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The crystal structures are reported of trans-dioxocyclam
dihydrate, C;0H,0N4O,-2H,0, a structural isomer of the well
known cis-dioxocyclam, and of its novel Ni complex, (1,4,8,-
11-tetraazacyclotetradecane-2,9-dionato-«*N)nickel(IT) dihy-
drate, [Ni(C;oHsN4O,)]-2H,0, the first example of a trans-
ition metal complex of this ligand. Both molecules lie on
crystallographic centres of inversion. The free ligand has two
of its N atoms turned outwards from the ring and hydrogen
bonded to water molecules. A major conformational change
takes place in the complex in which the ligand binds in a trans
tetradentate fashion, as suggested by the electronic spectrum.
The nickel(I) ion is low spin, although the -electronic
spectrum of the complex in water indicates an equilibrium
mixture of low-spin and high-spin species. The irreversible
electrochemical oxidation of [NiL'] (L' is deprotonated trans-
dioxocyclam, C;yH;3sN,O,) in water occurs at a potential of
0.964 V [versus SHE (standard hydrogen electrode)], which is
very similar to that for the Ni-cis-dioxocyclam complex.

Comment

Macrocyclic ligands containing amide groups have recently
been extensively exploited for transition metal coordination
because they share the properties of oligopeptides and the
more common polyamine macrocycles (Kimura, 1986). These
ligands have proved particularly significant as transition metal
oxidation catalysts, because the inherent negative charge of
the bound deprotonated forms can stabilize high oxidation
states of transition metal ions (e.g. Collins et al, 1992). Our
own studies concerned with the design of aqueous transition
metal oxidation catalysts have focused on the use of intra-
molecularly cross-bridged tetraaza-macrocycles to produce
kinetically stable complexes (Hubin et al., 1998, 2000). The
trans-dioxocyclam ligand, 1,4,8,11-tetraazacyclotetradecane-
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2,9-dione (L'H,), has recently been shown to be effectively
trans diprotected for bridging reactions that produce cross-
bridged ligands (Denat et al., 1997); cross-bridging such a
bis(amide) ligand might produce exceptional kinetic stability,
as well as stabilization of high-valent transition metal
complexes. We have begun to explore the coordination
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chemistry of unbridged L'H, in order to compare this with
cross-bridged analogues. The ligand L'H, (see reaction
scheme below) is a structural isomer of the extensively studied
cis-dioxocyclam, L?, one of a family (L*~L°) of dioxomacro-
cycles studied by Kimura (see scheme). Although the synth-
esis of L' is quite simple, by a Michael addition between
ethylenediamine and methyl acrylate (Tomalia & Wilson,
1985), and the ligand has been known for 15 years, no work on
its transition metal complexes has been published. However,

‘/YO (YO
NH HN NH /N
[ j 2H,0 [ Ni j 2H,0
/
N HN
A

NH HN
{0 (Im

oA
OWO Omo OWO

NH HN IU‘J
12 L3 LA
OBn OBn
o) 0

0~ "NH HN
— o&
BnO BnO
15 7
NH HNjL NH HNjL
7[1\111 HN 7[1\11{ HN
o o

LS

some substituted analogues (L°-L®) of the same trans-dioxo
configuration have been synthesized by a different method,
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and their Ni"" complexes have been reported (Betschart &
Hegedus, 1992; Dumas et al., 1995). We report here the crystal
structures of L'H,-H,O, (I), and the corresponding Ni'
complex, [NiL']-2H,0, (II).

The molecular structure of (I) is shown in Fig. 1. The
asymmetric unit contains one lattice water molecule, which is
hydrogen bonded to the secondary amine N atom [O2- - N5
2.843 (3) A] and to a second water molecule [O2---O2(—x,
—y,2 — z) 2.805 (3) A]; because these atoms are related by a
centre of inversion, their H atoms are disordered. The ligand
molecules are also linked by hydrogen bonds between the
amide O atom and a symmetry-related amide N atom
[O1---N2(1 + x, y, z) 2.848 (3) A].

Complexation of Ni** with L'H, to form (II) was achieved
by the in situ deprotonation of the two amide N atoms with
KH in dimethylformamide (DMF) to produce amidate donors,
followed by the addition of anhydrous NiCl, to the DMF
solution. The crystal structure of (II) is shown in Fig. 2. The
Ni'' ion has square-planar geometry at the centre of the
bis(amidate) macrocycle. Thus, a major conformational
change occurs as the ligand binds the metal ion, directing all
nitrogen lone pairs into the centre of the ring and placing the
four N atoms essentially coplanar with Ni'". The N—Ni—N
angles where the N atoms are separated by an ethylene chain
are smaller by about 8° than those where they are separated
by a propylene chain [86.1 (2) versus 93.9 (2)°]. The result is a
compression of the square plane into a slightly rectangular
geometry. The Ni—N, ;4. bonds are slightly shorter than the
Ni—N,mine bonds, at 1.892 (5) and 1.902 (5) A, respectively, as
might be expected due to the increased charge attraction
between the amidate N atoms and the cation. This bond-
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Figure 1

The molecular diagram of (I) showing the atomic numbering. Displace-
ment ellipsoids are drawn at the 50% probability level and H atoms are
shown as small spheres of arbitrary radii [symmetry code: (i) —x, 1 —y,
1-—z].

length difference is about twice that found in the Ni"' complex
of the octa-C-substituted ligand analogue having the same size
and amide placement (L’), where the bond distances are
1.915 A for Ni—Nymine and 1.911 A for Ni—N,piqe (Dumas et
al., 1995). Steric interactions between the ring substituents
may account for these rather longer Ni—N bond lengths.

Fig. 3 shows the interesting hydrogen-bonding interactions
between adjacent molecules of (II) in the solid state. In each
bound ligand, one secondary amine is the hydrogen-bond
donor to the carbonyl O atom of a neighbouring ligand
[N6---O1(x, 1 —y, z — 1) 2.883 (7) A], and the carbonyl O
atom is the corresponding hydrogen-bond acceptor from a
different ligand. The result is a chain of stacked planar
complexes running along the ¢ axis of the crystal. The chains
are bridged by the lattice water molecules hydrogen bonded to
the amide O atoms [O1---O2 2.780 (5) A] and to each other
[02---02(—x,2 — y, ) 2.920 (7) and O2- - -02(—x, y, = — 2)
2.934 (7) A]; as for the ligand, the H atoms, which were not
located, must be disordered.

The electronic spectrum of (II) in water shows two
absorption maxima, a shoulder at A, = 439 nm (& = 60 M !
cm ") and Apex = 497 nm (e = 90 M~ cm ™). Generally, only a
single absorption band is observed for low-spin square-planar
Ni'' complexes (Lever, 1984). In the Ni complex of the 12-
membered dioxocyclam L°, however, a spectrum having two
maxima was observed, while those of the 13-, 14- and 15-
membered cis-dioxomacrocycles L>-L* only show the
expected single absorption from 410 to 465 nm (Kodama &
Kimura, 1981). These single bands, and the lowest energy band
for the 12-membered ligand, have been assigned as the single
absorption arising from the low-spin square-planar Ni''
species and its energy is taken as the ligand field strength Dg,,.
For the 12-membered ligand complex, the higher energy band
was attributed to an octahedral structure probably having the
macrocycle occupying all equatorial positions in trans
geometry, since folding of the dioxo ligand was expected to be
energetically unfavourable. Such an equilibrium between

Figure 2

The molecular diagram of (II) showing the atomic numbering, with the
lattice water molecules omitted. Displacement ellipsoids are drawn at the
50% probability level and H atoms are shown as small spheres of
arbitrary radii [symmetry code: (ii) 1 —x, 1 — y, —z].
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square-planar and octahedral forms is common in many oxy-
gen-free tetraaza-macrocycle complexes (Fabrizzi, 1977), but
is usually not present in dioxo ligand complexes. In complex
(IT), assuming a similar assignment, the square-planar band
would be at 497 nm (Dgq,, = 20 100 cm "), much lower than
even in the 12-membered ligand (Dq,, = 21 500 cm™'); again,
an equilibrium is present with an octahedral complex (from
the shoulder at 439 nm). These observations indicate that the
interaction of L' with Ni" is not as strong as for the cis-
dioxocyclam ligand L’ (Dgq,, = 21740 cm™"). The cyclic
voltammogram of (IT) in water shows an irreversible oxidation
toNi'"" at E,, = 0.964 V (versus SHE), with AE ~ 450 mV. The
Ni"/Ni"™" E,,, values for complexes of L>~L’ (cis oxo ligands
with 12-, 13-, 14- and 15-membered rings) are: [Ni(L>)]** 0.86,
[Ni(L*)]** 1.16, [Ni(L*)]** 1.04 and [Ni(L*)]** 0.86 V (Kimura,
1986). The one-electron oxidation of (II) is quite similar to the
other complexes in potential, although the others have much
more reversible behaviour. The origin of the electrochemical
difference in behaviour is not clear, since the cis and trans
dioxo complexes have the same donor atoms and geometry.
Perhaps the trans amidate groups reduce the ability of the ring
to adjust to the smaller Ni'"" cation.

Figure 3
The packing diagram for (II) viewed down the b axis. Ni atoms are cross-
hatched, N atoms are stippled and O atoms are shaded.

Experimental

The ligand L'H, was synthesized according to the literature proce-
dure of Tomalia & Wilson (1985). Crystals of the dihydrate, (1),
suitable for X-ray diffraction studies were grown by the slow diffu-
sion of ether into an acetonitrile solution of the ligand. Synthesis and

characterization of (IT) were carried out as follows: to L'H, (0.457 g,
2 mmol), stirred in dry degassed DMF (20 ml) under nitrogen, was
added KH (0.156 g, 4 mmol) with stirring. The mixture was allowed to
stir for 1 h at room temperature. Then NiCl, (0.260 g, 2 mmol) was
added and the reaction mixture was stirred at 323 K overnight. The
mixture was cooled and filtered to give the crude product, a pale
orange solid, as a mixture with KCI. This crude product was allowed
to dry in the air overnight, water (100 ml) was stirred in and the
mixture was allowed to settle for several hours before being filtered.
The bright-orange solid obtained was the pure product, as residual
DMF and the KCI contaminant remained in the aqueous filtrate
(yield 0.366 g, 60%). The FAB+ mass spectra in methanol (NBA
matrix) exhibited a peak at m/z = 285 ([NiL']"). Elemental analysis,
calculated for C;oH,,N4NiO,4: C 39.64, H 6.65, N 18.49%; found: C
39.75, H 6.84, N 18.50%. Spectroscopic analysis: "H NMR (400 MHz,
D,0, §, p.p.m.): 2.02-2.17 (m, 4H, CH,C=0), 2.19-2.32 (m, 4H,
NCH,CH,NH), 2.39-2.54 (m, 2H, O—CCH,CH,NH), 2.58-2.70 (m,
2H, CH,NC=0), 2.72-2.83 (m, 1H, NH), 2.90-3.02 (m, 2H,
CH,NC=0), 3.12-3.22 (m, 1H, NH); *C NMR (400 MHz, D,0, &,
p.p-m.): 37.54 (O—CCH,), 49.52 (CH,NH), 49.97 (CH,NH), 54.52
(CH,NC=0), 178.82 (C=0); IR (KBr, cm™'): 3457, 3069, 2900,
2834, 1635, 1538, 1435, 1352, 1315, 1259, 1174, 1088. The neutral
product complex and the KCI produced are insoluble in DMF and can
be collected by filtration; the crude product can be purified by simply
washing the KCI and residual DMF away with water. The product has
some solubility in water, but most reprecipitates from the aqueous
wash upon standing. A final filtration and washing with water gave
the analytically pure product as a monohydrate. Crystals of (II)
suitable for X-ray diffraction studies were obtained by slow
evaporation of the solvent from a methanol solution of the mono-
hydrate complex, and contain an additional water of crystallization.
The neutral complex has very limited solubility in most common
solvents. Useful concentrations could only be obtained in water and
methanol, in both of which the complex behaves as a non-electrolyte.
Electrochemical experiments were performed using a Princeton
Applied Research Model 175 programmer and Model 173 potentio-
stat using a home-made cell. A glassy carbon electrode was used as
the working electrode, with a Pt-wire counter electrode and an Ag/
AgCl reference electrode. The electrochemical measurements were
carried out on an aqueous solution, 0.001 M in complex and 0.5 M in
sodium sulfate as the supporting electrolyte.

Compound (1)

Crystal data

C1oH20N,0,-2H,0 Z=1

M, = 264.33 D,=1339Mgm™>
Triclinic, P1 Mo K radiation

a =4.869 (3) A Cell parameters from 1077
b=7530(5) A reflections

¢=9.150 (5) A 0 =3-20°

a = 83.037 (10)° w=0.103 mm~!

B = 88.727 (15)° T =200 (2) K

y = 79.806 (10)°
V=32773)A°

Rectangular prism, colourless
0.48 x 0.10 x 0.10 mm

Data collection

Siemens SMART CCD area-
detector diffractometer

1118 independent reflections
825 reflections with 7 > 20([)

w scans Ry = 0.018

Absorption correction: multi-scan Omax = 25°
(SADABS;, Sheldrick, 1996) h=-5—-75
Tnin = 0.58, Tax = 0.96 k=-8—>38

1627 measured reflections I=—-10—> 6
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Refinement

Refinement on F?
R[F? > 20(F?)] = 0.046
wR(F?) = 0.118

S =0.967

1118 reflections

102 parameters

Compound (1)

Crystal data

[Ni(C,oH;sN,40,)]-2H,0
M, = 321.03
Monoclinic, C2{c
a=20861(3) A

b = 73385 (10) A

¢ =9.6130 (13) A

B = 112205 (2)°

V =13625 (3) A®

Z=4

Data collection

Siemens SMART CCD area-
detector diffractometer

w scans

Absorption correction: ¥ scan
(SADABS; Sheldrick, 1996)
Tnin = 0.67, Tpax = 0.96

3255 measured reflections

Refinement

Refinement on F?
R[F? > 20(F?%)] = 0.060
wR(F?) = 0.153

S =1.040

1193 reflections

91 parameters

H atoms treated by a mixture of
independent and constrained
refinement

w = 1/[o*(F,%) + (0.073P)%]
where P = (F,” + 2F.)/3

(A/0) max = 0.025

APy = 0.18 e A3

Apmin = =024 ¢ A3

D,=1565Mgm™

Mo Ko radiation

Cell parameters from 1275
reflections

6 = 3-20°

w=1441 mm™'

T=180(2) K

Plate, red

0.40 x 0.15 x 0.04 mm

1193 independent reflections
799 reflections with 7 > 20([)
Rin = 0.073

Ormax = 25°
h=—24 24
k=-6—8
[=—11-> 11

H atoms treated by a mixture of
independent and constrained
refinement

w = 1/[o*(F,%) + (0.079P)%]
where P = (F,” + 2F.2)/3

(A/0)max = 0.025

APmax =090 A3

Apmin = —053 e A3

Nil—N6 1.902 (5)

Table 1 .
Selected geometric parameters (A, ©) for (II).
Nil—N2 1.892 (5)
N2—Nil —N6' 86.1 (2)

N2—Nil—N6 93.9 (2)

1

Symmetry code: (i) § —x,5—y, —z.

The water H atoms in the Ni complex could not be clearly located
on difference maps and were omitted. The H atoms on N atoms for
both compounds were refined freely, as were the water H atoms of
(I). All other H atoms were added at calculated positions and refined
using a riding model (C—H = 0.99 A), including free rotation about

C—C bonds for methyl groups, and with isotropic displacement
parameters equal to 1.2 (or 1.5 for methyl H atoms) times the
equivalent isotropic displacement parameter of the carrier atom.

For both compounds, data collection: SMART (Siemens, 1994);
cell refinement: SAINT (Siemens, 1995); data reduction: SAINT;
program(s) used to solve structure: SHELXTL (Sheldrick, 1997);
program(s) used to refine structure: SHELXTL; molecular graphics:
SHELXTL); software used to prepare material for publication:
SHELXTL.
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