the
scanning electron microscope through an NEC X-ray detector ilfrate loaded onto a Sephadex SP C25 cation-exchange
and pulse-processing system connected to a Packard multiolumn. The complex was eluted with 0.1 M NaGl@wo
channel analyzer. CHN analyses were performed by either®@nds separated on the column, the first due to excess Cu-
CMAS Pty Ltd., Melbourne, Australia, or the Campbell (). The second band was cpllected and reduced in volume
Microanalytical Services, University of Otago, Dunedin, NZ. to about 20 mL, and the solution was left to slowly evaporate.
ESR spectra were recorded at 77 K on a Varian E12 After severallday_s a blue powder for_med and was collected
spectrometer operating at the X-band frequency (9.1 GHz). by vacuum filtration and washed with a small amount of
Solution conductivity measurements were made using aacetone. Yield: 0.34 g (33%).

Anal. Found: C, 21.2; H, 4.3; N, 7.4. Calcd for
(50) Deck, K. M.; Tseng, T. A.; Burstyn, J. Nnorg. Chem 2002 41, CwCooHaoNgO-7ClsNa: C, 21.2; H, 4.4; N, 7.4. U¥

669. L . . .
(51) Gamez-Tagle, P.; Yatsimirsky, A. KJ. Chem. Soc., Dalton Trans. visible=NIR spectrum. solid 7(ma><’ nm) 305, 640, 1072;

Anal. Found: C, 37.9; H, 5.9; N, 13.2. Calcd for
CwCyoH3eNeCly: C, 38.2; H, 5.8; N, 13.4. UVvis spec-

) 2Bool 266J3N Seal K. Al Chem 1993 32, 3585 solution (HO; Amax NM (€, M~ cm™Y)) 250 (7780), 644 (72),
urstyn, J. N.; Deal K. Alnorg. Chem. : . 1y
(53) Farrugia, L. J.; Lovatt, P. A.; Peacock, R. D.Chem. Soc., Dalton 1043 (38)' IR spectrum (KBW’ cm l)' 3424 s br, 3306 m,

Trans. 1997 911. Graham, B.; Fallon, G. D.; Hearn, M. T. W.; 2940 m, 2880, 1638 m, 1544 m, 1491 m, 1459 m, 1362 m,

Hockless, D. C. R.; Lazarev, G.; Spiccia, lhorg. Chem.1997, 36, 1285 w. 1239 w. 1086 vs. 948 m. 860 w. 826 m. 737 w
6366_ L 1 1 1 . L : L 1

(54) Fry, F. H... Fallon G. D.; Spiccia, Lnorg. Chim. Acta2003 346 625 s, 582 w, 500 w. Electron microprobe: Cu, Cl, Na
57 present. Magnetic momeniies (per Cu)= 1.85ug at 295

(55) Hill, J. C.J. Sci. Instrum1968 1, 52. o _
(56) Van Langenberg, K.; Batten, S. R.; Berry, K. J.; Hockless, D. C. R.; K. ESR spectrum (bD/ethylene glycol):g) = 2.29,A) =

Moubaraki, B.; Murray, K. Slnorg. Chem.1997, 36, 5006. 170 x 104 cmt; g5 = 2.05.
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[Cux(T2p-X)Cly] (3). Dark blue crystals of3 were
obtained from 3-p-X-6HCI (0.50 g, 0.90 mmol) and Cug£l
(0.61 g, 3.6 mmol) using the procedure described for
compoundl. Yield: 0.19 g (33%).

Anal. Found: C, 37.6; H, 5.9; N, 13.4. Calcd for
CuwCyH3eN6Cls: C, 38.2; H, 5.8; N, 13.4. UV visible—
NIR spectrum: solidAmax NmM) 326, 636, 981; solution ¢;
Amax NM €, M~1 cm™1)) 253 (sh) (5900), 644 (80), 1054
(41). IR spectrum (KBry, cm1): 3450 br m, 3270 s, 2943
m, 2846 m, 1638 w, 1492 w, 1459 m, 1380 w, 1347 m,

Fry et al.

(per Cu) = 1.81 ug at 298 K. ESR spectrum (DMF/
toluene): gy = 2.27,A; = 166 x 104 cm%; g = 2.05.
Molar conductivity (HO): 284 S crd mol™'. Electrospray
mass spectrum (#D/CH:CN): m/z 701 (6%), [Cu(T.-0-
XACz)]C|O4+.

[Cuy(T -m-XAc2)(H20)2](CIO 4)2-4H,0 (6). Compounds
was prepared in an manner identical with that Sousing
To-m-XAc26HCI (1.3 g, 1.8 mmol) and CugPH,0 (1 g,
6 mmol excess). The blue powder was collected, washed
with MeOH, and air-dried. Yield: 0.66 g (39%).

1282 w, 1099 m, 1004 s, 946 m, 894 m, 864 m, 829 m, 766 Anal. Found: C, 31.7; H, 4.9; N, 9.4. Calcd for

w, 732 w, 629 m, 581 w. Electron microprobe: Cu, CI
present. Magnetic momenties (per Cu)= 1.73ug at 297
K. ESR spectrum (kD/ethylene glycol):g, = 2.30,A, =
176 x 104 cmt; gy = 2.06.

[Cuy(T 2-m-X)(NPP)(-OH)](CIO 4)-H20 (4). Blue crys-
tals of 4 were grown in a solution used to conduct a kinetic

CuCosHsoN6O15Clo: C, 31.7; H, 5.6; N, 9.3. UVvisible—

NIR spectrum: solid Amax, NmM) 310, 670, 1018; solution
(H20; Amax, NM (€, M~ cm™1)) 670 (166), 1010 (58). IR
spectrum (KBry, cmt): 3424 br s, 3316 m, 2930 m, 2883
w, 1624 s, 1491 w, 1457 w, 1373 m, 1320 w, 1090 s, 1000
m, 931 w, 822 w, 736 w 625 s, 481 w. Electron micro-

run. The solution was ca. 3 mL in volume and consisted of probe: Cu, Cl present. Magnetic momennts; (per Cu)=

[Cux(T2-m-X)(H20)4](ClO4)4:3H0-NaClOy (2) (4 mM), Na-
NPP (5 mM), HEPES buffer (50 mM) at pH 7.4, and NaglO
(0.04 mM). The solution was kept at 38 overnight, after

1.84ug at 20°C. ESR spectrum (DMF/tolueney, = 2.27,
Ay = 175 x 10* cm%; gz = 2.06. Molar conductivity
(H20): 340 S crdmol™. Electrospray mass spectrumy(i

which dark blue needles suitable for crystallographic analysis CHsCN): mVz 701 (13%), [Cu(T>-m-XAc,)]CIO,".

were collected and washed with water. Yield: 7.1 mg (ca.
70%).

Anal. Found: C, 37.1; H, 5.2; N, 11.6. Calcd for
CuCoeHasN7O1CIP: C, 37.2; H, 5.2; N, 11.7. U¥visible—
NIR spectrum: solidAmax, NM) 336, 6207950 (sh); solution
(DMF; Amax, M (€, M~t cm™1)) 315 (12 500), 674 (166),
1000 (sh). IR spectrum (KB, cml): 3573 m, 3452 m,

X-ray Crystallography. Data were collected for a blue
crystal of [Cuy(T2-p-X)Cl4] (3), 0.05x 0.32x 0.32 mm, by
employing graphite-monochromatized Makadiation,A =
0.710 73 A, on a Rigaku AFC6R diffractometer. Corrections
were made for Lorentz and polarization efféétand for
absorption using an empirical procedure (DIFABSThe
structure was solved by direct meth&tland refined by a

3313 m, 3209 m, 2938 m, 2834 m, 1606 m, 1589 m, 1518 full-matrix least-squares procedure based BA’ Non-

s, 1491 m 1459 m, 1346 s, 1242 s, 1133 vs, 1098 vs, 1024hydrogen atoms were refined anisotropically, and hydrogen
w, 992 s, 952 m, 882 s, 829 m, 752 m, 726 m, 700 w, 624 atoms were included in the model in their calculated
m, 584 m, 535 m. Electron microprobe: Cu, Cl, P present. positions. The refinement was continued until convergence

Magnetic moment: 0.82g at 298 K.
[CU2(T2-O-XAC2)(H20)2](C|O4)2'4H20 (5) The crude oll

of To-0-XAc,-6HCI was used directly in the synthesis of the

copper complex. Fo-XAc, (0.72 g, 1.0 mmol) was dissolved

in water (20 mL), and an aqueous solution of Cu42H,0

with the application of a weighting scheme of the fonns
1/[0?(Fo)? + 0.00005F,|?].

Intensity data for a blue crystal of [@T>-m-X)(NPP)-
(u-OH)](CIO4)-HO (4) of approximate dimensions 0.2
0.2 x 0.2 mm were measured on a Nonius Kappa CCD

(2.24 g, 13.1 mmol, in excess) was added resulting in a darkdiffractometer using graphite-monochromated Ma kdia-

blue solution. The pH was adjusted to 5 kw2 M NaOH,
and the Cu(OH)which formed was removed. The resulting
solution was diluteda 2 L with water and loaded onto a
Sephadex SP-C25 cation exchange column 225 cm).
Addition of 0.1 M NaClIQ eluted several pale blue bands
followed by the main band containing the desired complex.

tion (1 = 0.710 73 A). Data, collected to a maximurf 2
value of 60.0, were processed and corrected for Lorentz
and polarization effects using Nonius softwét&he struc-
ture was solved by direct methods and refined by full-matrix
least squares oR? using the SHELX-97 program suité.
Non-hydrogen atoms were refined anisotropically. TheHC

The eluent containing the complex was reduced in volume and N-H hydrogen atoms were included in calculated

in vacuo to~30 mL and left to slowly evaporate. A blue
powder formed the following day and was collected by
vacuum filtration and washed with MeOH. The blue product
was left to air-dry. Yield: 0.31 g (32%).

Anal. Found: C, 30.6; H, 5.0; N, 8.9. Calcd for
CL12C24H54N5020C|2: C, 305, H, 58, N, 8.9. UVvisible—
NIR spectrum: solid Amax NM) 276, 658, 1016; solution
(H20; Amax NM (€, M~ cm™1)) 257 (6920), 663 (173), 939
(67). IR spectrum (KBry, cmm1): 3420 m, 3297 m, 2928

m, 1598 s, 1494 m, 1437 w, 1400 m, 1370 m, 1318 w, 1099

s, 929 m, 870 w, 832 w, 784 m, 732 m, 624 s. Electron
microprobe: Cu, Cl present only. Magnetic momept

5602 Inorganic Chemistry, Vol. 42, No. 18, 2003

positions with isotropic thermal parameters fixed at 1.2 times
that of the respective carbon or nitrogen atom. TheHD
hydrogen atoms were, however, located from difference maps
and refined subject to distance restraints (DFIX 0.84) with

(57) teXsan Structure Analysis Softwar#olecular Structure Corp.: The
Woodlands, TX, 1997.

(58) Walker, N.; Stuart, DActa Crystallogr., Sect. A983 39, 158.

(59) Altomare, G.; Cascarano, G.; Giacovazzo, C.; Guagliardi, A.; Burla,
M. C.; Polidori, G.; Camalli, M.J. Appl. Crystallogr 1994 27, 435.

(60) (a) Hooft, RCOLLECT SoftwareNonius BV: Delft, The Netherlands,
1998. (b) Otwinowski, Z.; Minor, W. InMethods in Enzymology
Carter, C. W., Sweet, R. M., Eds.; Academic Press: New York, 1996.

(61) Sheldrick, G. M.SHELX-97 University of Gdtingen: Gitingen,
Germany, 1997.



Cu(ll) Complexes of (tacn) Ligands

Table 5. Crystal Data for3 and4

and 50 mM in HEPES buffer at pH 7.4 (at 8Q) andl =
0.15 M. Following mixing of the solutions, the temperature

3 4

chem formula GoHaClaClNe CodHasCNOLCIP was gllowed to equilibrate at 30: for several m_mutes before
M, 629.45 ' 839.17 _ readings commenced. Reactions were monitored on a Cary
cryst system gghorhomblc géhorhomb'c 5G UV-—visible—NIR spectrophotometer by measuring the
fgﬁge(%ou‘) 293ca 123 cn release ofp-nitrophenylate from BNPP. at 4QO nm &
a A 13.11(2) 22.994(5) 11800 Mt cm™ at pH 7.4). The reaction mixtures were
b, ﬁ 302-?19(10) Zlc‘)‘ggg(j) maintained at 50C by a heated temperature block. Absor-
\C,’, A3 2'879((5)) 67'98(2() ) bance readings were taken every 10 min for periods of up
z 4 (dimers) 8 to 8000 min. The analysis of data for the cleavage of BNPP
D, g cnm3 1.452 1.640 2+ ; ; _
#(CMO Ka), ot e 1448 by [Cu(MggtIacn)(O_I-&)z.] was carried out using the double
no. of data measd 3850 62 384 exponential equation:
no. of unique data 3849 9582 _ —Kopsit —Kopsd
no. of obsd data 1088 30(1) 5819, > 20(l) abs= A+ Be ™ + Ce ™ (2)
o of params 01045% 0405616 The raw data was transposed and fitted to eq 2 to determine

0.054 0.113 Kobs1 aNd Kopsa Wherekops: = rate of production of the first
residualp, e A3 0.55 0.86 mole of p-nitrophenylate (NP) from BNPP andys, = rate

®R = Z[|Fo| — [Fc[l/Z[Fl.
= [EW(F2 — FAYEW(F)? 2

/zb Ru = [2W(|Fol — IFc)¥ZwW(Fo)i "2 ¢ Ry

of production of the second NP ion from NPP formed by
the cleavage of BNPP. The number of molepsafitrophe-
nylate released per/mol of BNPP was calculated using the

thermal parameters fixed at 1.5 times that of the respectivemolar extinction coefficient of this ion at 400 nm and pH

oxygen atom.

7.4 and confirmed the release of 2 mol on NP at the end of

Crystal data and refinement details are summarized in the reaction. For all other complexes, the rate constants were
Table 5. The numbering schemes, shown in Figures 2a anddétermined using the initial rates methdd.

3a, were drawn with ORTEP for 50% displacement

ellipsoids.

Kinetic Studies. Reaction mixtures for use in kinetic
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