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The new, tridentate, facially coordinating ligand 1,4-di-
azepan-6-amine (daza) has been prepared from ethane-1,2-
diamine and 2,3-dibromo-1-propanol in a seven-step pro-
cedure with an overall yield of 22 %. The conformation of
the free ligand has been elucidated by pH- and temperature-
dependent 'H NMR spectroscopy and by a single-crystal X-
ray structure analysis of HzdazaCl;-H,O. A twisted chair with
a predominantly equatorial orientation of the primary amino
group has been established for daza and its protonation prod-
ucts Hydaza** (1 = x = 3). The formation constants of
[M(daza)]** and [M(daza),]** have been determined in aque-
ous solutions for M = Ni!, Cu", Zn", Cd", and Co" by
potentiometric and spectrophotometric measurements, and a
remarkably high stability has been found for the bis com-
plexes ML, in comparison to the mono complexes ML. This
effect is discussed in terms of the particular steric require-
ments of the daza ligand. [Cu(daza)Cl,], [Ni(daza),]Cl,-

3.2H,0 and [Zn(daza),]SO4-5H,O have been characterized
by single-crystal X-ray analyses. Aerial oxidation of Co?* in
the presence of daza results in the formation of the inert
[Co(daza),]®*, which was isolated as a mixture of the cis
and trans isomers. These two isomers were separated by
chromatographic methods and identified by NMR spec-
troscopy and single-crystal X-ray structure analysis of cis-
[Co(daza),][ZnBr,|Br-H,O and trans-[Co(daza),]3|ZnBry],-
Brs-4H,0. The redox potentials of [Ni(daza),]**/?* (1.04 V vs.
NHE) and [Co(daza),|**** (-0.21V vs. NHE) were deter-
mined by cyclic voltammetry. The values are slightly more
positive than for corresponding complexes with related cyclic
triamines. This effect is again discussed in terms of the par-
ticular steric requirements of these ligands.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2006)

1. Introduction

Triamines with a cyclic backbone and a restriction to fa-
cial coordination such as all-cis-1,3,5-cyclohexanetriamine
(cis-tach),l!] 1,3,5-triamino-1,3,5-trideoxy-cis-inositol
(taci),>4 or 1,4,7-triazacyclononane (tacn)>® have re-
ceived considerable attention in coordination chemistry. In
particular, these ligands have been used to model the active
site of metalloenzymes and to stabilize catalytically active
metal centers.”®! In contrast to their open-chain aliphatic
analogs, the restricted and well-defined coordination modes
of the cyclic representatives allow a straightforward design
of a specific coordination sphere, and the amino groups can
readily be substituted with moieties carrying additional do-
nor groups to give tetra-, penta-, or hexadentate chela-
tors.[>-11]

The two triamines cis-tach and tacn may be regarded as
the corner points of an entire series of triamine ligands con-
taining a specific number of endocyclic (secondary) and
exocyclic (primary) amino groups (Scheme 1). In view of
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the rich and interesting coordination chemistry opened up
by cis-tach and tacn, it is rather remarkable that the inter-
mediate members of this series have not received more at-
tention as metal binding agents in coordination chemis-
try.['>-16 This is particularly surprising because asymmetric
substitution of such species would easily open-up conve-
nient routes to chiral derivatives and consequently to prom-
ising building blocks for new, enantioselective catalysts.

In two previous contributions,!'*!3 we described the co-
ordination chemistry of the two triamines cis-3,4-diami-
nopyrrolidine (cis-dap) and cis-3,5-diaminopiperidine (cis-
dapi) and suggested that the seven-membered ring deriva-
tive 1,4-diazepan-6-amine (daza) would be a further, inter-
esting member of this series. The use of cis-dapi as a build-
ing block for the construction of coordination polymers has
meanwhile been described.['3! Substituted derivatives of 1,4-
diazepan-6-amine are known as serotonine and dopamine
receptor antagonists.['”l Moreover, a preliminary communi-
cation, proposing a 6-methyl-N,N',N'',N'"'-tetraacetic acid
derivative of this compound as a potential Gd chelator for
MRI applications, appeared very recently.['s However, the
unsubstituted 1,4-diazepan-6-amine ligand appears to be
unknown, and to the best of our knowledge its coordina-
tion chemistry has hitherto not been investigated. We report
here an efficient synthetic pathway for this interesting tri-
amine and discuss its coordination properties with a range
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Scheme 1. Triamine ligands with a cyclic backbone.

of divalent and trivalent metal cations. The coordinating
properties of the new ligand will be compared with the
other cyclic triamines shown in Scheme 1, and characteris-
tic differences will be analyzed in terms of the specific steric
requirements of these compounds.

2. Results and Discussion

2.1. Preparation and Characterization of the Ligand

In previous protocols, construction of the 1,4-diazepane
ring was achieved by a nitro-Mannich-type reaction.l'®! We
used a different approach (Scheme 2), however, and ob-
tained the seven-membered ring by the reaction of an acti-
vated diaminoethane derivative with 2,3-dibromo-1-propa-
nol.l'® The resulting 1,4-ditosyl-1,4-diazepan-6-ol was then
transformed into the corresponding azide by converting the
alcoholic OH group into a suitable leaving group followed
by substitution with N5~ Solutions of the azide were di-
rectly transferred into an autoclave and were hydrogenated
to give the amine. Due to its potentially explosive nature,
the isolation of the pure azide was usually avoided and only
a small quantity of this compound was separated for char-
acterization. The two remaining tosyl groups were finally
removed in concd. aqueous hydrobromic acid, and the pure
triamine was obtained as the trihydrochloride from a cat-
ion-exchange resin.

As expected, Hydaza’* reacts as a triprotic acid. The cor-
responding pK, values were determined at 25 °C by pH-
metric titrations in aqueous solution for an ionic strength
of 0.1 and 1 M (Table 1). The values for 0.1 m KCl and 0.1 m
KNOs are closely related and an individual, direct interac-
tion between the polyammonium cation and CI™ or NOs~
appears therefore not to be significant. The cyclic Hydaza*
is more acidic than the triply protonated, open-chain 3-aza-
pentane-1,5-diamine (Hsden3*), as shown in Table 2.?% In
particular, the second pK, value of the cyclic triamine is
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Scheme 2. Synthetic pathway for 1,4-diazepan-6-amine (daza).

considerably lower than that of the aliphatic triamine. This
result is clearly a consequence of the steric constraints
within the cyclic structure and can be understood in terms
of simple electrostatic interactions between the positive
charges located at the protonated amino groups.I'3 It is also
noteworthy that Hiydaza3* is a stronger acid than Hj(cis-
dapi)** (Scheme 1), with a particularly pronounced effect
for the first and the second deprotonation steps. The exocy-
clic amino groups of such ring systems preferentially adopt
an equatorial orientation,'*?!1 and in terms of electrostatic
repulsion, it is therefore more difficult to protonate the en-
docyclic amino groups. These considerations are consistent
with the observation that the triply protonated 1,4,7-triaza-
cyclononane (Hstacn®*), where exocyclic amino groups are
not present, is a strong acid that is not stable in H,O.[%

Table 1. pK, (= —-log K,)1! values of Hydaza’* at 25 °C.

0.1 M KCl 0.1 M KNO; 1.0 M KNO;
pK, 3.20 3.18 3.73
pK,» 6.47 6.44 6.78
pK, s 9.24 9.24 9.42

[a] K,; = [LH;3 ] x [H] x [LH4 ] '. The estimated standard devia-
tions are less than 0.01.

Structural changes of polyamines in the course of pro-
tonation can be conveniently followed by 'H NMR spec-
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Table 2. Comparison of pK, values (25 °C, # = 0.1 M) of representative triamines.

Hsden3* [ Hitacn3* [ Hj(cis-dapi)>* ] Hj(cis-dap)** [ Hydaza®*
pK, 43 <2 42 24 32
pKan 9.0 6.8 7.6 6.3 6.5
PKas 9.9 10.4 9.5 9.7 9.2

d/ppm

6

pH® ——=

8

Figure 1. pH*-dependencel®¥ of the "H NMR resonances of H,daza** (0 = x = 3); squares correspond to experimental values; the lines
were calculated (minimization of [Jgpsq. — Jcatea ]?). Inset: boat and chair conformations with averaged C, symmetry of H,daza**, compati-
ble with the NMR spectroscopic data (see text); the HI-C-C-H2,, fragment responsible for the large vicinal coupling constant is

highlighted in bold.

troscopy.?3l A series of spectra of daza as a function of
pH* was recorded at 28 °C (Figure 1).?* Assignments were
established by 'H-'H and 'H-!3C 2D correlation experi-
ments, and the J vs. pH* curves were evaluated using a le-
ast-squares procedure. The resulting apparent pK, values
are 3.4, 6.8, and 9.7. Considering the different media (D,O,
no inert electrolyte vs. H,O, 0.1 or 1 M KCl) these values
agree well with the pK,’s obtained from the potentiometric
measurements (Table 1). It is well known that C—H protons
near a basic site are deshielded in the course of protonation
and this effect increases with a decreasing number of bonds
between the basic site and the hydrogen atom under con-
sideration.[>! It is possible to model this effect with a suit-
able set of deshielding constants and this information can
then be used to identify the different tautomeric forms that
are possible for the partially protonated species.l'*!] Based
on such considerations, we showed that the first proton-
ation step of daza is rather unspecific, with the proton of
Hdaza™ almost equally distributed over the three amino
groups. For H,daza®", however, the tautomer with a pro-
tonated primary amino group is strongly predominant (=
90%).

The determination of coupling constants as a function
of pH* proved helpful to follow conformational changes in
the course of deprotonation.?%! At pH* < 3, H1 appears
as a well-resolved, sharp triplet of triplets with two vicinal
coupling constants (J, = 10.5 and J, = 3.1 Hz), indicative
of an axial orientation of the hydrogen atom and thus an
equatorial orientation of the primary amino group. Such a
conformation of Hidaza®" was also observed in the crystal
structure of daza-3HCI-H,O (Figure 2), where the di-
azepane ring adopts a twisted chair conformation (pucker-
316
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ing parameters: ¢, = 0.522 A, ¢; = 0.670 A, 0, = 41.4°, and
05 = 193.5°).27I The coupling constants also allowed an un-
ambiguous identification of H2.y and H2,,. As expected,
the hydrogen atom with an equatorial orientation appears
at higher frequency. The coupling constants change slightly
with increasing pH* (pH* 4: J, = 8.4, J, = 3.7 Hz; pH* 6:
J. =174, J, = 4.1 Hz). As is well known, the cycloheptane
ring is flexible and a variety of twisted chair and twisted
boat conformations of similar energy could account for the
solution structure. However, the coupling constants clearly
indicate that the equatorial orientation of the primary
amino group is maintained in the course of deprotonation.
This assumption is also supported by the observation that
an intercrossing of H2., and H2,, in the pH* range investi-
gated has not been noted.['*?!1 Moreover, recording the
spectra in MeOH/H,O (5:1) at low temperature showed
only slight line broadening at 243 K, and individual signals
for different conformers could not be observed.

Figure 2. Molecular structure of Hidaza’* showing the twisted
chair conformation of the seven-membered diazepane ring. The
thermal ellipsoids are drawn at the 50% probability level; hydrogen
atoms are shown as spheres of arbitrary size. All bond angles and
bond lengths fall in the expected ranges.
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2.2. Preparation and Structural Characterization of Metal
Complexes

Bis complexes of Co'™ were prepared conventionally by
aerial oxidation of the Co" precursors in aqueous solution.
As is well established for Co'-hexaamine complexes, the
resulting species proved highly inert towards ligand substi-
tution, and they could thus be used as illustrative models
for studying the properties of individual isomers. Separation
of different components of the reaction mixture by means
of chromatographic methods yielded two major orange
products, an achiral, C,,-symmetric trans-[Co(daza),]’*
(13*, 25%) and a chiral, C,-symmetric cis-[Co(daza),]**
(23*, 20%). The two isomers could unambiguously be iden-
tified by their NMR spectra, and this assignment was fur-
ther confirmed by single-crystal X-ray structure analysis
(Figure 3). The crystal structures of both complexes suf-
fered from some disorder. In the structure of the trans iso-
mer, three crystallographically independent complex mole-
cules (1a%*, 1b**, 1¢3%) were located, with their metal cen-
ters Col, Co2, and Co3 all placed on twofold rotational
axes. As mentioned above, the complex cation itself is cen-
trosymmetric. It is thus noteworthy that the three complex
cations are not placed on a crystallographic center of inver-
sion, even though the compound crystallizes in a centro-
symmetric space group. In the complex of Col, the ligand
adopts a major and a minor orientation having occupancies
of 80% and 20%, respectively. In the structure of the cis
complex 23*, the three atoms N17, C2, and C13 are placed
on a crystallographic mirror plane. All other atoms are
doubled, and the entire molecule was thus found to be dis-
tributed equally over two symmetry-related positions with
the above-mentioned three atoms in common.

[Ni(daza),]** (3**) and [Zn(daza),]** (4**) form immedi-
ately by the simple combination of aqueous solutions of the
ligand and the hydrated metal salt. Both complexes are la-
bile. The equilibrium between individual isomers is thus ra-
pid and it was not possible to isolate the different isomeric
species in the form of solid compounds. The two complexes
32* and 4%* were crystallized as their chloride and sulfate
salts, respectively. A single crystal structure analysis showed
the trans form for both complexes, and two crystallographi-
cally independent complex cations (4a>* and 4b**) were lo-
cated in the structure of the Zn complex. All three complex
cations 32*, 4a*, and 4b>" lie on crystallographic centers
of inversion, and we attribute the exclusive observation of
the trans form to better packing of the centrosymmetric iso-
mer.

A comparison of bond lengths and bond angles within
the coordination spheres of the bis complexes 1a’*—1¢3*,
23% 3% 4a”*, and 4b’* indicates some characteristic devia-
tion from an ideal octahedral geometry. Intraligand N-M-—
N angles are generally smaller than 90° and interligand N-
M-N angles are larger than 90°. This effect increases with
the increasing ionic radius of the metal center. Moreover,
the M—N bonds of the primary (exocyclic) amino groups
are somewhat shorter than the M—N bonds of the second-
ary (endocyclic) amino groups (Table 3). We regard this ef-

FEur. J. Inorg. Chem. 2006, 314-328
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Figure 3. Molecular structure of a) the trans- and b) the cis-isomer
of [Co(daza),]** (1** and 23*). Color code: Co brown, N blue; the
carbon skeleton is shown as a stick model (black); hydrogen atoms
have been omitted for clarity. [Ni(daza),]** (3°*) and [Zn(daza),]**
(4**) adopt virtually the same trans structure as shown for the Co™
complex 1°* (a).

fect as a consequence of the steric constraints of the ligand
framework rather than a result of the different donor ca-
pacity of the two types of nitrogen donors (the secondary
nitrogen donor is usually considered to be a stronger nu-
cleophile).

The reaction of hydrated CuCl, with an excess of daza
in aqueous solution resulted in the formation of a mononu-
clear, neutral 1:1 complex [Cu(daza)Cl,] (5). A crystal-
structure analysis of this compound revealed a coordination
number of five with a distorted square-pyramidal geometry
(r = 0.04).281 Again, the intraligand N-Cu—N angles are
significantly smaller than 90° and this effect mainly contrib-
utes to the deviation of the complex geometry from an ideal
square pyramid. Complex 5 and the previously reported
[Cu(cis-dapi)Cl,] have closely related structures. In both
complexes, the two chloro ligands and two of the nitrogen
donors form the basal plane of the square pyramid. The
third nitrogen donor is placed at the apex and has a con-
siderably longer Cu-N bond (Table 3). In both structures,
it is the endocyclic (secondary) nitrogen donor which forms
this long bond to the apical position (Figure 4). With re-
gard to the number of endocyclic and exocyclic nitrogen
donors, the two triamine ligands cis-dapi (two exocyclic one
endocyclic nitrogen atoms) and daza (one exocyclic, two en-
docyclic nitrogen atoms) are complements, and this is
clearly reflected in the molecular structures of [Cu(daza)-
Cl,] and [Cu(cis-dapi)Cl,]. The free ligands cis-dapi and
daza are both bisected by a mirror plane (C, symmetry);

www.eurjic.org 317
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Table 3. Synopsis of structural parameters of Hidaza®*, cis-[Co(daza),]**, trans-[Co(daza),]’*, [Ni(daza),]**, [Cu(daza)Cl,], and

[Zn(daza),]*".
M-Neyo M-N,,.0 Nepio—C-C-N,,4o  Puckering parameters!?”
(min., max., mean) (min., max., mean) torsional angles 93 q3 0, 05 Y
[A] [A] [°] [A] [A] [°] [°] [A]

Hidaza’* 88.4 0.52 0.67 41 194 0.85

cis-Co-daza 1.946(8) 1.977(8) 0.5 0.59 0.72 337 50 0.93
1.971(7) 2.002(6) 4.9 0.60 0.71 341 52 0.93
1.959 1.985

trans-Co-dazal®l  1.947(3) 1.956(3) 6.3 (Co2) 0.61 0.70 341 53 0.93
1.952(3) 2.004(3) 0.3 (Co3) 0.60 0.70 336 51 0.92
1.950 1.980

Ni-daza 2.136(3) 0.1 0.57 0.68 334 52 0.88

2.137(2)

2.108(3) 2.137

Cu-daza 2.117(9) 9.8 0.56 0.69 345 54 0.89

2.376(9)

1.970(11) 2.247

Zn-daza 2.147(3) 2.194(2) 2.2 (Znl) 0.56 0.67 332 51 0.87
2.148(3) 2.234(2) 1.4 (Zn2) 0.55 0.66 336 52 0.86
2.148 2.215

[a] Only the nondisordered ligands are considered.

however, this mirror plane is only retained in the cis-dapi
complex, while the daza complex is devoid of any symmetry

(Cy).

Figure 4. Molecular structure of a) [Cu'!(daza)Cl,] (5) and b) [Cu'!-
(cis-dapi)Cl,] (from ref.l'¥). Color code: Cu brown, N blue, Cl
green; the carbon skeleton is shown by a stick model (black); hy-
drogen atoms have been omitted for clarity.

In all the complexes reported here the seven-membered
diazepane ring adopts a regular chair conformation as indi-
cated by the four puckering parameters ¢,, ¢3, 0>, and 03
(Table 3).1*71 This structural type is imposed by the triden-
tate coordination mode and implies an almost eclipsed ori-
entation of the N-CH,~CH,—N fragment (Table 3). It is
noteworthy that the conformation of the corresponding
five-membered chelate rings differs markedly from the well
known A/d conformation observed in complexes with the
open-chained ethane-1,2-diamine (Scheme 3), and also
from the conformation that has been found for the nonco-

318 www.eurjic.org
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ordinated ligand (Figure 2). It is thus obvious that a triden-
tate coordination mode of daza enforces some torsional
strain within the metal complex.

N \} 4 N
hed N“ﬁ@&

Scheme 3. Conformation of five-membered chelate rings in a metal
complex with daza (a) and the open-chained ethane-1,2-diamine

(b).

2.3. Stability of the Metal Complexes

The formation constants of daza complexes with Co',
Ni'l, Cu'", Zn", and Cd" were measured in aqueous media
by potentiometric methods (Figure 5). A summary of these
results is presented in Table 4. The main species formed in
solution are [M(daza)]?* and [M(daza),]*". For Cu", how-
ever, formation of the protonated [Cu(Hdaza)]** and [Cu-
(daza)(Hdaza)]** was also verified unambiguously. As shown
by their pK, values of 3.82 and 4.67, the two protonated
complexes behave as acids of moderate strength.

Eur. J. Inorg. Chem. 2006, 314-328
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equiv. OH™ / equiv. daza

Figure 5. Titration curves (25 °C, 0.1 m KCl) of daza in the pres-
ence and absence of divalent metal cations as indicated. The total
daza concentration is 2x 103 m, and (if present) the total metal
concentration is 103 M. Squares refer to experimental values, the
lines were calculated using the formation constants listed in
Tables 1 and 4. The curve of the Zn complex is similar to the Co
complex and has been omitted for clarity.

Table 4. Formation constants (log fiy,)* of daza (= L) complexes
(25°C, u = 0.1 m).

M(L)* M(HL)**  M(L),** M(L)(HL)**
log Bi10 log Bi11 log Bi20 log Bi21

Co 7.85(1) - 15.29(1) -

Zn 7.44(1) - 14.21(1) -

Cu 11.07(2) 14.89(2) 20.45(1) 25.12(4)

Ni 10.53(1) - 20.53(1) -

CdM! 6.49(2) - 11.65(2) -

Cdle 6.47(2) - 12.22(2) -

[a] Byy- = ML H.]X[M]™X[L]?" % [H]*. The uncertainties given
in parentheses correspond to 3c. [b] 0.1 m KCI; the expression [M]
and [ML] in the previous footnote should be interpreted as X[MCL,]
and X[MLCI}], i = 0, 1, respectively, see Section 2.3. [c] 0.1 M KNOs.

It is well known that complexes with rigid ligands, having
a cyclic backbone, often undergo ligand-exchange reactions
that are slow relative to related ligands that do not have
the same steric constraints. Moreover, comparatively slow
substitution characteristics are well established for the Ni'!
center. Consequently, Ni'"-amine complexes such as [Ni(cis-
tach)]** are inert,’*”! and equilibration during a titration ex-
periment is slow. In our previous investigations, a series of
batch titrations were performed to investigate the Ni'l-cis-
dapi, Ni'l-tmca, and Ni'-taci system in aqueous solu-
tion.['421:30] In the Ni'l-daza system reported here, we
therefore checked for complete equilibration by performing
back titrations. To our surprise, the Nil-daza complexes
proved to be labile, and an equilibration time of a few min-
utes after addition of an increment of titrant was sufficient
even in the acidic range of the titration curve! It is well
known that seven-membered rings readily undergo confor-
mational changes, whereas six-membered chair structures,
such as those observed in cis-dapi or taci, are rigid. The

Eur. J Inorg. Chem. 2006, 314-328
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different flexibility of these ligand backbones obviously ac-
counts for the variable lability of these tridentate systems.

In some of the titration experiments of the Ni'l and Cu!
complexes, the titration cell was equipped with an immer-
sion probe, which was connected to a spectrophotometer
with a diode array detector. This allowed the acquisition
of additional spectrophotometric data, which were used to
confirm the applied model and to evaluate the formation
constants by an independent method (Figure 6). Moreover,
the spectra of the individual species, which were calculated
from the data, provided valuable information about the na-
ture of the coordinated donor set. Due to the low intensity
of the observed d-d transitions, the total metal concentra-
tion was increased to 10 mm and the inert electrolyte con-
centration was set at 1.0 m.

[4}]
Q
c
[y
2
Q
[72)
L
[
100 CuL(HL)

80

60

§ 40
s

“ 20

0

Figure 6. Determination of the formation constant logf,,. of
[Cu,(daza),H.]**** by spectrophotometric methods: a) the sample
spectra of the spectrophotometric titration with total Cu/total daza
= 1:2 in the range 3.0 < pH < 6.8; b) calculated spectra of the
individual [Cu(L),H.]**** species (L = daza). The spectra of Cu?*
was measured separately and was imported without refinement.
The free ligand and its protonation products were considered as
colorless.

As shown in Table5, the agreement between the
potentiometric and spectrophotometric measurements is
generally good. [Ni(daza)]?* and [Ni(daza),]** both exhibit
the well-known three bands of a d® electron configuration,
with maxima of the middle band [*A,,—T 4(F) transition]
at 590 and 513 nm, respectively. These values strongly sup-
319
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port an octahedral triamine-triaqua-Ni"' and hexaamine-
Ni'' chromophore, respectively (Figure 7),2' and confirm
that the tridentate coordination mode of daza observed in
the crystal structure of [Ni(daza),]Cl,:3.2H,O0 is retained in
solution. The Cu'' complexes all show a single, broad, unre-
solved band. For [Cu(daza)(Hdaza)]**, the maximum of
this band is found at 566 nm. Such a value is characteristic
of a CuNy4 chromophore with all four nitrogen donors occu-
pying equatorial positions, and one or two additional,
weakly bonded H,O molecules in apical positions.?? [Cu-
(daza),]** exhibits a maximum at 596 nm. The corresponding
red shift of about 30 nm, which follows from deprotonation
of [Cu(daza)(Hdaza)]**, is very characteristic of the coordi-
nation of one additional nitrogen donor in one of the apical
positions (“pentaamine effect”).?*331 Coordination of a
sixth nitrogen donor obviously does not take place, because
the maximal absorption for a tetragonally elongated CuNg
chromophore would appear at even higher wavelength
(around 620-640 nm).3!1 As a result, we have assigned a
bis-didentate coordination mode to the protonated [Cu(da-
za)(Hdaza)]** and a combination of a didentate and triden-
tate coordination mode to [Cu(daza),]>*. The protonated
mono complex [Cu(Hdaza)]** also absorbs at somewhat
shorter wavelength than the nonprotonated [Cu(daza)]**.
For these two species, the difference in wavelength is, how-
ever, relatively minor. For Hdaza™, only didentate coordina-
tion is reasonable, and the red shift observed upon depro-
tonation is again indicative of a tridentate coordination
mode for daza. Such a coordination mode is the same as
that which has been observed in the solid-state structure
of [Cu(daza)Cl,] (Figure 4). However, a comparison of the
stability constants of [Cu(en)]** (log f = 10.5) and [Cu-
(daza)]** (log B = 11.1) reveals only a minor increase in sta-
bility upon going from the didentate to the tridentate ligand
systems (Alog f# = 0.6). Obviously, the third nitrogen donor
of daza undergoes only weak binding to the Cu'! center.
This is in marked contrast to the Ni'' system, where [Ni-
(daza)]** is considerably more stable than [Ni(en)]** (Alog
= 3.2).113]

Table 5. Comparison of formation constants® of Ni''- and Cu'’~
daza complexes derived either from potentiometric (pot) or spec-
trophotometric (spec) titrations (25 °C, 1 M KNO;) together with
spectrophotometric data. Estimated standard deviations (3c) are
given in parentheses.

R IOg ﬁxy: (pOt/SpeC) /’Lmax [nm]/8
[M'em

[Cu(daza)* LLO  11.19G3Y11.33(9)  682/45
[Cu(Hdaza)[** L1 1543(1)/15.52(6)  674/44
[Cu(daza),]** 1,20 20.76(1)20.91(6)  596/49
[Cu(Hdaza)(daza)* 12,1  25.95(2)26.06(6)  566/108
[Ni(daza)]2* LLO  10.72(1)/10.7(1) 590/8
[Ni(daza),>* 1,20 20.85(1)/20.9(1) 513/11

[a] Bry- = ML H X [M] 7 X [L]> X [H] 7.
As noted previously for cis-dapi,['¥l the formation con-
stants measured for the bis complex [Cd(daza),]** are sig-
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Figure 7. Correlation of the observed A, values of the individual
a) Ni''- and b) Cu'"-daza complexes formed in aqueous solution
with the A, values of some chromophores reported in the litera-
ture.’" Only complexes with a defined coordination environment
containing a set of sp>-nitrogen donors as indicated and H,O as
additional ligands were considered. The data of the Ni'' complexes
refer to the 3A,,—T,(F) transition. Open boxes refer to the entire
range reported, black boxes represent the averages * one standard
deviation.

nificantly different in 0.1 m KCI or 0.1 M KNO;, whereas
the formation constants of the mono complex are virtually
the same in the two media. This result can be explained in
terms of the formation of the chloro complexes [CACI]* and
[Cd(daza)CI]*. The formation constant of [CACI]* is known
to be K¢ = [CACI*]x[Cd**] ' X[CI'] ! = 33 M 1.2 Condi-
tional constants of the type fond = {[CdL;] + [CAL;Cl]}
X {[Cd]+[CdCI]} ' X [L] " may be used to describe the equi-
libria in the chloride medium, and ,°°* = f, is thus indica-
tive of approximately the same affinity of Cd>* and CdCI*
for the binding of one daza ligand. The difference between
B> and f,°°" corresponds to the value of K<'x[Cl] within
experimental error, and this result demonstrates that
[Cd(daza),]** does not interact directly with CI” to a signifi-
cant extent, which lends strong support for a coordination
number of six within the hexaamine complex.

A synopsis of the formation constants for some represen-
tative cyclic triamine ligands is given in Figure 8. The fol-
lowing general trends are noteworthy:

(1) With the exception of tacn, all the ligands shown have a
remarkably low affinity for Cu' in comparison to Ni™. For
cis-tach, daza, and cis-dapi, [CulL]** is only of slightly
higher stability than [Ni''L]** (Figure 8a). For 1,3,5-triami-
no-1,3,5-trideoxy-cis-inositol (taci), and its O-methylated
derivative all-cis-2,4,6-trimethoxycyclohexane-1,3,5-tri-
amine (tmca), the Irving-—Williams order is even inverted,
and the Ni complex is more stable. This effect is markedly
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Figure 8. Survey of formation constants for complexes with divalent cations and various cyclic triamine ligands as indicated. Note that
the values of the individual formation constants (K; = [ML]x[M] ! x[L]! and K, = [ML,]x[ML]! x[L]!) rather than overall constants
(1 and p,) are shown. The constants of the daza complexes are from this work (Table 4), the formation constants of the other ligands

are from refs.[3-14:20-21.36]

more pronounced for the addition of a second ligand
moiety (Figure 8b), where a distinct maximum is now ob-
served at Ni'! for all the ligands. The preferred binding of
Ni'l is obviously due to the exclusive facial coordination
mode of these ligands, which results in the above-mentioned
weak binding of the third amine donor to the Cu'! center.
(i1) In comparison to the other cyclic triamine ligands, the
stability of the [M(daza)]** species is generally low. As a
matter of fact, only cis-tach forms 1:1 complexes of slightly
lower stability. The relatively poor stability of the cis-tach
complexes, and to a lesser extent of the cis-dapi complexes,
is readily understood in terms of the high-energy conforma-
tion (primary amino groups all in axial positions), which is
required for complex formation.*# For taci and tmca, both
chair conformations are destabilized by 1,3-diaxial repulsive
interactions and metal binding does thus not require such
an additional amount of energy. For daza, the primary
amino group in the free ligand also has a preferred equato-
rial orientation (see Section 2.1), however, compared to cis-
tach and cis-dapi, one would expect that much less energy
is needed to bring it into an axial position. As already out-
lined in Section 2.2, it is the enforcement of the unfavorable
chair conformation of the diazepane ring (local Cy sym-
metry) with the eclipsed arrangement of the N,,;,—CH,—
CH»—N,,.4, fragment that accounts for the low stability.
(iii)) In contrast to the relatively low stability of the
[M(daza)]>* complexes, the binding of a second ligand moi-
ety (formation of [ML,]*") is a highly favored process (Fig-
ure 8b). The ratio log K;/K, for the cyclohexane-based li-
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gands cis-tach, taci, and tmca (excluding Cu'") lies in the
range of 2.0-4.1, whereas for daza it is 0.4-0.7. A similar
behavior has previously been reported for cis-dapi
(log K,/K, = 1.4),14 although the ratio observed for daza
is even smaller. A purely statistical approach would require
that K,/K> = 16 (log K;/K> = 1.2),3% and thus it is evident
that the two ligands in the [M(daza),]** complexes show
some cooperativity. As discussed previously,['43¢1 the dif-
ferent behavior of the ligands with three exocyclic amino
groups on the one hand and of cis-dapi and daza on the
other can be explained by means of steric requirements,
which result in different interligand interactions (Scheme 4).
Moreover, some symbiotic behavior appears to further en-
large the binding of the second ligand.’”! The high cooper-
ativity between the two ligand moieties in the [M(daza),]**
complexes results in some effects that are rather unusual in
solution chemistry (Figure 9). For example, for ligands such
as tmca, with “normal” behavior, [ML]** is usually the only
species that is present to a significant extent in solutions
with equal concentrations of total ligand and total metal,
and formation of [ML,]*>* is generally negligible. Further-
more, in solutions with a total metal/total ligand concentra-
tion of 1:2, the mono complex appears as the dominant
species in the acidic range. In contrast, for daza, significant
amounts of [ML,]** already form up to 30% in solutions
with equal concentrations of total M and total L according
to 2ML — M + ML,, and in solutions with excess ligand
[ML]?* appears only as a minor species within a narrow pH
range.
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a)

2.4. Redox Properties

The redox properties of [Co(daza),]>*** and [Ni-
(daza),]’*>* were investigated by means of cyclic voltam-
metry. For comparison, corresponding complexes with cis-
dapi and taci were also studied. All the complexes investi-
gated revealed quasi-reversible redox behavior (Figure 10),
and the peak current was found to be linearly dependent on
the square root of the scan rate, as expected for a diffusion-
controlled process (Table 6). For the investigation of the
[Co(daza),]**"?* couple, crystalline samples of the distinct
7 Co™ complexes were used for the preparation of the test
solutions. The cis- and the trans-isomers were investigated

10 1

Fr T

/I

0

s Z

-400 ~200 0

-11:;;§..
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Scheme 4. Interligand repulsion in bis complexes ML, [L = cis-tach  Figure 10. Cyclic voltammogram of [Co(daza),]**’** in aqueous
(a) and daza (b)]. solution (referenced against NHE, pH 10, 25 °C, v = 50 mVs ).
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Figure 9. Illustration of the different solution properties for triamine complexes with a low (left side) and a high (right side) cooperativity
between the two ligand moieties in a 1:2 complex. The species distribution was calculated for a total metal concentration of 103 M and
a total ligand concentration of 1073 M (top) and 2% 103 M (bottom). The formation constants used for the Ni''-daza system are from
this work (Table 4), the formation constants of 2,4,6-trimethoxy-1,3,5-cyclohexanetriamine are from ref.[?!]
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separately; however, the cyclic voltammograms of the two
isomers did not differ to a significant extent. A similar ob-
servation has previously been reported for the [Co(cis-
dapi),]>*?* system.!'4]

Table 6. Electrochemical data from cyclic voltammetry for the
[CoL,**>* and [NiL,]**”>* couples in aqueous solution.

[ML,J**/2* Eyp [V AE, [mV]" R

[Co(daza),]*/>* ~0.21 74, 95 0.9998
[Co(taci),]**/2* 035 75, 114 0.9995
[Co(cis-dapi),]*/>*  —0.38 69, 91 0.9999
[Ni(daza),]**"2* 1.04 86, 132 0.9978
[Ni(taci),]**/>* 0.95 76, 98 0.9999
[Ni(cis-dapi),*2* 092 72, 94 0.9999

[a] Reduction potentials relative to NHE. [b] Peak separation for a
scan rate of 20 mV's™! and 1000 mVs™!, respectively. [c] Correlation
coefficients for the linearity of I vs. V(v) in the range 20 mVs ! =
v = 1000 mVs ! with a total of eight data points for each couple.

In general, the reduction potentials of corresponding cis-
dapi and taci complexes are in close agreement, whereas the
redox potentials of the daza complexes are all somewhat
more positive (Table 6). Obviously, the taci- and cis-dapi-
(= L*) complexes with divalent cations are stronger reduc-
ing agents than corresponding daza (= L) complexes, and
this means that in a taci- or cis-dapi complex the trivalent
cation is stabilized according to

AE\, = Ep(LY) — Ejp(L?) = —RIIFx {In[f," (LB (LY)] -
In[B,"™(LP)/B(LO)]} = —RT/FX Aln(,"™5,™)

where B, and B, stand for the formation constants
of the bis complexes with the trivalent and divalent
cations, respectively. For cis-dapi and daza, one obtains
Alog(B,"/B,"1) = 2.9 for Co™! and 2.0 for Ni'™II It is
interesting to note that Hancock has proposed some char-
acteristic size selectivity for five- and six-membered chelate
rings. The steric constraints of five-membered chelate rings
are more suited for the binding of a large metal cation,
whereas formation of six-membered chelate rings is more
favorable for small cations.’® Since the higher oxidation
state generally implies a smaller ionic size, one would thus
expect a less-negative redox potential for a ligand forming
exclusively five-membered chelate rings, and that is indeed
what we observe. The somewhat smaller Alog(B,""/f,")
value of Ni (in comparison to Co) can be attributed to the
well-known Jahn-Teller distortion caused by the low-spin
d” electron configuration. This type of distortion would de-
stabilize the Ni'™" complex with a cyclic triamine ligand in
a similar way as described for Cu'! (see Section 2.3),[>3l and
this effect is obviously more pronounced for the rigid taci
or dapi than for daza.

3. Conclusions

In this paper, we have shown that 1,4-diazepan-6-amine
(daza) readily forms 1:1 and 1:2 complexes with divalent
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transition metal cations in aqueous solution and exhibits
mainly a tridentate facial coordination mode. The specific
coordinating properties of daza are as follows:

a) In contrast to the C;,-symmetric representatives such
as tacn or cis-tach (Scheme 1), the Cg-symmetric ligand
daza (similar to cis-dapi) is of lower symmetry and thus
gives rise to a more complex stereochemistry. In particular,
bis complexes exist in the form of cis- and trans-isomers.
Due to the labile nature of most of the metal centers used,
the different forms equilibrate rapidly and cannot be iso-
lated. For the inert Co™™, we obtained approximately equal
amounts of cis-[Co(daza),]** and trans-[Co(daza),]** which
indicates that the energy of the two isomers does not differ
significantly.

b) In comparison with other triamine ligands, the sta-
bility of the complexes is not exceptionally high. As an ex-
ample, the open-chained 3-azapentane-1,5-diamine (den)
forms a NiL>* complex with a formation constant, log f;,
of 10.55,12%1 which corresponds closely to the value (10.53)
found for daza (Table 4). This result was somewhat unex-
pected because the donor set of the daza ligand has a much
higher degree of pre-orientation. In comparison to other
cyclic ligands (Scheme 1), the stability of daza complexes is
relatively poor. We attribute the lower stability to the unfa-
vorable, eclipsed conformation of the N,,;,~CH>,~CH,—
N.,.4o moiety, which is enforced in the course of coordina-
tion. In making comments about apparent stability, how-
ever, one should note that daza is a much weaker base than,
for instance, the open-chained den, and although the for-
mation constants of the two triamines are similar, daza is a
much more effective chelator in neutral or slightly acidic
media.[!”]

¢) The cooperativity between two daza moieties of a bis
complex is even higher than for cis-dapi, and, as a conse-
quence, a significant amount of the bis complex is formed
already if the ligand and the metal are added in a 1:1 ratio.
With regard to possible applications (catalysis, modeling
of the active site of a metalloenzyme), as outlined in the
introduction, this high cooperativity is disadvantageous —
binding of a substrate requires at least one free coordina-
tion site and the formation of the bis complexes should
thus be avoided.’! This problem can, however, be solved
by adding additional substituents to some of the nitrogen
donors in such a way that the steric demands, and thus
interligand repulsion, disfavor the binding of a second
ligand entity. This topic will be the issue of a subsequent
paper.149]

d) Compared to the cis-tach and cis-dapi backbone, the
daza backbone appears to be rather flexible and this results
in fast ligand-substitution behavior. The kinetics of ligand
formation, although not yet studied in detail, resemble that
of an open-chained ligand system.

¢) The daza ligand exclusively forms five-membered che-
late rings and this favors complex formation with relatively
large cations. As a consequence, the redox potential of M-
(daza),/M"(daza), couples is somewhat more positive (less
negative) than corresponding couples with cis-dapi or taci
complexes.
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Experimental Section

General: The commercially available chemicals used for the syn-
thetic work were of reagent grade quality and were used as ob-
tained. DMSO was from Fluka (puriss., p. a.). MeOH and EtOH
were purified by distillation prior to use. Dowex 50 W-X2 (100-
200 mesh, H* form) and Dowex 2-X8 (50-100 mesh, CI- form)
were from Fluka. The anion resin was converted into the OH™ form
by treatment with 0.3 M aqueous NaOH. For the potentiometric
and spectrophotometric titrations, metal salts of highest available
quality (>99.95%) were used. H>O was distilled twice (quartz ap-
paratus). UV/Vis spectra of the Co'"' complexes were measured
with an Uvikon 941 spectrophotometer (H,O, 25+ 3 °C). IR spec-
tra were recorded with a Bruker Vector 22 FT IR spectrometer
equipped with a Golden Gate ATR unit. Semi-quantitative deter-
minations of Co'! in solution were performed with Merckoquant
10002 test strips (Merck). C,H,N analyses were performed by H.
Feuerhake (Universitdt des Saarlandes).

NMR: 'H and BC{'H} NMR spectra were measured in [Dg]-
DMSO, CD;0D, or D,O at 28 °C using a Bruker DRX Avance
400 MHz NMR spectrometer (resonance frequencies: 400.13 MHz
for 'H and 100.6 MHz for '3C{'H}). Chemical shifts are given in
ppm relative to [DyJsodium (trimethylsilyl)propionate (D,O) or tet-
ramethylsilane ([Dg]DMSO and CD;0OD) as internal standards (0
= 0 ppm). A Hamilton SPINTRODE glass electrode, which was
calibrated with aqueous (H,O) buffer solutions, was used to mea-
sure pH* directly in the NMR tube.*¥ The pH* of each sample
was adjusted with appropriate solutions of DCIl and NaOD in D,O0.

Cyclic Voltammetry: Cyclic voltammograms were recorded at ambi-
ent temperature (25+2 °C) in a BAS C2 cell (0.5 M KCIl), using a
BAS 100B/W2 potentiostat, a gold (for the Co complexes) or glassy
carbon (for the Ni complex) working electrode, a platinum counter
electrode, and an Ag/AgCl reference electrode. Sample solutions of
the Co complexes were made up using solid [CoL,]** salts. The
total Co concentration was 0.004 M and the pH was adjusted to 10
(KOH). Ni samples were prepared in situ using a Ni'' salt and the
trihydrochloride of the ligands (total Ni'! = 0.012 M, total L =
0.03 M, L = daza, taci, cis-dapi). 0.5 M KOH was then added to
bring the pH to a value of 7.

Potentiometric and Spectrophotometric Measurements: The titration
experiments were performed at 25.0 °C under N, or Ar (for the
Co complexes) as described previously.[*!] Simple potentiometric
titrations were carried out with total M/total daza ratios of 1:1 and
1:2in 0.1 m KClI or 0.1 M KNO; (Figure 5). Titration experiments,
which were followed by potentiometric and spectrophotometric
methods, were performed in 1 M KCl. A Metrohm 665 piston bu-
rette was used for addition of the titrant (KOH, HCI or HNO3),
and the pH was recorded using a Metrohm glass electrode with an
incorporated Ag/AgCl reference, connected to a Metrohm 713 pH/
mV meter. For spectrophotometric measurements, the titration cell
was equipped with an immersion probe (HELLMA), which was
connected to a spectrophotometer equipped with a diode array de-
tector (J&M, TIDAS-UV/NIR/100-1). The titrations were per-
formed with a total metal concentration of 0.01 M and a total daza
concentration of 0.02 M. A PC was used to trigger recording of a
spectrum just prior to the addition of each new aliquot of base.[*!]

Calculations of Equilibrium Constants: Equilibrium constants were
generally calculated as concentration quotients (pH = —log[H"])
using the computer programs HYPERQUAD and SPECFIT.#243
The total concentrations of the reactants and the pK,, (13.78 for u
= 0.1 ™, 13.77 for u = 1.0 M) were not refined. The protonation
constants of the diazepane ligand were evaluated separately and
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were kept fixed when refining formation constants of the metal-
containing species. The UV/Vis spectra of the free Ni>* and Cu?*
were recorded separately and were imported as fixed data sets for
the evaluation of the formation constants of the metal complexes.
The free ligand and its protonation products were treated as nonab-
sorbing species.

N, N2-Ditosyl-1,2-ethanediamine:**!  Toluene-4-sulfonyl chloride
(95 g, 0.5 mol) was suspended in diethyl ether (200 mL). The sus-
pension was cooled with an ice bath, and a mixture of NaOH (20 g,
0.5mol) and ethane-1,2-diamine (15g, 0.25mol, dissolved in
200 mL of H,O) was added dropwise. The resulting white suspen-
sion was stirred overnight at room temperature. The residue was
filtered off and recrystallized from MeOH (white crystals, 86.2 g,
94%). C16H20N,04S; (368.5): caled. C 52.15, H 5.47, N 7.60; found
C 52.66, H 5.41, N 7.46. '"H NMR (DMSO): § = 2.39 (s, 6 H), 2.72
(s, 4 H), 7.38 (d, J = 8.2 Hz, 4 H), 7.61 (d, J = 8.2 Hz, 4 H) ppm.
13C NMR (DMSO): 6 = 21.0, 42.2, 126.5, 129.7, 137.4, 142.8 ppm.
IR: Vv = 664, 709, 748, 818, 875, 1020, 1058, 1092, 1153, 1188, 1240,
1292, 1307, 1330, 1404, 1452, 1496, 1598, 3282 cm .

Disodium N',N?-Ditosyl-1,2-ethanediamide: Sodium metal (4.6 g,
0.2 mol) was allowed to react with water-free MeOH (150 mL),
then N',N?-ditosyl-1,2-ethanediamine (36.8 g, 0.1 mol) was added.
The white suspension was refluxed for half an hour, the solvent
evaporated completely and the remaining white residue dried in
vacuo (40.0 g, 97%). C;cHsN>Na,O,S, (412.4): calcd. C 46.60, H
4.40, N 6.79; found C 46.76, H 4.77, N 6.70. '"H NMR (DMSO):
0 =232, 6 H),2.58 (s, 4 H), 7.18 (d, J = 8.0 Hz, 4 H), 7.50 (d,
J = 8.0 Hz, 4 H) ppm. 3C NMR (DMSO): J = 20.9, 46.3, 126.4,
128.6, 139.2, 142.6 ppm. IR: v = 658, 708, 811, 844, 884, 982, 1072,
1117, 1153 cm™.

1,4-Ditosyl-1,4-diazepan-6-ol:!'8] Powdered KOH (1.9 g, 0.034 mol)
was dissolved in absolute EtOH (250 mL) and 2,3-dibromo-1-pro-
panol (3.5 mL, 0.034 mol) was added dropwise to this solution. The
resulting white suspension was refluxed and disodium N' N>-dito-
syl-1,2-ethanediamide (14 g, 0.034 mol) was added. The mixture
was refluxed for an additional six hours and the remaining solid
was removed from the boiling solution by filtration. The clear solu-
tion was then cooled to 4 °C, yielding 10.1 g (70%) of colorless
crystals, which were filtered off and dried in vacuo. C;9H»4,N>O5S,
(424.5): caled. C 53.75, H 5.70, N 6.60; found C 53.38, H 5.52, N
6.31. 'TH NMR (DMSO): 6 = 2.39 (s, 6 H), 2.85 (dd, J = 13.9,
8.1 Hz, 2 H), 3.11 (m, 2 H), 3.48 (m, 4 H), 3.75 (sept, J = 4.2 Hz,
1 H), 5.28 (br., 1 H), 7.42 (d, J = 8.2 Hz, 4 H), 7.67 (d, J = 8.1 Hz,
4 H) ppm. 3C NMR (DMSO): ¢ = 20.9, 49.0, 53.0, 68.4, 126.6,
129.8, 135.5, 143.3 ppm. IR: ¥ = 610, 653, 722, 805, 911, 972, 1036,
1086, 1151, 1266, 1330, 1400, 1442, 1493, 1598, 2922, 3502 cm .

1,4-Ditosyl-1,4-diazepan-6-mesylate: 1,4-Ditosyl-1,4-diazepan-6-ol
(10 g, 0.024 mol) was dissolved in anhydrous pyridine (50 mL) and
cooled to 0°C with an ice bath. Methanesulfonyl chloride
(1.87 mL, 0.024 mol) was then added dropwise to this solution. A
yellow solid precipitated, and the suspension was stirred for an ad-
ditional 2h at 0°C. 3m HCI (200 mL) was then added and the
solid turned white. Stirring was continued for a further 2 h at 0 °C.
The residue was then filtered off and washed with H,O. The solid
was extracted with boiling EtOH and dried in vacuo. Yield: 10.6 g
(88%). CyoH,6N,0,S;5 (502.6): caled. C 47.79, H 5.21, N 5.57,
found C 47.77, H 5.19, N 5.63. '"H NMR (DMSO): 6 = 2.39 (s, 6
H), 3.23 (m, 2 H), 3.27 (s, 3 H), 3.37 (m, 2 H), 3.53 (d, / = 5.1 Hz,
4 H), 4.87 (quint, J = 5.1 Hz, 1 H), 7.42 (d, J = 8.2 Hz, 4 H), 7.69
(d, J = 8.2 Hz, 4 H) ppm. *C NMR: ¢ = 20.9, 37.8, 50.4, 51.2,
76.7, 126.7, 129.9, 135.3, 143.6 ppm. IR: ¥ = 570, 619, 652, 702,
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715, 743, 807, 904, 916, 949, 974, 1001, 1074, 1090, 1148, 1161,
1282, 1310, 1331, 1347, 1442, 1496, 1598 cm .

6-Azido-1,4-ditosyl-1,4-diazepane: Caution: Organic azides are po-
tentially explosive. These must be handled with care and should not
be isolated in large amounts'"! Solid 1,4-ditosyl-1,4-diazepan-6-me-
sylate (5 g, 0.01 mol) was added to a solution of NaN; (1.95 g,
0.03 mol) in absolute DMF (100 mL). The resulting white suspen-
sion was heated to 100-110 °C for 48 h. A white solid was removed
by filtration, yielding a clear, yellow solution of the desired product.
A small sample to be used for IR and NMR characterization was
precipitated by the addition of H,O to a few milliliters of the DMF
solution. The resulting white solid was separated by filtration and
air-dried. "H NMR (DMSO): 6 = 2.40 (s, 6 H), 3.19 (m, 2 H), 3.39
(m, 6 H), 3.89 (m, 1 H), 743 (d, J = 8.3 Hz, 4 H), 7.69 (d, J =
8.3 Hz, 4 H) ppm. '*C NMR (DMSO): ¢ = 20.9, 50.1, 50.9, 58.6,
127.0, 130.1, 135.5, 143.7 ppm. IR: ¥ = 656, 696, 720, 813, 860,
909, 958, 1036, 1090, 1158, 1245, 1306, 1332, 1381, 1455, 1494,
1599, 2110 cm™ . The crystal structure has been published in a pre-
vious communication.3

1,4-Ditosyl-1,4-diazepan-6-amine: The experiment reported in the
previous section was repeated one more time and the resulting
DMEF solutions of the azide were combined to one single solution.
This solution was then transferred into an autoclave and hydroge-
nated (5 atm H,) using 10% Pd/C (500 mg) as catalyst. After 48 h
the catalyst was removed by filtration and the resulting solution
(300 mL) was diluted with 1 L of H,O. The white solid that precipi-
tated was filtered off and dried in vacuo. This product proved to
be of sufficient purity to be used for the next step, however the
elemental analysis was not satisfactory. The product could be iso-
lated as analytically pure hydrobromide by dissolving the amine
in EtOH (100 mL) and adding aqueous concd. HBr (10 mL). The
resulting yellow solution was filtered through Celite and the sol-
vents evaporated to dryness. A colorless solid was obtained which
was dried in vacuo (7.1 g, 70%). C,19H»5N3S,0,4-HBr (504.5): calcd.
C45.24, H 5.19, N 8.33; found C 45.34, H 5.38, N 8.06. '"H NMR
(DMSO): 6 = 3.40 (m, 3 H), 3.45 (m, 4 H), 3.63 (dd, J = 144, J =
4.1Hz, 2 H), 747 (d, J = 8.2Hz, 4 H), 7.72 (d, J = 8.2 Hz, 4 H)
ppm. 3C NMR (DMSO): § = 20.9, 48.9, 49.4, 50.0, 126.6, 130.1,
134.9, 143.8 ppm. IR: v = 571, 653, 721, 813, 905, 967, 1030, 1089,
1152, 1330, 1449, 1494, 1597 cm™!. The crystal structure of the free
amine has been published in a previous communication. !

1,4-Diazepan-6-amine-3HBr: 1,4-Ditosyl-1,4-diazepan-6-amine
(5 g, 0.012 mol) was refluxed in concd. aqueous HBr (150 mL) for
3 h. The solution was cooled to room temperature and was then
concentrated to a volume of 50 mL on a rotary evaporator. A white
solid crystallized which was filtered off and washed with cold
EtOH. Drying in vacuo yielded 3.2 g of the trihydrobromide salt
(75%). CsH6BrsN; (357.9): caled. C 16.78, H 4.51, N 11.74; found
C 16.87, H 4.58 N 11.74. '"H NMR (D0, pH < 3): 6 = 3.67 (dd,
J=14.1,J=10.5Hz, 2 H), 3.77 (m, 4 H), 3.89 (dd, J = 14.1, J =
3.1 Hz, 2 H), 4.26 (tt, J = 10.5, J = 3.1 Hz, 1 H) ppm. '*C NMR
(D50, pH < 3): 0 = 45.9, 47.1, 49.3 ppm. IR: V = 767, 844, 864,
882,910, 991, 1020, 1050, 1127, 1180, 1265, 1298, 1326, 1392, 1429,
1447, 1465, 1524, 1548, 2781 cm ™.

1,4-Diazepan-6-amine-3HCI-1.5H,0: This compound was obtained
from the trihydrobromide by ion-exchange chromatography on
Dowex 50. CsH(N;Cl5-1.5H,0 (251.6): caled. C 23.87, H 7.61, N
16.70; found C 23.45, H 7,88, N 17.09. The 'H and '*C NMR
spectra were identical with those of the trihydrobromide. IR: v =
773, 852, 868, 890, 1000, 1055, 1092, 1135, 1199, 1234, 1271,
1396, 1435, 1539, 2718 cm™!. Single crystals of composition

FEur. J. Inorg. Chem. 2006, 314-328

© 2006 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

HsdazaCl;*H,O, suitable for X-ray analysis were grown by slow
evaporation of an aqueous solution.

|Co(daza),|Cl;: 1,4-Diazepan-6-amine:3HBr (2.5 g, 7.0 mmol) was
dissolved in H,O (50 mL), and the pH of the solution was adjusted
to 8.5 by adding NaOH (1wMm). Solid CoCl,6H,O (0.83 g,
3.5mmol) was then added, resulting in a red-orange solution,
which was stirred in an open beaker for 3 d. The solution was tested
for Co?* (negative), and sorbed onto Dowex 50. The column was
washed successively with H,O (500 mL), aqueous 0.5m HCI
(500 mL), and aqueous 1 M HCI (500 mL). The product was then
eluted from the column with aqueous 3 M HCI (500 mL). The last
fraction was evaporated to dryness, and the resulting orange solid
was dissolved in a small amount of H,O and sorbed onto a column
of SP-Sephadex C-25 (column length: 2 m). The column was eluted
with trisodium citrate (0.2 m). Beside several minor bands, two
major orange bands (13*, 23*) were observed. The two major bands
were collected separately, desalted on Dowex 50 (3 M HCI), and
the solvents evaporated to dryness.

trans-|Co(daza),|Cl;-4H,0 (1Cl5-4H,0): Yield: 25%.
CoH»6CoCl3Ng4H,0 (467.7): caled. C 25.68, H 7.33, N 17.97;
found C 25.75, H 7.11, N 18.52. "H NMR (D,0): 6 = 2.69 (d, J =
13.4 Hz, 4 H), 2.88 (d, J = 8.3 Hz, 4 H), 3.42 (br. s, 2 H), 3.43 (m,
4 H), 3.62 (d, J = 13.4 Hz, 4 H) ppm. '3C NMR (D,0): 6 = 55.7,
56.9, 62.3 ppm. IR: ¥ = 626, 780, 884, 981, 1044, 1092, 1128, 1183,
1231, 1314, 1379, 1417, 1614, 2114, 3032 cm™'. UV/Vis: Apax (8) =
335 nm (75), 470 (79).

cis-|Co(daza),|Cl5-1.5H,0 (2Cl15°1.5H,0): Yield: 20%.
CoHCl3CoNg 1.5H,0 (422.7): caled. C 28.42, H 6.92, N 19.88;
found C 28.21, H 6.85, N 19.91. '"H NMR (D,0): 6 = 2.71 (d, J =
13.5Hz, 4 H), 3.04 (m, 4 H), 3.44 (m, 4 H), 3.49 (br. s, 2 H), 3.56
(d, J = 13.5Hz, 2 H), 3.78 (m, 2 H) ppm. '3*C NMR (D,0): 6 =
55.6, 56.3, 57.4, 61.9 (two C atoms) ppm. IR: ¥ = 886, 988, 1048,
1092, 1151, 1230, 1285, 1316, 1356, 1444, 1496, 1590, 1981, 2051,
2165, 2323, 2430, 2754, 2875, 3030 cm . UV/Vis: Amay (€) = 345 nm
(140), 470 (157).

Single crystals: 1Cl5*4H,0 (24 mg) and 2Cl5+1.5H,0 (24 mg) were
separately dissolved in H>O. ZnBr, (59 mg, 0.26 mmol) was added
to each of the solutions. The solutions were acidified with 3 M aque-
ous HBr to pH < 1. Slow evaporation yielded orange crystals of
composition [1]5(ZnBry),Brs*4 H,O and [2](ZnBr4)BrH,0, suitable
for X-ray analysis.

[Cu(daza)Cl,): 1,4-Diazepan-6-amine-3HCI-H,O (100 mg, 0.41
mmol) was dissolved in 1 mL of H,O. CuCl,2H,O (35 mg,
0.21 mmol) was added to this solution, and the pH was adjusted
to 7 with 0.5 M NaOH (2 mL). The solution was then diluted with
EtOH and was allowed to stand at 4 °C for a few days, yielding a
small number of blue crystals which were suitable for the single
crystal analysis. IR: ¥ = 666, 768, 853, 872, 966, 1041, 1098, 1149,
1319, 1444, 1605, 2848, 2871, 3167, 3242, 3300, 3322 cm™ .

[Ni(daza),|Cl,-3.2H,0: 1,4-Diazepan-6-amine-3HCI-H,O (100 mg,
0.41 mmol) was dissolved in 1 mL of H,O. Solid NiCl,:6H,O
(50 mg, 0.21 mmol) was then added and the pH was adjusted to 8
with 0.1 M KOH (12 mL). The resulting purple solution was al-
lowed to evaporate slowly over a period of several days at room
temperature, yielding a small number of purple crystals suitable for
the X-ray analysis. IR: v = 628, 914, 965, 1043, 1064, 1099, 1143,
1614 br, 2875, 3166, 3227, 3313 cm ™.

|Zn(daza),|SO45H,0:  1,4-Diazepan-6-amine:3HBr (200 mg,
0.56 mmol) was deprotonated on Dowex 2 (OH™ form). The vol-
ume of the resulting solution was reduced to 10mL. Solid
ZnSO47H,0 (81 mg, 0.28 mmol) was added, and the solution was
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Table 7. Crystallographic data for daza-3HCI-H,O, [CuLCl,], [Ni(L),]Cl,-3.2H,0, [Zn(L),]SO45H,0, trans-[Co(L),]3(ZnBr,),Brs:4H,0,

and cis-[Co(L),](ZnBr,)Br-H,0.

daza-3HCI-H,O

[Ni(L),]Cl>:3.2H,0

[CuLCl,]

[Zn(L),]SO45H,0

15(ZnBr,),Brs4H,0

2(ZnBry)Br-H,0

Formula CsH,sClLN;O C1oH34C1NgNiO; 5, CsH;3ClLN;Cu
M., 242.57 417.63 249.62
T [K] 200(2) 293(2) 200(2)
Crystal system monoclinic monoclinic orthorhombic
Space group P2y/n P2y/n Pna2,
alA) 12.500(2) 8.708(2) 16.715(3)
b A 6.8580(10) 8.826(2) 6.9430(10)
¢ [A] 14.061(3) 12.480(2) 7.918(2)
a[’] 90.00 90.00 90.00
B 112.56(3) 97.59(3) 90.00
7 [°] 90.00 90.00 90.00
VA% 1113.13) 950.8(3) 918.9(3)
4 4 2 4
Peated. [2em 3] 1.447 1.459 1.804
4 [mm 1] 0.788 1322 2.899
min./max. transm. — - -
Crystal size [mm]  0.3X0.3%x0.2 0.4%0.3x0.2 0.20x0.15%0.15
0 range [°] 1.86-24.06 2.69-25.00 2.44-24.06
hikl ranges -14/13 -10/10 -18/18

=717 0/10 =711

-15/15 0/14 -9/9
Measured refl. 6690 1674 5321
Unique refl. 1682 1674 1385
Obsd. refl.l! 1177 1533 879
Parameters 181 162 100

R,WR; [I > 20(1)]
R,WR,; (all data)

0.0295, 0.0575
0.0535, 0.0629

0.0550, 0.1277
0.0579, 0.1334

0.0539, 0.1166
0.0904, 0.1265

C0H36Nc09SZn

C30HgBri3Co3N1304Zn;

CoHpsBrsCoNgOZn

481.88 2109.54 772.23

293(2) 100(2) 100(2)
triclinic orthorhombic orthorhombic
PI Pbhcn Pnma
8.366(2) 15.8270(4) 26.8941(12)
9.065(2) 23.5711(6) 8.4372(4)
15.450(3) 16.0633(5) 9.5817(4)
91.09(3) 90.00 90.00
101.97(3) 90.00 90.00
115.54(3) 90.00 90.00
1026.4(4) 5992.6(3) 2174.19(17)

2 4 4

1.559 2.338 2.359

1.352 10.322 11.067
0.5931/0.9977 0.0769/0.4783 0.2882/0.5960
0.30x0.25%0.15 0.34x0.26x0.07 0.16x0.10x0.05
2.51-25.00 3.68-29.00 2.61-28.04
-9/9 -21/21 -35/35

-10/10 -32/32 ~11/11

0/18 -20/14 —~12/12

3603 30240 21318

3603 7545 2796

3381 6405 2550

383 343 188

0.0402, 0.1031
0.0427, 0.1062

0.0364, 0.0799
0.0467, 0.0850

0.0491, 0.0946
0.0556, 0.0967

[a] For 1 > 2a(1).

layered with acetone, yielding single crystals suitable for X-ray
analysis.

Single Crystal X-ray Diffraction Studies:” Data sets were collected
on the following diffractometers: STOE IPDS (daza-3HCI-H,O
and [Cu(daza)Cl,]), STOE STADI-4 ([Ni(daza),]Cl,:3.2H,0 and
[Zn(daza),]SO45H,0), Nonius Kappa-CCD (trans-[Co(daza),]s-
(ZnBry,),Brs-4H,0, and cis-[Co(daza),](ZnBrs)Br-H,0). Graphite-
monochromated Mo-K, radiation (4 = 0.71073 A) was used
throughout. The data for the two Co complexes were collected at
100(2) K, daza-3HCI‘H,O and [Cu(daza)Cl,] were measured at
200(2) K, and the other data sets were collected at ambient tem-
perature. An absorption correction was performed for cis-[Co-
(daza),](ZnBry)Br-H,O  (face-indexed numerical), trans-[Co-
(daza),)5(ZnBr,),Brs*4H,O  (faced-indexed  numerical), and
[Zn(daza),]SO45H,0 (empirical). Further details of data collection
and structure solution are summarized in Table 7. The structures
were solved by direct methods (SHELXS-97) and refined by full-
matrix, least-squares calculations on F? using SHELXL-97.148] An-
isotropic displacement parameters were refined for all non-hydro-
gen atoms. The hydrogen atoms of daza:-3HCI-H,O, [Zn(daza),]-
SO45H,0, and [Ni(daza),]Cl,:3.2H,O were located and refined
isotropically. The H-atom positions of the other complexes were
calculated (riding model). The disorder problems of the Co com-
plexes 1a3* and 23* are described in detail in Section 2.2. In the
structure of 23*, a total of 21 restraints was used to adjust corre-
sponding bond lengths and angles of the two ligands to the same
value within suitable limits (SAME instruction of SHELXL-97).
Puckering parameters were calculated using the computer program
PLATON.#
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