Inorg. Chem.2001,40, 2335-2345 2335

Template Synthesis of a Tetraazamacrocyclic Ligand with Two Pendant Pyridinyl Groups:
Properties of the Isomers of the Metal-Free Ligand and of Their First-Row Transition
Metal Compounds
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The one-step reaction of [Cu(ef)" (en= 1,2-diaminoethane) with formaldehyde, ethyl 2-pyridyl acetate, and
base produces a mixture of [Cu(s-pypym&t)dnd [Cu(a-pypymaci (s-pypymac= syn6,13-bis(2-pyridinyl)-
1,4,8,11-tetraazacyclotetradecane, a-pypymanti-6,13-bis(2-pyridinyl)-1,4,8,11-tetraazacyclotetradecane; syn-
to-anti ratio approximately 1:9) in low yield (6%). lon exchange chromatography is used for isomer separation,
and the two isomers of the metal-free ligand are obtained by reduction of the copper(ll) complexes and subsequent
ion exchange chromatography. Crystal structure analyses of the metal-free a-pypymac ligand, of two isomeric
copper(ll) compounds of a-pypymac and one of s-pypymac, and of the cobalt(lll) complexes of a- and s-pypymac
and nickel(ll), as well as zinc(ll) complexes of a-pypymac, are reported and discussed on the basis of the
expectations from force field calculations and from published experimental data of the transition metal compounds
of the bis-pendant amine derivative diammac.

Introduction molecule$*16 the metal ion-directed Mannich condensation of
coordinated primary amines with formaldehyde and carbon acids
or amines has been used extensively in this field. For macro-
cyclic and open-chained ligands copper(ll) has often been the

demplating metal ion, but there are also examples of nickel-

(11)-, palladium(ll)-, and gold(lll)-directed synthes&s21 Only

few aldehydes other than formaldehyde have been emptéy&d,

gbut a range of acidic “locking groups” lead to interesting

geometries of the caping grodpd>28 and to electrochemically
active?® charged (specific electrostatic interactioff)r in terms

of hydrogen bonding (supramolecular interactiéh¥) active
pendant groups. Open-chained tetrader&f®, macrocyclic’

and bis- and tris-macrocyclic ligands have been isolated and

The transition metal coordination chemistry of macrocyclic
ligands has been developed extensively in the past deé¢atles.
For various applications tetraazamacrocyclic ligands are of
special interest, and coordinating side chains may increase th
stability of the metal complexes and tune the selectivity between
various metal iong2 Pendant groups are also used to attach
substrates covalently, to enforce specific oxidation states an
coordination geometries, and to influence the strength of the
ligand field”® Template reactions have been used extensively
for the easy, high-yielding and stereospecific synthesis of
complex ligand molecules?16 Following the successful syn-
thesis of the sepulchrate- and sarcophagine-type hexaamine cag
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characterized’37:38 The copper(ll)-induced reaction, using

formaldehyde and nitroethane, has been of particular interest

since Zn/HCI reduction leads to the corresponding metal-free
ligands with pendant amine dong¥s36:39

One of the first and most extensively studied ligands of this
type is based on [Cu(ef¥, formaldehyde and nitroethane (en
= 1,2-diaminoethane; Zn/HCI reduction of the pendant nitro
groups to amines), diammac (diamm=c6,13-diamino-6,13-
dimethyl-1,4,8,11-tetraazatetradecane, Chart 1). Windas
diammac enforces short metalonor bonds, high ligand fields,
and low (negative) reduction potentidfks cis-diammac has
a slight preference for trigonal prismatic coordination geor#fety.
Complexes of both isomers exist in three possible conformations,
and their relative stability depends on the size of the metaifon.

We present here the template synthesis of the diammac
derivative pypymac (pypymae 6,13-bis(2-pyridinyl)-1,4,8,-
11-tetraazacyclotetradecane; see Chart 1) together with
structural study of the metal-free ligands and their copper(ll),
cobalt(lll), nickel(ll), and zinc(ll) complexes.

Results and Discussion
SynthesesThe mechanism of the copper(ll)-directed cou-

pling of cis-disposed primary amines has been studied in some

detail. The factors relevant to the present study are the fol-
lowing: (i) Condensation of deprotonated, coordinated, primary
amines with an aldehyde leads to comparably unstable coordi-
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nated imine intermediates; substituted aldehydes (e.g., acetal-
dehyde, benzaldehyde vs formaldehyde) lead to a stabilization
of the imine?2-24 (ii) Cyclization occurs with a deprotonated
“locking group” (C—H-acidic fragment or amine), and the
efficiency of the reaction correlates with the acidity of the
substrate (nitroethare sulfonamide> carboxamide> amine
> diethylmalonate}? (iii) Depending on the workup procedure
ester-substituted products may yield the corresponding saponi-
fication and decarboxylation produd?>O (iv) The fact that
the ratio of the two ligand isomers (syn or anti configuration;
see Chart 1) depends on the reaction conditions (aqueous or
rigorously nonaqueous solutions) and the donor strength of the
pendant group suggests that the stereospecificity is due to an
axial interaction of the copper(ll) center with the substituent of
the “locking group6:51

The reaction of [Cu(er)?*" with formaldehyde, triethylamine,
and ethyl 2-pyridyl acetate yields only traces of the desired
product 1% of [Cu(s-/a-pypymacj). The major products

a([Cu(Ll)z], [Cu(LA]F, [Cu(L3)]?", Chart 2; see Supporting

Information for the crystallographic characterization of some
of these side products) suggest that the imine intermediates are
rather unstable and/or the saponification/decarboxylation of the
ester fragments lead to a deactivation of the-Hzacidic
“locking group”. Consequently, the yield was increased by
reaction in nonaqueous solution (supression of the hydrolysis
of the imine) and with DBU (1,8-diazabicyclo[5.4.0]-undec-7-
en) as base (reduction of the nucleophilicity due to steric
crowding), yielding a purple precipitate, the macrocyclic product
coordinated to copper(ll). Recrystallization from ethanol/0.1 M
perchloric acid (crystallization of the perchlorate salt, decom-
position of complexes with acyclic side products) produces 6%
of the pure product as an isomeric mixture.

Zn/HCl reduction, followed by chromatographic purification
(Dowex 50Wx2), yields a mixture of the isomers of the
hydrochlorides of the two metal-free ligands a-pypymac and
s-pypymac in a 9:1 ratio’d NMR; 60—70% overall yield).
lon exchange chromatography of the isomeric mixture of the
copper(ll) compounds (Dowex 50Wx2 or SP-Sephadex C25)
before reduction separates the mixture of copper(ll) complexes
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into three purple bands. Zn/HCI reduction of each band, fol-
lowed by ion exchange chromatography a8hRdNMR charac-
terization of the resulting metal-free ligands, indicates that the
third (small) fraction is due to pure [Cu(a-pypymé&c)] the & B~
others are syn/anti mixtures. Crystallization of the copper(ll) Figure 1. ORTEPS plot of (a-pypymack)(ClOs)-2H,0.
compounds form the three fractions produces red and purple

crystals; spectroscopic and crystallographic analyses (see below{chart 3

indicate that some of these are N-based isomers. Note, that in @ B © a
acidic solutions there is partial interconversion of these isomers. @ % @
Ty NTY N s

Yy

The synthesis of the cobalt(lll) compounds involves the usual
oxidation of the cobalt(ll) precursors, obtained from a stoichio-
metric mixture of the metal-free ligand (fully protonated; syn/

A 33
anti mixture, ratio 1:9), a cobalt(ll) salt, and base, in the presence O @ 0
of charcoaP?53 Chromatographic separation of the product ; \N\Nl%g?
mixture on SP Sephadex C25 and Dowex 50Wx2 produces the \ N N
AL s 83

pure [Co(a-pypymacj] and a mixture that probably includes
[Co(s-pypymac)j~ and various aqua and chlore-cobalt(l11)
complexes with tetra- and/or pentacoordinated pypymac. Iso-
merically pure [Co(a-pypymad)] and [Co(s-pypymac| were
obtained when water and chloride were excluded in the oxidation
reaction to enforce hexacoordination of pypymac: a solution
of the metal-free ligands (syn/anti mixture) in ethanol, produced
by a catalytic reduction (Raney nickel) of the copper(ll) tilt trigonal twist
precursor, to which cobalt(ll)tetrafluoroborate was added in situ
was oxidized in the presence of charcoal. Separation on SP
Sephadex C25 produced two main yellow-orange fractions, [Co-
(s-pypymac)}™ and [Co(a-pypymacjf, which were purified
on Dowex 50Wx2. X-ray-quality single crystals of the chloride
salt of the s-isomer were obtained by slow evaporation of the
acidic aqueous solution; recrystallization of a m|croc_rystallne chelate ring and the metal center from the line defined by the
product from water/NaCIOprgduced crystals of the a-|s.omer. metal ion and the centroid of the two corresponding secondary
The perchlorate salt of [Ni(a-pypymag)]was crystallized  5mine donorsy, ideally ¢°). Other coordination geometries of
from an aqueous s_olut|or_1 of the pure a-pypymac ligand (fully [M(pypymac)"* compounds that have been observed are based
protonated), 1 equiv of nickel(ll) perchlorate, and base {pH o the four-coordinate ligand, with the two pendant pyridinyl
9). For the synthesis of thg zinc(Il) compound the pure isomer 45n0rs not coordinated (e.g., copper(ll) compounds), and com-
of a-pypymac was neutralized (Amberlite RA 416). The free pjayes with five-coordinated pypymac. These are not considered
base was reacted with zinc(ll) tetrafluoroborate, and [Zn(a- j, the structural discussion based on the force field calcualtions.
pypymac)}+ was crystallized as the hexafluorophosphate salt. Solid State Structures. The metal-free a-pypymac ligand

Isomerism of the Hexacoordinate CompoundsThe three  ¢rystallizes as the tetrahydroperchlorate salt with two molecules

between the planes defined by each of the pyridine donors and
that defined by the two secondary amine donors of the adjacent
six-membered chelate ring and the metal cerdgideally 90")

and the deviation of the trace of the pyridine rings in the plane
defined by the two amine donors of the adjacent six-membered

conforinations each of [M(a-pypymat)] and [M(s-pypy-  of water (Figure 1). The structure has a center of symmetry at
mac)['"" are shown in Chart 3a (amine protons omitted). Note the centroid of the macrocyclic ring. The two pyridine nitrogen
that the nomenclature adoped here is not unambigtfetishe atoms and two of the secondary amine donors are protonated.

assignment ob or 4 conformation for each of the five-mem- |5 addition to intermolecular hydrogen bonds from the proto-
bered chelate rings depends on the orientation of the structuralyated amine and pyridine donors to the water molecules and
plots. The standard adopted here generally has a pendanperchiorate anions there are strong intramolecular hydrogen
pyridinyl group coordinated to théz axis and attached to the  honds between the two pairs of protonated/nonprotonated amine
equatorial six-membered chelate ring on the left. We prefer this gonors (N2-H---N1' = 2.118 A; see Figure 1). Together with

nomenclature to less widely used and less easy to visualizethese protons the pyridinyl-substituted diaminopropane “caps”
variants?>>* Note, also, that all six structures shown in Chart pyjid six-membered (chelate) rings which are in a chair

3a are isomers. conformation with equatorially disposed pyridinyl donors,
00- andA4-[M(a-pypymac]™ are degenerate, as avé- and leading to the stable pseudo-trans-lll configuration of the
26-[M(s-pypymac)I*. The idealized point groups of the six tetraazamacrocycle. Hence, the ligand is in a highly preorganized
isomers are the followingd-[M(a-pypymac), Can; 16-[M(a- conformation for metal ion coordination: the four amine donors
pypymac)l™, Can; 66/A2-[M(a-pypymac)l™, Ci; A4-[M(s-py- are endocyclic, the four secondary amines as well as the central
pymac), Cz; 0A/IA0-[M(s-pypymac)l™, Cs; d0-[M(s-pypy- carbon atoms of the “caps” have the same configurations, and
mac)["*, Cz. The two most prominent structural parameters of the preformed en-type chelate rings have the same conformation
diammac-type complexes are the axial bendinfpr the anti as in all known metal complexes with hexacoordinated a-

isomers and the trigonal twigt for the syn isomers (see Chart  pypymac (see discussion below). The only requirements for
3b). Also of interest for [M(pypymac)] are the two angles  hexacoordination are reflections of the two pseudo-six-
membered chelate rings and rotations around theCCGixes

(52) Dwyer, F. P.; Sargeson, A. NNature 196Q 187, 1022. involving the pyridinyl groups by approximately 180
3) 1CS°7"§ba’ P.; Hambley, T. W.; Zipper, Helv. Chim. Actal988 71, Two sets of crystals of the copper(ll) compound of a-pypymac
(54) Bernhardt, P. V.; Byriel, K. A.; Kennard, C. H. L.; Sharpe, Plr@rg. were isolated, purple [Cu(a-pypymac)(G)e} and violet [Cu-

Chem.1996 35, 2045. (a-pypymacH)(Cl)2](ClOg4),. One pair of amine donors in the



2338 Inorganic Chemistry, Vol. 40, No. 10, 2001 Comba et al.

one pair of symmetry-related amine donors is inverted, leading
to the extremely rare trans-IV configuration, and the six-
membered chelate rings are in twist-boat conformation, with
very short Ca-N bonds to the inverted amines (1.949 A;
average 1.979 A).

The structure of the molecular cation of [Cu(s-pypymgeH
(ClO4)](ClO4)3 is shown in Figure 3, and selected structural
parameters are also given in Table 1. The macrocycle is found
in the trans-I configuration; i.e., all amine protons are on the
same side of the CuN4 plane. This configuration usually is found
for ligands with substituted amines, leading to five-coordinate
species, but with the axial ligand on the same side as the amine
substituents. The bond to the axial perchlorate in this present
example is 2.595 A; there is some contact to a perchlorate
oxygen on the other side with &0 = 2.877 A. The
six-membered chelate rings have chair conformations, and those
of the five-membered chelate rings av&.

ORTEP?® plots of the four molecular cations [Co(a-pypy-
mac)P*, [Co(s-pypymacht, [Ni(a-pypymac)}", and [Zn(a-
pypymac)f+ are shown in Figure 4, and the relevant structural
parameters are given in Table 2. The three structures with
a-pypymac are very similar to each other, and allc&r¢M(a-
pypymac)lt isomers. The pyridine rings are perpendicular to
the central MN planes and parallel to each other { 90°, y
~ 0°). The metat-donor distances are within the expected
ranges for hexaamines {{py). donor sets) of the corresponding
metal ions, and there are only minimal angular distortions; i.e.,
the coordination polyhedra are close to octahedral. The structure
of [Co(s-pypymac)}t hasdd conformation and bond distances
that are typical for cobalt(lll) hexaamines and similar to those
of [Co(a-pypymac)i" (i.e., the hole sizes of the two isomers
seem to be similar.

Computed Structures and Strain Energies.Force field
calculations with the MOMEC prograihand force field” have
been used to determine the rigity of the ligand, to predict the
Figure 2. ORTEP® plots of (a) [Cu(a-pypymac)(Cley] and (b, c) structures of hexacoordinated transition metal compounds of
the two geometries of the disordered structure of [Cu(a-pypyn)acH pypymac, to compute the stability of the various isomers as a
(CDe(CIOA).. function of the metal ion size, and to analyze the stress induced

latter, centrosymmetrical structure is disordered; the two not py the metal ion to the ligands and vice versa. These studies

) o involved the following: (i) the refinement of all six isomers of
coordinated pyridinyl donors are protonated. The three molecular Lo - o .
cations of the copper(ll) compounds (two for the disordered [M(pypymac)I' with M = Co™", Ni*", and Z#¥", as well as

+ _ H - .
structure) are shown in Figure 2, and relevant bond distancesg:tlilCtl‘jlrna(i| Ergr:g'zzrslzge (trr:aeseittf(;nin?rr;%rlgel? tk?;goriglsecctﬁgin
and valence angles are given in Table 1. The purple compound P P ! P 9

has two axial oxygen (perchlorate) donors at the expected experimental structurall data appear for Comparison); (i) the
distance of 2.603 A; in the violet salt two chloride anions are computation of the strain energies of the metal-free ligand as a

coordinated at 2.835 A (larger ionic radius). The perchlorate gmr?ggg c;fctizg S:]r':t;f ?;lns')((cg'r?:%r;gezfozgf gg\r/]i?r atr%rgé‘ lto
complex has the usual trans-lll configuration, with the five- . P . - L i Y

; . . independent “hole size” calculations; see Figure 5 and Table
membered chelate rings in the expecdét conformations and

58 . .. -
chair conformations of the two six-membered chelate rings. Note 2{|le:g)ti§r?§2%2ns§pt ?;;h de_?;rglcetusr)e:nog mi nr;']zttzll_'%r:jngﬁglgn ¢
that reflection of the six-membered chelate rings to boat P P

conformation would not lead to coordination of the pyridinyl computations (see part ii and Table 4), where for each metal

oo P " ion a comparison to the minimum of the corresponding curve
donors; i.e., the central carbon atoms of the “caps” or all . :
is also given (see Table 5).

coordinated amines have inverted configurations (see discussion Th  bet the strai inimized and th
of the ligand structure above). € agreement between the strain enérgy minimized and the
experimental structures is satisfactory; for cobalt(lll) it is

The configuration of the two models of the disordered X . :
structure of the violet compound are both different from that excellent, for nickel(ll) it is good, and for the less well refined
force field of zinc(ll) it is acceptable (see Table 3). The overall

of the purple complex. One of the structures (Figure 2b, 70%)
has the trans-IIl configuration and, as expected, the sathe (©5) Jon C KORTEP. ATH | Elliosoid Ploting P p
: AL : _ ohnson, C. , ermal Ellipsoi otting Prograr®al

conformann of the_ five memb_ered chelate_ rings as the pur National Laboratories: Oak Ridge, TN, 1965.

ple isomer and chair conformations of the six-membered che- (56) Comba, P.; Hambley, T. W.; Okon, N.; Lauer, BOMEC97 a
late rings; relative to the purple isomer the central carbon gwolecular modeling pat(:kage lfor inoganicl con&p?urﬁVS: Heidel-

; . i erg, Germany, 1997 (e-mail: cvs@t-online.de).

atoms of thg caps are.m\./erted. the protonated pyridinyl groups (57) Bol. 3. E. Buning, C.c Comba. P.- Reedilk, J.i6o M. J. Compu.
are equatorial, i.e., similar to the structure of the metal-free Chem.1998 19, 512.

ligand (see above). In the second structure (Figure 2c, 30%)(58) Comba, P.; Okon, N.; Remenyi, R.Comput. Chen1999 20, 781.
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Table 1. Selected Bond Distances (A) and Angles (deg) for [Cu(a-pypymac)jel)PCu(a-pypymack(Cl)2](ClO.),, and

[Cu(s-pypymact(ClO4)](CIO4)s

[Cu(a-pypymac)(CIQ),] [Cu(a-pypymacH(Cl)2 J(ClO,). [Cu(s-pypymacH(CIO 4)|(ClO)s
Cul-N1 2.010(4) 2.008(3) 2.003(5); CaIN3, 1.984(5)
Cul—N2 (N2B; N2A) 2.025(4) 1.949(11); 2.049(4) 2.007(5); G4, 2.010(5)
Cu—X (01; ClI1) 2.603 2.835(3% 2.595%
N—Cul—N2 (5-membered ring) 84.41(17) 86.3(3) (87.39(11)) 87.5(2) (86.9(2))
N—Cul—-N2 (6-membered ring) 93.59(17) 93.7(3) (92.61(11)) 94.5(2) (93.1(2))
N—Cul-N2 (trans) 180.0 179.999(2) (180.0) 170.1(2) (168.7(2))

aTwo perchlorate OP Two CI-. ¢ One perchlorate O.

Figure 4. ORTEP® plots of the molecular cations of (a) [Co(a-
pypymac)](ClQ)s, (b) [Co(s-pypymac)]Gl (c) [Ni(a-pypymach)]-
(CIO4)2, and (d) [Zn(a-pypymac)](Rf.

analogue diammat:>° The extra carbon atom between the
macrocyclic backbone and the donor of the pendant group leads
to little distortion from octahedral geometry and rather flat strain
energy vs metal ion size curves (Figure 5, Tables 4 and 5). From
the hole size calculations it appears that the cavity size for
s-pypymac is slightly smaller than for a-pypymac (Figure 5,
Table 5) and that, for ML elongations, the syn isomer is less
flexible than the anti isomer, while, for ML compression, the
anti isomer is less flexible than the syn isomer. An interesting
feature is that, for cobalt(lll), the anti isomer is less stable
than the syn isomer, and this is the result of ligand strain (see
Table 5).

On the basis of the force field calculations (hole size
calculations; see Figure 5 and Table 4), the ligand preference
for a-pypymac is for théi-conformation with an average N
distance of 2.13 A (M-Namine = 2.08 A, M—Npyrigine = 2.22
A). From the experimental and computed structural data it
appears that cobalt(lll) is too small (i.e. the ligand enforces an
M—N elongatiori4 average CH—N = 1.97 A (calcd 1.96 A),
C0"—Namine= 1.98 A, and C8 —Npyrigine = 1.95 A (note that
there is an electronically enforced inversion of thé!'€dNamind
Npyridine ratio); ligand strain 27 kJ/mol, Cafstrain 34 kJ/mol).
The nickel(ll) ion is also slightly too small (average''NiN =
2.10 A (calcd 2.07 A); Ni—Namine= 2.08 A, Ni'—Npyrigine =
2.13 A; ligand strain 5 kJ/mol, Nipstrain 15 kJ/mol). The size
of the zinc(ll) ion is close to ideal (note, however, that the
ligand-preferred M-NamindM —Npyridine ratio is slightly different;
average Zh—N = 2.16 A (calcd 2.13 A); Zh—Namine= 2.11
A, Zn"—Npyrigine = 2.24 A; ligand strain 1 kJ/mol, Znd\strain
18 kJ/mol). The conformation of the [Co(s-pypym&ct)tom-
plex is 06 (note that forcis-diammac theid conformation is
expected® and observed®“® only small distortions from
octahedral coordination geometry € 0°)). Note that on the
basis of the force field calculation®)-[Co(s-pypymac)' is
more stable thadi-[Co(a-pypymac)it (AU = 6 kJ/mol; see
Table 3).

Solution Structures and Properties. (a) NMR Spectroscopy
of the Metal-Free Ligand. The fact that in the'’®*C NMR
spectrum of a-pypymac there are five signals for the pyridinyl
substituents and only three at higher field (methylene groups)
might indicate that the symmetry in solution is higher than in
the solid state (see Figure Ty, vs C); that is, there is a fast

picture is that the structures (experimental and computed) areproton exchange between the two amine sites within the pseudo
rather symmetrical with the expected angles for five-membered six-membered rings. Thed NMR signals were fully assigned

chelate rings (approximately 8band six-membered chelate

rings (approximately 93, trans angles close to 180little
deviation of the apical donors from ttzeaxis @ ~ 90°), and
little trigonal distortion ¢ ~ 55°); also, the orientation of the
pyridine rings is nearly ideab{~ 90°, y ~ 0°). This is expected

on the basis of H,C-COSY and DEPT spectra (see Supporting
Information). From a simulation of the AKX' pattern for the
protons of the ethylene bridge (en rings; see Supporting
Information) there results a geminal coupling constartlgf

= —13.4 Hz and three vicinal coupling constants3dfs: =

from the hole size calculations. One conformation each (a- 11.8 Hz,2Jax- = 3.0 Hz, and®Jxx: = 3.7 Hz. On the basis of

pypymac,04; s-pypymacgd) is preferred over the whole range

(M—Naverage—= 1.9-2.4 A). The optimum size of the metal ion

(M—Naveragedistance) is nearly identical for the two isomers
(approximately 2.13 A) and slightly larger than for the amine

the crystallographically determined+C—C—H torsional angles

(59) Comba, P.; Hambley, T. WMolecular Modeling of Inorganic
CompoundsVCH: Weinheim, Germany, 1995.
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Table 2. Selected Bond Lengths (A) and Angles (deg) of [Co(s-pypymac)(@Do(a-pypymac)](CIG)s, [Ni(a-pypymac)](ClQ),, and
[Zn(a-pypymac)](PF).

[Co(s-pypymac)](Cl} [Co(a-pypymac)](ClQ)s [Ni(a-pypymac)](ClQ). [Zn(a-pypymac)](Pk)-
M—N1 1.969(3) 1.991(3) 2.088(3) 2.1232(19)
M—N2 1.981(3) 1.972(3) 2.08(3) 2.102(2)
M—N3 1.986(3) 1.948(3) 2.127(2) 2.2445(19)
M—N4 1.986(3) 2.078(3)
M—N5 1.960(3) 2.093(3)
M—N6 1.952(3) 2.138(2)
N2—-M—N1 90.99(13) 84.82(13) 85.63(10) 85.74(8)
N2—M—N3 85.85(13) 88.40(13) 86.82(10) 85.89(8)
N1—- M—N3 175.57(13) 90.85(13) 93.53(10) 93.93(8)
N4—M—N5 177.12(13) 85.68(10)
N4—M—N6 88.62(13) 93.32(10)
N5—M—N6 92.66(13) 86.01(10)

Table 3. Observed and Computed Structural Parameters and Strain Energies of [M(pypni@isiances in A, Angles in deg, and Energies

in kJ/mol; Experimental Data in Parentheses)

compound M-Namind  M—Npyrigird Npy-M—Np2  Na-M—N,? NpyM—Na2 6 ()¢ ob ¥ Usiain
a-pypymac
cr oL 207 2.04 180 86, 94, 180 88, 92 87 90 0.0 81.6
00/A% 2.05 2.07 176 89, 91, 175 88,96,89,87 87 85 8.5 98.4
10 2.03 2.10 180 91, 89, 180 94, 86 84 90 0.0 138.3
IsFe" 64  2.00 1.98 180 86, 94, 180 88, 92 87 90 0.0 102.9
80/A4 1.98 2.01 176 89, 91, 175 88,96,89,87 88 84 8.5 116.0
A0 1.97 2.03 180 91, 89, 180 94, 86 84 90 0.0 155.7
co" 64  1.97(1.97, 194(1.95) 180(180) 86,94, 180 88,92 (88,89, 88(88) 90 (90) 0.2(2.3) 1228
1.99) (85, 95, 180) 92, 91)
00/A4 1.96 1.96 176 89, 92, 175 88,96,89,87 88 84 8.5 1355
A0 1.94 1.99 180 90, 90, 180 94, 86 85 90 0.0 176.0
N 5.  2.08(2.08, 2.09(2.14) 180(180) 86,94, 180 88,92 (86,87, 87(85) 90 (90) 0.0(0.0) 77.9
2.09) (86, 96, 180) 94, 93)
00/A4 2.04 2.12 176 89, 91, 175 88,95,89,88 88 84 9.0 93.1
10 201 2.16 180 91, 88, 180 94, 86 84 90 0.0 129.8
zn' oL 215 2.12(2.24) 180 (180) 85, 95,180 88,92 (86,94) 88 (84) 90 (87) 0.0(1.2) 765
(2.10, 2.12) (86, 96, 180)
86/A% 2.10 2.18 174 88, 92, 175 89,91,87,87 85 84 10.5 93.6
10 1.06 2.24 180 91, 89, 180 97, 83 81 90 0.3 128.7
s-pypymac
cr 56  2.08,2.07 2.02 92 85, 89, 172, 92 88, 91, 177 52 88 3.5 77.2
20162 2.08, 2.07 2.03 93 85,86,87,93, 86,86,87,95 (59) 84,89 10.2 83.7
172, 88 171, 169
M 2.09,2.05 2.03 93 86, 94, 180, 83 84, 93, 169 58 82 10 93.1
IsFeé" 60  2.00,2.00 1.97 89 86, 89, 193, 93 89, 92, 178 54 88 4 97.7
26162 2.00, 2.00 1.99 90 86,87,86,97, 87,88,88,96, (59) 84,90 10.0 104.2
173, 89 172,171
M. 2.09,1.98 1.98 91 87,95, 178, 84 85, 93, 172 58 82 9 1115
co" 60 198,197  193(1.95  89(93) 86,89, 173,92 89,693, 178 (88, 54 (55) 88(81,87) 5(5.8) 116.1
(1.98,197)  1.96) (86,91,176,91) 92,177)
20104 1.97,1.97 1.94 90 86,87,87,98, 86,89, 88, 96 (57) 84,89 10.0 123.1
173, 88 172,172
. 1.98,1.98 1.94 91 87,94, 178, 84 86, 93, 173 56 83 9 129.5
N 56 2.09,2.10 2.06 92 85, 89, 172, 92 88, 91, 176 52 88 3 74.2
20162 2.09, 2.06 2.08 93 85,86,87,98, 85,86,87,95 (57) 84,88 10.2 80.4
172, 88 169, 171
M 2.10,2.04 2.08 93 86, 94, 180, 83 84, 93, 169 56 81 10 89.7
zn' 56 2.19,2.22 2.08 08 82, 86, 164, 89 87, 90, 172 48 88 3 69.4
10102 2.19,2.22 2.12 08 82,83,84,95  84,86,86,93, (53) 84,86 9,4 75.0
174, 85 163, 168
M 223,214 2.13 98 82,91, 172, 79 82, 93, 163 52 80 11 85.0

a Averages of symmetry-related parametésor definition of the structural parameters see Chart 3b and %éxtti isomer, 6; syn

isomer,¢.

of 172.1, 59.1, and 558 the expected coupling constants for the ethyl bridges$?that is, the size of the substituents might

(Karplus relation) are 1015 and 3-4 Hz; that is, the solution
structure is similar to that observed in the crystal lattice. This
is in contrast to thelH NMR spectra ofcis- and trans

be of importance for the conformational stability.
(b) NMR Spectra of the Cobalt(lll) Complexes. NMR
spectra have also been used to analyze the structures of [Co-

diammacH*" (see Chart 1), where the observation of simple (a-pypymac)j" and [Co(s-pypymaci in solution (see Chart
singlets leads to the interpretation that there is a fast equilibrium 4). From the!*C NMR spectra it emerges that the two isomers
between the two conformers with axial and equatorial ammonia have the expected symmetry (ar@, four resonances at low
substituent$® The corresponding bis(ethyl/amine)-substituted field (pyridine, one signal not resolved), three resonances at

metal-free ligand (anti isomer) has an BB’ coupling pattern

higher field (aliphatic carbon atoms); sy@; symmetry, five
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a 240 rial). We anticipate that the three fractions include the three
~ 2201 isomers of [Cu(a-pypymad], characterized crystallographi-
o cally (see Figure 2), apart from minor amounts of the isomers
§ 2004 of s-pypymac complexes (Figure 3; note that a thorough and
2 g0l guantitative analysis is not possible due to isomer interconver-
. a8 sion in the acidic solutions resulting from the elution from
20 160] S8 Dowex 50Wx2).
% 1407 .y Electronic spectra of the two pure, crystalline isomers ([Cu-
120 (a-pypymac)(CIQ)], purple crystals; [Cu(a-pypymaegh{Cl).]-
s (ClQOy),, violet crystals) were recorded at two pH values (pH 7,
1007 i fully deprotonated coordinated ligand; pH 1, two protonated
%01 pyridine donors each; see experimental and Supporting Informa-
tion for spectroscopic parameters and for preliminary potentio-
60 " " " ' i " metric titration data). For the deprotonated violet complex (see
18 19 2 21 22 23 24 Figure 2b,c), compared to the deprotonated purple complex (see
Ym(A) Figure 2a), there is a shift of the-dl transition of 380 cm!
toward lower energy (both solutions at pH 7). Protonation
b 1607 (noncoordinated pyridine donors) of both compounds leads to
— 1507 a shift of the a-d transition toward lower energy (500 and 330
g 140" cmt, for the purple and violet compounds, respectively).
= Similar effects have been observed for other copper(ll) com-
24, 130] pounds with noncoordinated pendant groups, and various
23 120] — interpretations have been offered.
5 1101 Y The two trans-lIl isomers of [Cafti-diMeammac)(OH)]2"
5 1007 -85 (diMeammac= 6,13-bis(dimethylamino)-6,13-dimethyl-1,4,8,-
11-tetraazacyclotetradecane, i.e., the dimethyl-substituted di-
90 A . ) .
ammac derivative; see Chart 1) with axial or equatorial
80 - dimethylamino groups have a difference in theddtransition
70 - of 436 cn1'%; the absorption maximum of the isomer with axial
60 . ' _ ' noncoordinated pendant amines (similar to our purple isomer,

Figure 2a) is at higher energy (497 nm vs 508 S§PfL A
r (A structural and spectroscopic analysis that involved AOM
m (A) calculations led to the conclusion that the shift in transition
energy was not due to changes in the coordination geometry; it
was attributed to hydrogen bonding in the compound with axial
dimethylamines that involves the protons of the coordinated
amines and the methylated dangling amine, leading to an
signals at low field (pyridine), five signals at higher field increasing nucleophilicity of the secondary amine donors and
(aliphatic carbon atoms); see Experimental Section). The therefore to a higher ligand fiefd.>*
assignment of théH NMR signals is based on H,H- and H,C- pH-dependent electronic properties (shifts of theddransi-
COSY experiments (see Supporting Information). As expected tion of up to approximately 960 cm, higher energy at higher
from the force field calculations, tH&l NMR spectrum of [Co- pH) were observed with various copper(ll) and similar nickel-
(a-pypymac)i™ (see Supporting Information) is that of a pure (II) compounds with noncoordinated protonatable side
isomer; in the spectrum of [Co(s-pypymat)]some minor chains30.60-63 Thjs effect was interpreted with hydrogen bonding
amounts of the less abundant isomers are visitedd/16:11 of the protonated side chains to the axial dorf8r& An
= 94:5:1; see above). Protons-3 (A,B,C) of [Co(a-pypy- alternative interpretation is based on electrostatic effects (charged
mac)f+ (see Chart 4) exhibit an ABX coupling pattern with pendant groups), and this is believed to be of some relevance
2,3 = —13.5 Hz,3J; , = 3.8 Hz, and®J; 3 = 1.7 Hz. Protons  with respect to biological systendS.
4—7 (D,E,D,E) lead to a AAXX' spin system with?Js ¢ = On the basis of the data available, a thorough interpretation
13.9 Hz,3)57=306= 3.9 Hz,3), 7= 1.0 Hz, ancFls 5 = 2g 7 of the pH-dependent shifts in the electronic spectra is not
= —13.0 Hz. The corresponding torsional angles from the solid- warranted. The solution spectroscopic parameters support the
state structure are 173.7, 53.6, and 86ahd from the Karplus  assumption that, upon dissolution in water and dilute acid, there
relation the calculated coupling constants are in the expectedare no severe structural changes with respect to the experimental
ranges s 6= 10—15 Hz,3J57 =304 6= 3—5Hz,3) 7= 1-2 solid state structures (see Figures 2 and 3); i.e., as expected,
Hz). Thus, as expected on the basis of the force field calcula- there is no inversion of the coordinated amines. This supports
tions, the solution structure is similar to that in the solid state, the model used to interpret the disorder of the structure with
i.e., 04-[Co(a-pypymacji*. the partially protonated ligand.

(c) Solution Electronic Spectra of [Cu(a-pypymac)}*. lon
exchange chromatography of [Cu(pypymac)with a 9:1 (60) Bernhardt, P. VJ. Chem. Soc., Dalton Tran996 4319.
mixture of the anti and syn isomers of the macrocyclic ligand (61) Bernhardt, P. V.; Hetherington, J. C.; Jones, L.JAChem. Soc.,
indicates that at least three isomeric forms of the copper(ll) Dalton Trans.1996 4325.

compound are present in solution. These are N-based isomerd62) Tysmbal, L.; Rosokha, S. V.; Lampeka, Y. D.Chem. Soc., Dalton
Trans.1995 2633.

and/or isomers based on the orientation of the pyridinyl (g3) Fabbrizzi, L.; Lanfredi, A. M. M.; Pallavicini, P.; Perotti, A.; Tagliett,
substituent at the six-membered chelate rings (axial vs equato-  A.; Ugozzoli, F.J. Chem. Soc., Dalton Tran&991, 3263.

Figure 5. Hole size curves (strain energy vs averaged matahor
bond distances, constrained sum) of (a) [M(a-pypyniaed (b) [M(s-
pypymac)]”.
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Table 4. Structural Parameters and Ligand-Based Strain Energies of pypymac as a Function of the Ligand Hole Size (Distances in A, Angles
in deg, and Energies in kJ/mol)

isomer ZM —N2 M 7Namine M 7prridine prfM 7pr (C] Ustrain
a-pypymac
a-02 (min) 12.76 2.08 2.22 180 85 73.4
a-00/A4 1.98, 2.05 2.40 174 89 82.8
a-4o 1.96 2.46 180 86 109.2
a-oi 12.64 2.07 2.18 180 86 73.8
a-06/A2 (min) 1.97,2.03 2.36 174 89 82.4
a-lo 1.95 2.43 180 85 108.3
a-ol 12.59 2.06 2.17 180 86 74.2
a-00/AL 2.03,1.97 2.35 174 89 82.5
a-10 (min) 1.94 241 180 85 108.2
a-oA (Cd") 11.82 1.97 (1.98) 1.99 (1.95) 180 (180) 87 (88) 101.9
a-0o/A1 1.88,1.92 2.16 175 106.4
a-o 1.84 2.23 180 85 130.9
a-oA (Ni) 12.62 2.07 (2.09) 2.18 (2.14) 180 (180) 86 (85) 74.0
a-00/AL 1.97,2.03 2.36 174 89 82.5
a-4o 1.94 2.42 180 85 108.2
a0l (Zn") 12.94 2.10 (2.11) 2.27 (2.24) 180 (180) 85 (84) 74.2
a-0o/A1 2.03,2.11 2.88 165 83 84.8
a-4o 1.98 2.52 180 86 112.1
a-oi 115 1.86, 1.93,1.91, 1.90 1.87,2.07 175 87 130.8
a-00/AL 1.86, 1.84 2.10 176 89 132.0
a-Ao 1.79 2.16 180 85 157.1
a-ol 134 2.13 2.44 180 83 82.5
a-00/A4 2.01,2.10 2.63 169 86 95.9
a-Ao 2.01 2.69 180 88 125.8
s-pypymac

S-00 min 12.75 2.12,2.17 2.09 94 85.0
S-OAAD 2.00, 2.10, 2.10, 2.15 2.22,2.19 92 77.2
SAL 1.96, 2.16 2.26 93 71.0
s-00 (Cd") 11.81 1.97,2.01 1.92 90 97.8
S-0A/A0 1.90, 1.95,1.95, 2.01 2.04,1.96 89 103.8
SAA 1.84,2.01 2.05 90 107.6
$-00 115 1.92,1.96 1.87 89 122.0
S-0AILO 1.86, 1.90, 1.90, 1.95 1.99, 1.90 88 128.5
SAL 1.79, 1.96 2.00 89 130.8
S-00 13.4 2.19,2.22,2.27,2.23 2.22,2.26 97 78.7
S-0A/A0 2.06,2.21,2.19,2.21 2.33,2.40 96 84.0
SAL 2.05,2.23 2.43 98 93.0

aRanges of the calculations (1£%3.4 A), minima of the computed curves, and X-ray data (see first column).

Table 5. Comparison of the Computed Structures of Metal lon-Independent and Metal lon-Specific Structure Optimizations (in A, Averages
Where Appropriate)

parani 00-[Co(s-pypy mac)F+ 0A-[Co(a-pypym ac)f" o0A-[Ni(a-pypym ac)f+ 0A-[Zn(a-pypymac)t"

M_Namine

X-ray 1.98 1.97,1.99 2.08, 2.09 2.10,2.12

MM M-dep 1.97 1.97 2.08 2.15

MM M-indep 212,217 2.08 2.08 2.08
M —pyridine

X-ray 1.95 1.95 2.14 2.24

MM M-dep 1.93 1.94 2.09 2.13

MM M-indep 2.09 2.22 2.22 2.22

aM-dep, parameters from the optimized metal complexes; M-indep, minima of the corresponding hole size curves.

acetate was prepared as described (yield: 68®aney alloy W2 was
prepared according to the literatiffe.

Physical Methods.*H and*3C NMR spectra at 500t1) and 75.47
(13C) MHz, respectively, were measured with Bruker WH 300 or Bruker
Spectrospin DRX 500 instruments. Electronic spectra were obtained
with a Varian Cary 2300 or a Varian Cary IE instrument. Cyclic
voltammograms were recorded on a BAS 100B system, usind.@ 3
mol dn1 2 solutions of the copper(ll) compounds in a 0.1 moldm
solution of KClI at a glassy carbon electrode, with an Ag/AgCl reference
electrode and a Pt wire as the auxiliary electrode. All solutions for
electrochemistry were purged with Ar before measurement. Potentio-
(b) metric titrations were performed in aqueous solutions, using a combined

Chart 4

Experimental Section
. . . (64) Goldberg, N. N.; P. B. M.; Levine, R.. Am. Chem. Sod.953 75,
Materials. All reactions employed AR grade chemicals and solvents 3843.

as supplied; solvents were dried with standard methods. Ethyl 2-pyridyl (65) Bauer, H. F.; Drinkard, W. dnorg. Synth.1966 202.
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Table 6. Crystal Data
(a-pypymach)(Cl Os)a2H,0

[Cu(a-pypymac) (ClQ);]  [Cu(a-pypymack( Cl)](ClO4).  [Cu(s-pypymac)(CIQ)](ClO4)s

space group P1 Pbca P2,/a P2,2,2;

formula GooH3sClaNgOng Ca0H30Cl,CuNsOg Ca0H36C14CUNsO10 Ca0H34Cl4CUNsO17

a A 8.501(4) 11.837(6) 14.824(7) 8.0146(9)

b, A 9.796(5) 13.767(7) 6.654(3) 15.2449(17)

c, A 11.442(6) 15.306(8) 14.959(7) 25.821(3)

a, deg 67.43(3) 90 90 90

p, deg 75.54(3) 90 98.74(3) 90

y, deg 82.25(3) 90 90 90

v, A3 851.2(7) 2494(2) 1458.4(2) 3154.9(6)

z 1 4 2 4

T,°C 21 =70 —70 —100

A, A 0.71073 0.71073 0.71073 0.71073

w, mnrt 0.431 1.149 1.178 1.117

deae, glem? 1.546 1.643 1.653 1.760

R;2 0.0564 0.0478 0.0578 0.0527

WRz?2 0.167 0.1135 0.1373 0.1216

[Co(s-pypymac)]Cd [Co(a-pypymac) (CIQ)s [Ni(a-pypymac)](CI Q). [Zn(a-pypymac)](PF).

space group P2i/c Cic P1 P1
formula Con4oC|3CON505 C20H30C|3CON5012 CongoClzNaNiOg C20H30F12N6P22n
a A 8.873(4) 16.180(8) 8.423(6) 8.604(4)
b, A 33.289(17) 11.705(6) 8.521(4) 8.938(4)
c, A 9.200(5) 15.048(8) 18.253(4) 10.090(5)
a, deg 90 20 77.03(2) 113.86(3)
f, deg 98.05(3) 109.70(2) 78.32(2) 105.17(3)
y, deg 90 20 78.45(2) 96.70(3)
v, A3 2691(2) 2683(2) 1233.7(10) 662.8(5)
z 4 4 2 1
T,°C —70(2) —70(2) —70(2) —70(2)
2, A 0.71073 0.71073 0.71073 0.71073
w, mnrt 0.978 1.014 1.062 1.156
eaie, g/cn? 1.506 1.762 1.648 1.778
R;2 0.0497 0.0503 0.0377 0.0341
WR 0.1478 0.1475 0.0955 0.0877

AR = (XIFol = IFcll)/ZIFol; WRe = [(SW(Fo? — Fc?)?)/ 3 w(Fo)? Y2

glass electrode (Metrohm 6.0222.100) with an internal Ag/AgCI The template reaction, using 1 equiv of Cu(jBH,0, 2 equiv of
reference electrode, connected to a pH-Meter Metrohm 713. Addition 1,2-diaminoethane, 5 equiv of paraformaldehyde, 2 equiv of ethyl
of standard base (0.1 M KOH) was performed with a piston buret 2-pyridyl acetate, and triethylamine as base (3.3 equiv) in methanol
Dosimat 665 (Metrohm). All measurements were fully automated. The yields the following products (separation on SP Sephadex C25, 25
ionic strength was adjusted to 0.1 M, using KCI (metal-free ligand, 7 cm, 0.2 M NaCIQ; see Chart 1 for ligand abbreviations): [Cu(s/a-
Co(ll), Zn(Il), and Cd(Il)) or KNQ (Hg(ll)). All measurements were pypymac)](ClQ), (<1%); [Cu(L3)](ClO4)2 (11.2%); [Cu(L);] (35%);
carried out at 25C under N or Ar. Solutions of a-pypyma6HCI (5 [Cu(L?)](CIOs) (4.5%). The side products were characterized by X-ray
x 1072dm 3, 103 mol dm3) alone and in the presence of 1 equiv of  crystallography (see Figure 2; [C#Jl(CIO4) was reduced to 4.(Zn/
metal ion were titrated with 100 incrementsx41L0-5 dm™3) of standard HCI) and coordinated to cobalt(lll)). The template reaction around
base (0.1 M KOH). The stability of the standard electrode potential cobalt(ll), aerobic conditions, with DBU as base yields a derivative of
(deviations less than 0.002 V) and th&(13.79+ 0.01) were checked L2 (diacid), coordinated to cobalt(lll) in 27.4% vyield; the crystal
by calibration titrations prior and after the measurements. Equilibrium structural analysis of this compound is given in the Supporting
constants were calculated from the potentiometric data using the |nformation.
programs SUPERQUAD and BEST:" SUPERQUAD was used for (a) Bis(perchlorato)[anti-6,13-bis(2-pyridinyl)-1,4,8,11-tetraaza-
the determlnat!on of 'the species involved,; flnal'reflnemepts of the cyclotetradecane]copper(ll), (b) Dichlorofsyn-6,13-bis(2-hydropy-
constants obtained with SUPERQUAD were carried out using BEST. iy 1 4 8 11-tetraazacyclotetradecane]copper(ll) Diperchlorate,
Elemental a_naly;es_were performe(_j by Fhe mlcrqanalytlcal laboratory and (c) [Dichloro[anti-6,13-bis(2-hydropyridinyl)-1,4,8,11-tetraaza-
of the chemical msptutgs of the U_mversny of He|de_lberg. cyclotetradecane]copper(ll) Diperchlorate.To a stirred solution of
Structure Determination. Refle_ctlon_s of representatlve_ crystals were Cu(NOy)2+3H;0 (3.66 g, 15.15 mmol) in methanol (30 mL) was added
measured at the temperature given in Table 6. Intensity measuremen%loWIy a mixture of 1,2-diaminoethene monohydrate (2.36 g, 30.21
data were obtained from a Siemens STOE-AED?2 diffractometer, using mmol). The resultinglpurple suspension was stirred for 1 h’. Ethyl
Mo K, radiation and operating in the-scan mode. The structures were 2-pyridyl acetate (5.0 g, 30.27 mmol), DBU (40.0 g, 262.74 mmol)
solved by direct methods (SHELXS86) and refined by full-matrix least- '+ paraformaldehyde ’(0.6 g, 20 mm’ol) were then,added. The mix-
squares methods based on F2 (SHELXL93), using anisotropic thermal,[ure was heated to 7, and pa’lraformaldehyde (2.4 g, 80 mmol) was

Eigggtiirz Ij?f?e?gnzgnli_gﬁ:ggrig a;?]r(;]sréﬁAnIL dhfggggeaa%torg \gtzrl-e added in small portions over 1 h. The product solution was stirred for
P pically. L1y 5 h at 70°C and for 12 h at room temperature; the emerging purple

lographic data are given in Table 6. precipitate was collected by filtration and washed with ethanol and
Syntheses.Caution! Perchlorate salts of metal complexes are diethyl ether

potentially explosie. Although we did not experience any problems, . o

these compounds should be handled extremely carefully. Compound a was isolated after recrystallization of the crude product
from ethanol 0.1 M HCIQ (5:1). The resulting purple crystals were

(66) Gans, P.; Sabatinil, A.; Vacca, A Chem. Soc., Dalton Trans985 collected and washed with ethanol ether and air-dried (555 mg, 6%).

11095. Anal. Calcd for GoHzoCl,CuNsQg: C, 38.94; H, 4.90; N, 13.62; Cl,
11.49. Found: C, 38.97; H, 4.90; N, 13.54; CI, 11.44. Electronic

(67) Motekaitis, R. J.; Martell, A. ECan. J. Chem1982 60, 2403.
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spectrum (HO) [Amax NM (€, dm® mol~* cm™]: 506 (63). Infrared
spectrum (KBr) (crmt): 3442 (br, m, HO); 3233 (m, NH); 1595, 1481
(m, py); 1107, 621 (br, s, CIQ). Several additional crops were obtained
from the filtrate; the last one produced X-ray-quality crystals of the
syn isomer b.

For the isolation of compound c the crude product was dissolved in
a small amount of 0.5 M HCI, dilutedt2 L with water, and sorbed
onto a column of Dowex 50Wx2 cation-exchange resin (X086 cm,
H* form). With 2 M HCI (approximately 1.5 L) a first violet band was
eluted and then a second onetw& M HCI (approximately 1 L) and
a very small third one wit 4 M HCI (approximately 1.5 L). Every
fraction was evaporated to dryness and recrystallized from ethanol/0.1
M HCIO4 (10:1). From fraction one and two purple and violet crystals
were obtained (ratio 5:1). Recrystallization of the third fraction yielded
violet crystals. Electronic spectrum £8) [Amax, NM (€, dm® mol™*
cmY: 516 (192), pH 7; 525, pH 1.

anti-6,13-Bis(2-pyridinyl)-1,4,8,11-tetraazacyclotetradecane Hexahy-
drochloride. The crude reaction mixture of copper complexes (830
mg) was dissolved in 0.5 M HCI (30 mL), diluted 2 L with distilled

Comba et al.

solutions were evaporated to dryness. The orange complexes were
washed with ethanol and diethyl ether. The first fraction (171 mg; 47%)
was identified as the anti isomer (see below). The second fraction was
pure syn isomer (40 mg; 11%). Recrystallization from ethan@V/.:

1) yielded orange crystals suitable for an X-ray analysis. Anal. Calcd
for CyoH30ClsCoNg*3.5H,0: C, 41.21; H, 6.40; N, 14.42. Found: C,
41.00; H, 5.92; N, 14.30. Electronic spectrumy@ [Amax, NM (€, dm?
mol~t cm™: 466 (45), 342 (sh). Reduction portential (100 mV/s; V
vs NHE): —0.35, Co(lll/ll). Infrared spectrum (KBr) (cri): 3441

(br, s, HO); 3068 (s, NH); 2857 (s, CH); 1610, 1448 (P NMR
(D,O/TSP): 6 1.78 (dt; 2H:2) = 26.5 Hz,3J = 3.8 Hz; NCHeHCH,N);

2.83 (dd; 2H;2) = —13.8 Hz;3J = 2.8 Hz; N(HgH,CH); 2.94-3.07

(m; NCHaHgCH; NCHcHpCH,N; NCH,CHpHgN); 3.28 (dd, 2H,2J
—13.0 Hz,3J = 3.7 Hz; NCHCHpHgN); 3.49 (d,2) = —13.7 H;
NCHAHgCH); 3.64 (d,2J = —13.6 Hz, NCHH,CH); 4.79 (brs, Eik-

Pyr); 7.64 (t3J = 13.6 Hz,AJ = 1.2 Hz meta to N); 7.91 (#) = 7.1

Hz meta to N); 8.01 (d, 2HJ = 5.8 Hz ortho to N); 8.29 (t, 2HJ =

14.8 Hz,%J = 0.8 Hz, para to N).

[anti-6,13-Bis(2-pyridyl)-1,4,18,11-tetraazacyclotetradecane]co-

water, and sorbed onto a column of sephadex-SP C 25 cation exchanggt(1) Chloride. The stirred solution of the isomeric mixture fn/

resin (Na form; 90 x 5 cm). With 0.2 M NaCl a first violet fraction
(Amax = 523 nm), with 0.3-0.4 M NaCl a broad second fractiofnfax
= 525 nm), and with 0.40.5 M NaCl a small third fractionAnax =
527 nm) were eluted. The three fractions were concentrated each to
approximately 50 mL on a rotary evaporater, NaCl was removed by
filtration, and the fractions were reduced separately; they were added
dropwise (vigorous stirring) to 0.5 g of Zn dust, suspended in 2 M
HCI. Over 1 h, additional Zn dust (1.5 g) was added in small portions,
so that no residual purple color remained when the next aliquot was
added. The colorless mixture was then filtered to remove solids, the
pH was adjusted to 2, and the solution was diluted to 1 L. This was
sorbed onto a column of Dowex 50Wx2 cation exchange resinx(50
5 cm H" form). The column was washed Witl M HCI to remove
Zn(aq)*' (identified by neutralizing aliquotes of the eluate to afford a
precipitate of Zn(OHy). The protonated ligand eluted slowly with 3
M HCI. The eluent was evaporated to dryness washed several times
with ethanol and air-dried. Yield: fraction 1, 155 mg (0.271 mmol);
fraction 2, 240 mg (0.418 mmol); fraction 3, 136 mg (0.238 mmol).
H and *®*C NMR show that only fraction 3 is the pure anti isomer.
Recrystallization from ethanol4® (1:1) produced, after addition of
NaClQ, colorless crystals of (a-pypymacH4)(G)@2H,0, suitable for
an X-ray analysis. The analytical data are for a-pypys®HCI-H;O.
Anal. Calcd for GoHs6ClgNeH20O: C, 40.63; H, 6.48; N, 14.21; ClI,
35.96. Found: C, 40.57; H, 6.59; N, 14.22; Cl, 35.15.NMR (D,O/
CDsCN): 6 2.93, 3.15 (AAXX' system, 2x 4H, NHCHAHxCHa'
HX'NH, ZJAX = —-134 HZ,3JAA' =118 HZ,3JAx' =3 HZ, BJXX' =
3.7 Hz), 3.38-3.44 (mult, 8 H, NHCHCH), 3.67-3.73 (mult, 2 H,
NHCH,CH); 7.91-7.95 (mult, 4 H, meta-Baron), 8.53 (dt, 2 H, para-
CHarom) 3J = 8.0 Hz,%J = 1.5 Hz), 8.66 (dd, 2 H, ortho-Clbm
3J = 5.9 Hz,5%J = 1.0 Hz).3C NMR (D,O/CDsCN): ¢ 40.64 (CH),
47.55 (CHcap), 52.89 (CH,en), 126.82, 127.51, 142.84, 148.84, 152.27
(Carom)-
[syn6,13-Bis(2-pyridyl)-1,4,8,11-tetraazacyclotetradecane]cobalt-
(Il Chloride Pentahydrate. The isomeric mixture of [Cu(s/a-
pypymac)(ClQ),] (414 mg, 0.672 mmol) was dissolved in dry EtOH
(40 mL) under Ar. The solution was stirred at 8G for 1 h. After
cooling of the solution to approximately 3C, two spatulas of Raney
alloy W2 and NH—NH-H,0 (1.5 mL) were added slowly. After 2 h
of stirring the solution became almost colorless and no furthen&s
observed. After being stirred for 30 min at 8Q, the solution was
refluxed for 30 min to destroy excess BHNH,-H,O. The catalyst
was filtered at room temperature, and CogBf6H,O (225 mg, 0.672
mmol) and charcoal were added. The red solution was aerated for 2 h

anti-6,13-bis(2-pyridyl)-1,4,8,11-tetraazacyclotetradecane) hexahydro-

chloride in 20 mL of distilled water was adjusted to pH8, and 322

mg (0.945 mmol) of Co(BF.:6H,O and 500 mg of charcoal were

added. The solution was aerated for 6 h. After being stirred for 12 h at

room temperature, the solution was filtered, diluted to 1 L, and sorbed

onto a column of Sephadex-SP C 25 cation-exchange resinf(va,

60 x 5 cm). With 0.2 M NaBEk the excess of Co(Bf, was eluted

first as a red fraction. With 0-:30.4 M NaBR a major yellow and

with 0.4—0.5 M NaBF, a minor orange fraction were eluted. To purify

the products, each fraction was sorbed onto a Dowex 50 Wx2 cation-

exchange column (1& 3 cm). After being washed wit2 L of H,O

and 1.5 L of 0.5 M HCI, the fractions were eluted v M HCI and

evaporated to dryness. NMR spectra show that the orange fraction

consists of a crude mixture, which probably includes [Co(s-pypyr#iac)]

and various aqua- and chlorocobalt(lll) complexes; NMR spectra,

elemental analyses, and WVis and IR spectra of the yellow fraction

indicate that this is pure [Co(a-pypymac)}¢,O (207 mg, 42%).

Recrystallization from 0.1 M HCIQ (1:3) yielded yellow-orange

crystals suitable for an X-ray analysis. The analytical data are for the

chloride salt. Anal. Calcd for £H30Cl;CoNs-HO: C, 44.67; H, 6.00;

N, 15.63; CI, 19.78. Found: C, 44.21; H, 6.00; N, 15.36; CI, 19.17.

Electronic spectrum (D) [Amax, NM (€, dm? mol~t cm™1]: 464 (75),

347 (sh). Reduction potential (100 mV/s; V vs NHE}0.31, Co(lll/

I1). Infrared spectrum (KBr) (cmt): 3260 (s, NH); 2864 (s, CH); 1613,

1450 (Py).1H NMR (D,O/TSP): ¢ 1.72, 2.84 (AAXX' system, 2x

4 H, ZJDE = —-13.0 HZ,3JDD” =139 HZ,B\]DE' =39 HZ;B\]EE =1.0

Hz; NHCHpHeCHp-HeNH); 2.78, 3.79 (AB part of the ABX system,

2 x 4 H,2ap = —13.5 Hz,3Jpc = 3.8 HZ,3Jgc = 1.7 Hz, NHGHAHg-

CH); 4.19 (m, 2H, NHCHHsCHC); 7.93 (dd, 2H Juy =1.2 Hz, 304

= 7.8 Hz, GCH); 7.98 (dt, 2H,*Jyy = 1.5 Hz,%Jyy = 10.2 Hz, (H

meta to N); 8.36 (dt, 2H%Juy = 1.3 Hz,3J4y = 7.7 Hz, (H para to

N); 8.96 (d, 2H2Jun = 5.5 Hz, GH ortho to N).*C NMR (D,O/TSP):

0 48.83 CH); 52.01, 58.19 CH,); 130.83, 146.39, 155.7THaron);

161.88 Carom 3J = 5.8 ortho to N); 8.29 (£8J = 14.8 Hz,*J = 0.8 Hz

para to N)23C NMR (D,O/TSP): 6 49.10 CH); 50.58, 51.67CH2,cap;

57.35, 58.94CH¢n); 129.60, 130.68, 146.18, 157.30Ha0n); 163.532

(Carom)-
[anti-6,13-Bis(2-pyridyl)-1,4,8,11-tetraazacyclotetradecane]nickel-

(i) Perchlorate. A solution of 157 mg (0.274 mmol) o&nti-6,13-

bis(2-pyridyl)-1,4,8,11-tetraazacyclotetradecane hydrochloride in 10 mL

of distilled water was adjusted to pH 9. A 100 mg (0.274 mmol)

amount of Ni(ClQ),-6H,O dissolved in 3 mL of water was added

and stirred at room temperature for additional 12 h. After filtration the dropwise. The mixture was allowed to stand at room temperature for
solution was dilutedd 1 L and sorbed onto a Sephadex SP C 25 cation- several days, and the bright pink crystals, suitable for an X-ray analysis,
exchange resin (Naform, 3 x 30 cm) eluted. A small red fraction of ~ were collected and dried under vacuum (130 mg, 77%). Anal. Calcd
uncomplexed CH is eluted with 0.2 M NaBF; followed by the eluation for CooH30CLNeNiOg: C, 39.24; H, 4.94; N, 13.73; Cl, 11.58. Found:
with 0.3 M NaBFR, of two orange fractions. To eliminate NaBthese C, 39.20; H, 4.87; N, 13.71; CI, 11.54. Electronic spectrum {CN)
fractions each were sorbed onto a Dowex 50 Wx2 cation-exchange [Amas NM €, dm? mol~ cm™]: 766 (9), 484 (12), 321 (293). Reduction
resin (3x 7 cm) and washed wit2 L of distilled water ad 1 L of 0.5 potential (100 mV/s, acetonitrile, Ag/AgND [V vs ferrocenium/

M HCI. The cobalt(lll) complexes were eluted Wwi2 M HCI, and the ferrocene]: 0.641 (quasi reversible). Infrared spectrum (KBr){m
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3290 (s, NH); 2874 (m, CH); 1605, 1486 (s, pyridine); 1090, 624 (br, pyridine); 636 (s), 557 (M, RF 'H NMR (CDsNOy): aliphatic protons,

s, CIOy). 0 2.0-2.18 (m), 3.08-3.21 (M), 4.02-4.10 (m); aromatic protons),
[anti-6,13-Bis(2-pyridyl)-1,4,8,11-tetraazacyclotetradecane]zinc- 7.56 (d,*J = 7.18 Hz, GCH), 7.64 (dt,J = 1.74 Hz,3) = 6.18 Hz,
(Il) Hexafluorophosphate. A 165 mg amount ofanti-6,13-bis(2- CH meta to Ny); 8.08 (dt,%J = 1.55 Hz,3) = 7.75 Hz, GH para to

pyridyl)-1,4,8,11-tetraazacyclotetradecane hydrochloride was dissolved Ngy); 8.71 (d,2J = 4.9 Hz, CH ortho to Ny). 3C NMR (CDsNOy): 6

in water (500 mL) and sorbed onto an Amberlite IRA-416 anion- 44.53,51.40, 54.380H, CHy); 125.38, 125.97, 141.63, 150.43, 162.54
exchange resin. The free ligand was elutechviitL of distilled water (Cry).

and evaporated to dryness. The yield was assumed to be quantitative.

The free amine was dissolved in a mixture of methanol/water (1:1), ~ Acknowledgment. Generous financial support by the Ger-
and a solution of 111 mg (0.466 mmol) of Zn(BF6H,0 in water (5 man Science Foundation (DFG) is gratefully acknowledged.
mL) was added dropwise. After the solution was stirring for 12 h at

room temperature, 152 mg (0.932 mmol) of i was added. The Supporting Information Available: ORTEP plots of the four
colorless product was filtered out, washed withOH and dried over structurally characterized intermediates and/or side products of the
phosphorus pentoxide (175 mg, 53%). The product was recrystallized template reaction (ligands'L*), NMR analysis spectra of the metal-
from a mixture of CHCN/H,O (3:1) and left standing. The colorless  free ligand and the cobalt(lll) complexes, preliminary titration plots of
crystals, suitable for X-ray analysis, were collected and washed with a-Pypymac, and tables of crystallographic data. This material is available
water and air-dried. Anal. Calcd for§430F1:-NsP,Zn: C, 33.84; H, free of charge via the Internet at http://pubs.acs.org.

4.26; N, 11.84; P, 8.73. Found: C, 33.86; H, 4.47; N, 11.81; P, 8.59.

Infrared spectrum (KBr) (crmt): 3328 (m, NH) 1605, 1449 (w, 1C000696X





