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This paper reports a new effect in template-directed Schiff base condensation, a “fine-tuning” of the macrocyclic
structure in accordance with the precise coordination requirements of the metal ion. The nature of the metal
template determines the outcome of Schiff base condensation between a difunctional carbonyl component (2,6-
diacetylpyridine) and a trifunctional amine component (tris(3-aminopropyl)amine, trpn). Both Cu(ll) and Ni(Il)
facilitate [1+ 1] condensation with the formation of macrocyclic products ir-60% yield, but single-crystal

X-ray diffraction reveals that the chemical structure of the major product is metal-ion dependent. In the nickel(Il)
complex [Ni(Lsym)]%", the G=N double bonds are conjugated with the pyridine ring, as expected from the structure
of the starting diacetylpyridine. In contrast, the copper(ll) ion caused isomerization of the macrocyclic ligand,
with one of the &N double bonds migrating into the initially saturated six-membered chelate ring forming
[Cu(Lasym]?". The second product isolated, in small quantities, from the copper(ll)-templated condensation has
been characterized as an isomeric symmetric macrocycle [G)JE". In the case of the zinc(Il) template, no
macrocyclic product has been isolated; instead, a zinc(ll) complex of the starting tetramine, Zn{tgh)T|

was recovered and structurally characterized. An unusual double-bond migration in the course of Cu(ll)-directed
template condensation is governed by the coordination requirements of the central metal ion. The asymmetric
ligand isomer is more flexible than its symmetric counterpart and can therefore better accommodate the five-
coordinate central metal ion. This effect is more pronounced for the copper(ll) complex than for the nickel(Il)
complex, because of shorter in-plane—M distances in the former, as follows from the X-ray structure
determination. The position of the double bond in the macrocyclic ring influences the spectral properties of the
copper(ll) complexes and the ionization constants of the amino group in the side arm.

Introduction The two possible product types (ft 1] and [2 + 2]) have

Template Schiff base condensations between dicarbonyl dramaFlcaIIy different macrocycpc ring sizes, and preferentllal
formation of one over the other is determined by the metal ion

compounds and diamines are among the simplest and rnOStused Another type of coordination geometry adjustment also
popular methods for macrocycle synthesis. The size andf df idine-containi les invol
preferred coordination geometry of the metal ion control the ound for F,),y” Ine-con alnlrgg macrocycles Involves a ring
structure of the condensation produetShis effect is especially contraction rearrangem_e’ﬂr of "%a”ds with "T’“g,‘? fing sizes.
pronounced when rigid building blocks are used, and relatively These effects can be viewed as coarse tuning” of the macro-
rigid macrocycles are formed. In such cases conformational cycle_ structure by the template meFaI 1ons. ) )
changes within the macrocyclic ligand are limited, and littte ~ This paper reports a new effect in template-directed Schiff
adjustment of the coordination sphere geometry is possible.base condensation, a “fine-tuning” of the macrocyclic structure
Examples of rigid, planar, conjugated dicarbony! building blocks in accordance with the precise coordination requirements of the
include 2,6-diacetyl- and 2,6-diformylpyridine. Indeed, both Mmetal ion. We have demonstrated an unusual double-bond
[1 + 1] and [2 + 2] condensations with diamines are well migration in the course of Cu(ll)-directed template condensation
documented for pyridine-containing carbonyl compoutids.  between diacetylpyridine and tris(3-aminopropyl)amine (trpn),
leading to the formation of an otherwise thermodynamically

T Tufts University. unfavorable ligand ksym (Figure 1). X-ray structures of the

¥ Southern University. asymmetric copper(ll) complex [Cugl,m]?", the symmetric
§ University of Kansas.
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Figure 1. Outcome of the template condensation between 2,6-
diacetylpyridine and tris(3-aminopropyl)amine in the presence of
different metal ions. Isolated products are shown.

spectral properties of the copper(ll) complexes and the ionization

constants of the amino group in the side arm.

Experimental Section

The reagents were obtained from Aldrich, except for 2,6-diacetylpy-
ridine (Fluka) and tris(3-aminopropyl)amine (Strem), and used as
received.

Template Condensation between 2,6-Diacetylpyridine and Tris-
(3-aminopropyl)amine (Trpn). Trpn (1 mmol) was dissolved in 200
mL of water and mixed with a solution of 1 mmol of a metal salt (Cu-
(ClO4)2:6H,0, Ni(ClO4)2:6H,0, or ZnCh) in 50 mL of water. To the
resulting solution (dark-blue for the copper salt, light-blue for the nickel
salt, and colorless for the zinc salt) was added 1 mmol of 2,6-
diacetylpyridine dissolved in 300 mL of ethanol over a period of 10
min. The mixture was stirred at reflux for 8 h, cooled to ambient
temperature, and left overnight. During reflux, the color changed from
blue to dark blue-violet in the case of copper(ll) (some brown solid
was also formed in this system) and from light blue to peach in the
case of nickel(ll); no color change was observed for the zinc complex,
but the reaction mixture became slightly turbid.

CAUTION! Perchlorate salts of metal complexes with organic
ligands are potentially explosive. Only small amounts of material should
be prepared, and these should be handled with great caution.

Isolation of Two Isomeric Copper Macrocycles, [Cu(Lsym)]-
(ClO4)2:1.5H,0 and [Cu(Lasym)](ClO4),. The reaction mixture was
filtered and rotary evaporated to abdli of its initial volume. Upon
cooling to room temperature, blue solid was deposited. It was filtered,

Inorganic Chemistry, Vol. 38, No. 12, 1992975

1.5H,0. Anal. Calcd for GgH3NsCl.0gsCu: C, 35.74; H, 5.33; N,
11.58. Found: C, 35.78; H, 5.03; N, 11.41. FAB MS (positive FAB in
nitrobenzyl alcohol): 378 (Cut), 477 (CuLCIlQ"), isotopic pattern
corresponds to the proposed formulation. IR (KBr disks): 1622, 1585
cm i,

After removal of the blue solid from the original reaction mixture
by filtration, the resulting solution was mixed with 5 mmol of NaGIO
dissolved in 5 mL of water. Slow evaporation of the solvent at ambient
temperature and pressure produced a dark-blue crystalline compound,
which was filtered, washed with a minimal amount of water, and dried
in vacuo, yielding 0.30 g (52%) of the complex, [Cu{xn](ClOu)..
Anal. Calcd for GgH2oNsCl,OsCu: C, 37.41; H, 5.06; N, 12.12.
Found: C, 37.16; H, 5.07; N, 11.88. FAB MS (positive FAB in
nitrobenzyl alcohol): 378 (Cut), 477 (CuLCIQ"), isotopic pattern
corresponds to the proposed formulation. IR (KBr disks): 1680, 1620,
1585 cn1t.

Isolation of [Ni(L sym)](ClO4).. The reaction mixture obtained after
Schiff base condensation was rotary evaporated to about 504mL (
of its initial volume). Upon cooling, red microcrystalline material
precipitated out of solution. It was filtered, washed with cold ethanol,
and dried in the air. Sodium perchlorate (5 mmol) was added to the
filtrate, and the filtrate was concentrated to a volume of 10 mL. The
precipitate which formed was filtered, washed with cold ethanol, and
air-dried. The two portions of the solid gave identical IR spectra, with
absorptions at 1585 (s), 1621 (s), and 1665 (w) tnindicating
preferential formation of the symmetric isomer, slightly contaminated
with an asymmetric isomer. They were combined, and the complex
was recrystallized from hot water, producing 0.34 g (60%) of dark-red
needles. Anal. Calcd for€H29NsCl.OgNi: C, 37.73; H, 5.06; N, 12.22.
Found: C, 37.63; H, 4.96; N, 12.18. FAB MS (positive FAB in
nitrobenzyl alcohol or thioglycerol/glycerol): 373 (Nil, 472 (NiL-
ClOsM). IR (KBr disks): 1621, 1585 cni.

Isolation of [Zn(trpn)]Cl 2:2H,0. The reaction mixture was filtered,
rotary evaporated to a volume of 30 mL, and cooled in a refrigerator.
The white microcrystalline product which precipitated was filtered off,
washed with a minimal amount of water, and air-dried. Yield: 0.13 g
(36%). Anal. Calcd for GH2gN4O.CloZn: C, 29.97; H, 7.83; N, 15.54.
Found: C, 29.83; H, 7.93; N, 15.71. Attempts to isolate condensation
products from the filtrate through addition of excess NaCi@led.

FAB MS of the reaction mixture did not show any peak corresponding
to the macrocyclic products.

Potentiometric Measurements. Materials.All aqueous solutions
were prepared using deionized and distilled water. Stock solutions of
the metal complexes (0.5 mM) were prepared with a background of
0.100 M KNGs. The protonation constant of each complex’s side arm
was determined potentiometrically in a Metrohm jacketed glass reaction
vessel, equipped with a magnetic stirrer and fitted with a Metrohm
6.0238.000 combination electrode filled tvi8 M NaCl. Atmospheric
CO; was excluded from the potentiometric apparatus using a steady
stream of nitrogen. The potential of the cell was measured with a
Metrohm Titrino 736 titration system. The amount of carbonate present
in the base and K, were calculated from titration of a strong acid
(HNO3) with a strong base (KOH) according to Gran’s methbdhe
pKy of the solvent medium was found to be 13.65.

Procedure. To 10 mL of stock solution of complex were added 25
mL of KNOs and 0.3 mL of HNQ@ solution. The above mixture was
titrated with KOH (0.1007 M). The titrations were carried out at 25.0
+ 0.1°C, and at least three independent titrations were performed for
each complex. Direct titration of the complexes with acid was also
done, producing the same results. Protonation constants were calculated
by means of the pH-titration program BETAwhich is a nonlinear
least squares refinement FORTRAN program based on the ORGLS
subrouting>13

X-ray Crystal Structure Analysis. Crystal data and the most

washed with minimal amounts of cold water and cold ethanol, washed (g|evant experimental parameters for the three crystal structyisi{

with ether, and then air-dried. The material (0.06 g, 10%) was purified
by dissolution in a minimal amount (ca. 2 mL) of acetonitrile, removal
of the undissolved brown and white impurities by filtration, and
precipitation of the blue complex by slow addition of ethanol followed

(Leym](ClO4)2; 11, [CU(Lasym](Cl04)2+0.5H,0; 111, [Zn(trpn)]Chr2H,0)

(10) Gran, GActa Chem. Scand.950Q 4, 559.
(11) McCormick, J. M. R. Unpublished results.

by slow partial evaporation of the solvents. The resulting material was (12) Avdeef, A. R.; Raymond, Kinorg. Chem.1979 18, 1605.

isolated by suction filtration and characterized as [GU{l(ClO4).*

(13) Harris, W. R.; Raymond, KI. Am. Chem. Sod.979 101, 6534.
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Table 1. Crystal Data and Structure Refinement
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was first suggested by Keypour and Stotter in 1&78 our
current investigation, we have further examined this reaction
in the presence of R, Cl2*, and Zri#* metal ions (Figure 1).

empirical C18H29C|2N5Ni03 C18H300|2CU- C9H28C|2N4022n . . .
formula N5Os 50 This reaction was studied for several reasons:
fw 573.07 586.91 360.62 (1) It is synthetically important, because it is expected to
Spice IEIero,“p P2i/n P2i/c P2i/n produce monofunctionalized pyridine-containing macrocyclic
unitc=ldimens complexes. Interest in macrocycles with pendant arms is
a, 7.9599(17) 16.676(4) 8.290(2) X T —
b, A 15.620(3) 9.238(2) 12.650(3) growing on account of their unique coordination and structural
c, A 19.695(3) 17.460(4) 15.690(3) properties, their utility in enzyme mimicking studies, and their
,3,3 deg 100.439(17) 112.03(2) 99.22(3) rapidly growing applications as radiopharmaceuticals and
\Z/' A 2408'3(8) 42493'4(10) 41624'1(6) magnetic resonance imaging reagéfit$? The pendant primary
pealca g €M 1.581 1.563 1.475 amino group can also be used to attach the macrocycles to other
w, mmt 1.081 1.145 1.842 small molecule® or to monoclonal antibodie®:2? Five-
F(000) 1192 1216 760 coordinate complexes derived from pyridine-containing mac-
'”dsgr;‘%ﬂgfe’ < 4213/332 3315/361 2641/187 rocycles are promising for oxygen and peroxide activatior?
GOF onF2 1.040 1.011 0.997 (2) The reaction is synthetically challenging, because the
final Rindices  0.065 0.060 0.050 presence of a third primary amino group in tripodal tetramine,

(1> 20(1)]

Table 2. Selected Bond Lengths (A) and Angles (deg) ferll

trpn, may cause synthetic complications. These incluge
condensation leading to cryptand formation (observed, for
example, in analogous condensations between 2,6-diformylphe-

I (M=Ni) Il (M=Cu) nol and trpi® and several kinds of polymerization processes.
M—N1 2.082(5) 2.061(6) ZnAN1 1.993(5) Extensive investigations of monofunctionalized pyridine-
M—N2 1.958(5) 1.944(5) containing complexes by Kad&®éand Alcock and Moor&—33
M—N3 2.056(5) 2.015(5) 7ZaN3 2.000(5) did not reveal these difficulties, because, in their rigorous
M—N4 2.037(5)  1.993(5) ZnN4 2.098(4) synthetic approach, the functional group in the pendant arm
'l\\l/ll_—NCSQ i'gg‘é((g)) iégg((g)) zaN2 1.984(5) (such as 2-methylpyridine oN,N-dimethylethylamine) was
N1—C8 1 460(8) 1 438(9) chosen to _bg unreactive toward the carbonyl groups of 2,6-
N3-C3 1.465(7)  1.251(8) diformylpyridine.
N3—-C2 1.274(8) 1.486(9) (3) The reaction is likely to produce target [+ 1]
N2—M—N4 1712(2)  167.6(2) macrocycles. There was an indication in the literature that [1
N2—M—N3 78.5(2) 79.1(2) 1] condensation indeed occurs in dilute solutions of trpn and

N3-M-N4  100.7(2)
N2-M-N1  78.6(2)
N4-M-N1  100.0(2)
N3-M-N1  153.9(2)
N2-M-N5  89.9(2)
N4A-M—-N5  98.8(2)
N3-M-N5  95.8(2)
N1I-M-N5  96.6(2)

94.7(2)  N3Zn—-N4 97.2(2)

78.7(2)

101.9(2) N4Zn-N1 99.87(19)
146.6(2) N3Zn—N1 116.0(2)

97.2(2)

94.9(2)  N4Zn—-N2 98.0(2)
109.0(2) N3Zn-N2 121.9(2)
98.3(2)  N+Zn—-N2 115.9(2)

2,6-diacetylpyridine with Ni(ll) or Cu(ll) as template; the
detailed reaction conditions were not, however, provided, and
the structures of the products had not been deternifhAdh.
analogous template reaction betweééi,N',N'-tetra(aminoet-
hyl)ethylenediamine and diacetylpyridine has been reported,
giving rise to a pentaaza macrocyclic manganese complex
bearing two primary amino pendant argds.

N1-C9-C10 1155(5)  114.5(6)

Hg_gg_g ﬂg'g(g) i(l)g'g(g) (16) Keypour, H.; Stotter, D. Alnorg. Chim. Actal979 33, 149.
e S5(5) 8(5) (17) Bernhardt, P. V.; Lawrence, G. 8&oord. Chem. Re 1990 104, 297.

N3-C3-C4  124.1(7)  113.2(5) (18) Kaden, T. APure Appl. Chem1993 65, 1477.

are reported in Table 1. Single crystals bfwere obtained by ggg \}é\é?l'(’éw_?gr\‘;}a'fén':ggo{_O!' A%rllgms'ﬁ?i %ﬁ?; éﬁasﬁﬁa MAm. Chem.

recrystallization from methanall was recrystallized from water, and Soc.1996 118 12696.

Il was recrystallized from ethanol/water. Single-crystal intensity (21) Craig, A. S.; Helps, A. M.; Jankowski, K. J.; Parker, D.; Beeley, N.
measurements were collected at room temperature with a Siemens R. A;; Boyce, B. A;; Eaton, M. A. W.; Millican, A. T.; Millar, K;
R3m/V diffractometer, using Mo ¥ radiation with a graphite mono- Phipps, A.; Rhind, S. K.; Harrison, A.; Walker, G. Chem. Soc.,
chromator. Lattice parameters for-11l were obtained using least Chem. Commuril989 794.

squares refinement of the angles of 24 reflections with 2220 < (22) Moi, M. K.; Meares, C. F.; McCall, M. J.; Cole, W. C.; DeNardo, S.

L : . J. Anal. Biochem1985 148 249.
28 Intensities were collected using th&26 scan mode. Absorption (3, Hu;r?g L,ngu:n;a J.SC. ?r.' Lown, J. @urr. Med. Chem1995 2

corrections were applied to the data set of each crystal usingean 543.
technique. The structures were solved by direct methods with successivg24) Kimura, E.; Kodama, M.; Machida, R.; Ishizu, Korg. Chem1982
Fourier synthese.Full-matrix least squares refinement was performed 21, 595.

using SHELXL-97° with anisotropic thermal parameters for all non-  (25) Bernal, I.; Jensen, |. M.; Jensen, K. B.; McKenzie, C. J.; Toftlund,

hydrogen atoms. Selected bond distances and angles are listed in Tabl?ZG) I\j\};éllgcgggsuheesﬁ ‘],\'/; P‘]C Cnlejr;n gscﬁcjypwangjﬁgigeﬁ 3;%?' Chem

2. All hydrogen atoms except those attached to the oxygen atoms in Commun1995 2373.

Il were located at calculated positions and were not refined. The water (27) Lotz, T. J.; Kaden, T. AJ. Chem. Soc., Chem. Commu877, 15.

molecule with an occupancy of 0.5 causes disorder of the two (28) Lotz, T. J.; Kaden, T. AHely. Chim. Actal978 61, 1376.

perchlorate ions inl . The side chain appears to be disordered. in (29) Alcock, N. W.; Kingston, R. G.; Moore, P.; Pierpoint, £.Chem.
Soc., Dalton Trans1984 1937.

(30) Alcock, N. W.; Moore, P.; Omar, H. A. AJ. Chem. Soc., Dalton
Trans.1986 985.

The template condensation between diacetylpyridine and trpn (31) éLCOCk’SN- WS iala¥|5h22%'7|<5'4%; Moore, P.; Omar, H. A. A.
leading to the formation of macrocyclic Schiff base complexes 35 Alceorgl'(‘ ,\?_C\',g,_; ga?gkri;?]r;any K. P.; Berry, A.; Moore, P.; Reader, C.
J.J. Chem. Soc., Dalton Tran$988 1089.

(14) Sheldrick, G. MActa Crystallogr.199Q A46, 467. (33) Grant, S. J.; Moore, P.; Omar, H. A. A.; Alcock, N. .. Chem.
(15) Sheldrick, G. MSHELX-97. Computer program for crystal structure Soc., Dalton Trans1994 485.
refinement University of Gdtingen: Gitingen, 1997. (34) Wagnon, B. K.; Jackels, S. Ghorg. Chem.1989 28, 1923.

Results and Discussion
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(4) It is difficult to satisfy the diverse coordination require-
ments of different metal ions incorporated into rigid Schiff base
pyridine-containing macrocycles with an additional donor atom
in the side arm. Analogous reduced ligands are flexible and
adopt a variety of conformations, producing both tetragonal-
pyramidal and trigonal-bipyramidal metal compleXes® How
will the unsaturated ligands accommodate different metal ions,
using highly restricted conformational space? In this regard, the
structures of Schiff base complexes formed in template con-
densations are of particular interest.

Experimentally, trpn complexes of Cu(ll), Ni(ll), or Zn(ll)
were formed in situ, followed by condensation with 2,6-
diacetylpyridine. In order to prevent polymerization processes,
dilute solutions were used (2 mM). The conditions necessary
for 1:1 complexation between trpn and Cu(ll), Ni(ll), and Zn-
(I) salts (in aqueous solution) are known from the potentio-
metric measurement8-3” The final pH of the Cu(Il}-amine
solution was 9.0, indicating that the four-coordinate complex
is the predominant species in solutidiThe condensations with
2,6-diacetylpyridine were conducted in a water/ethanol solvent
system, under reflux, over a period of 8 h. The major products
were characterized by FAB mass spectrometry, C,N,H analysis,
IR and UV-vis spectroscopy, and X-ray crystallography.
Spectroscopic characterization complemented the X-ray data in
that (1) it demonstrated that single crystals of each complex
chosen for X-ray studies had the same composition as the bulk
materials and (2) it can be used, in the future, for rapid
identification of the condensation products.

Our results clearly demonstrate that the nature of the metal
template determines the outcome of Schiff base condensation
between a difunctional carbonyl component (diacetylpyridine)
and a trifunctional amine component (trpn) (Figure 1). Both
Cu(ll) and Ni(ll) facilitate formation of macrocyclic products
in 50—60% yield, but single-crystal X-ray diffraction reveals
that the chemical structure of the major product is metal-ion
dependent. In the nickel(ll) complex, the=Cl double bonds
are conjugated with the pyridine ring, as expected from the
structure of the starting diacetylpyridine (Figure 2). In contrast,
the copper(ll) ion caused isomerization of the macrocyclic
ligand, with one of the &N double bonds migrating into the
initially saturated six-membered chelate ring (Figure 3). To the
best of our knowledge, this type of isomerization has not been
reported previously for Schiff base macrocyclization reactions.
It should be noted, however, that other types of isomerization
are typical for pyridine-containing macrocycles. In the case
of the zinc(ll) template, we were unable to isolate a macrocyclic
condensation product; instead, a zinc(Il) complex of the starting
tetramine, Zn(trpn)GI2H,0, was recovered and structurally
characterized. A possible reason for the cyclization to fail is
the tetrahedral structure of the Zn(trpn) complex, which provides pyridine ring.
no vacant coordin'a.tion' site for diacetylpyridine to approe}ch the Description of the X-ray Structures. In both macrocyclic
metal |on_ and position itself favorably for Hk 1] condensation. complexes, [Ni(lkym](CI02)2 (1) and [Cu(Lasy)](C102)2+0.5H,0

Analytical and FAB mass-spectroscopic data for all three of (11, the five nitrogen donor atoms of the macrocyclic ligands
the isolated copper(ll) and nickel(ll) complexes indicate that are coordinated to the metal ions in a tetragonal-pyramidal
the compounds resulted from & 1] condensation reactions.  tashjon, with the amine nitrogen from the pendant arm occupy-
An IR of the crystalline nickel complex contains an absorption ing the axial position (Figures 2 and 3). The coordination
at 1621 cm?, typical for the G=N stretch for the azomethine  umber of the copper ion in compléiis 5. The oxygen atom
group conjugated with an aromatic ring. The crystalline copper- cjosest to the copper center is 06, belonging to a disordered
(I1) complex (the major product of the Cu-templated condensa- perchlorate counterion. The occupancy factor for O6 is 0.5, and
the Cu-06 distance of 3.27 A is too long to be considered a

Figure 2. Crystal structure of [Ni(kym](ClO4)2 (I).

Figure 3. Crystal structure of [Cu(lsym](ClO.)2:0.5H:0 (I1). Per-
chlorate anions and water molecule are omitted for clarity.

tion) shows two strong absorbances at 1680 and 1620,cm
consistent with the presence of two inequivalertNCgroups

in the macrocyclic ligand, 4sym The IR spectrum of the second
copper(ll) complex (the minor product in the condensation
reaction) is nearly identical to the spectrum of [Nih](ClO,)a,

with a single G=N stretch observed at 1622 ciThis suggests
that the second copper(ll) complex is an isomeric compound,
Cu(Lsym?", which has both &N bonds conjugated to the

§3Sg Paoletti, A.; Deli, P, Vaccr?, Anorg. Chem.1968 7, 865. bond. In contrast, for, d(Ni—021) is short enough (2.66 A) to

36) Vacca, A.; Paoletti, R1. Chem. Soc. A968 2378. ; inati ;

(37) Dittler-Klingemann, A. M.; Orvig, C.; Hahn, F. E.; Thaler, F.; Hubbard, be co.n5|d.ered a weak coordinative bond, maklng'the overall
C. D.; van Eldik, R.; Schindler, S.; Fabian horg. Chem1996 35, coordination number & 1. The X-ray structure of is very

7798. similar to that described previously for an analogous nickel(Il)
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complex having a pyrrolidinyl group in the side affilthough
all Ni—N distances are somewhat shorterlfathe Ni—O(ClOy)
distance is 0.27 A longer ih than in Alcock’s Schiff base
complex3! The Cu-N(macrocycle) bonds it are significantly
shorter than the corresponding-Nil(macrocycle) bonds i,
while the axial Cu-N(pendant arm) bond (2.186 A) is signifi-
cantly elongated due to Jahifeller distortion and is ca. 0.1 A
longer than the corresponding-NN(pendant arm) bond (2.054
A) (Table 2).

The fragment of the macrocyclic ligand invhich contains
the pyridine ring and adjacent azomethine groups is essentially
planar, with C(9)-N(1) and C(2)-N(3) distances typical of
double bonds (Table 2). In contrast, the copper(ll) ion caused
isomerization of the macrocyclic ligand, with one of the=l§
double bonds migrated into an initially saturated six-membered
chelate ring, producing Cu(k,m?". Indeed, the C9 atom is
trigonal planar, and the NAC9 bond length (1.284(9) A) is
characteristic for an azomethine double bond, while the C2 Table 3. Ligand Strain Energy in “Symmetric” and “Asymmetric”
carbon atom is clearly tetrahedral, with the-N32 bond length Isomeric Macrocyclic Complexes (Figure 1): The Results of
(1.486(9) A) typical of a &N single bond. At the same time, Molecular Mechanics (MM2/CAChe) Calculations

Figure 4. Crystal structure of [Zn(trpn)]Gi2H;O (lll ). Chloride anions
are omitted for clarity.

the neighboring bond N3C3 is short (1.251(8) A), indicating energy, kcal/mol

a double bond between these two atoms. Bond angles about optimized optimized
the C3 carbon atom are typical of a trigonal-plana?,carbon complex, MN; ligand,
(Table 2). Analytical and FAB mass-spectroscopic data also complex fixed, M deleted  Ns fixed
support the presence of two double bonds in the molecule, "y 2+

indicating a double-bond migration, but not double-bond reduc-  sym (real structure) 40.01 37.65
tion. asym (hypothetical, “Cu-like”) 37.67 35.47

The double-bond migration observed in the copper(ll) CuL?* _ o
complex produces two additional stereocenters in the molecule ~ SYM (hypothetical, “Ni-like”) 40.30 38.56
(carbon atom C2 and nitrogen atom N4). According to the &Y™ (real structure) 33.34 31.80
crystallographic data, the only diastereoisomer isolated has both

the methyl group (C17 in Figure 3) and the pendant arm on the were designed to compare the strain energies of the two ligand

same “face” of the macrocycle. Since the complex crystallizes isomers for both nickel and copper. X-ray_a_tc_;m coordina_ttes for
in a centrosymmetric space grouR2{/c), two enantiomersS [Cu(Lasyn)]Zr were used to ger;(irate the initial geometries for
andSR coexist in the crystal lattice, and spontaneous resolution [Cu(Lasym]*" and for [Cu(le,m]**. Analogously, X-ray atom

: L . : : : . coordinates for [Ni(lkym)]?" were used to generate initial
of enantiomers is impossible. Isolation of a single diastereoi- - yny !
somer may indicate that the double-bond migration in the geometries for both [Nilkym]>* and [Ni(Lasym]**. Al four

copper(ll) complex is stereoselective. Moderate isolated yield _Sl_tr:lécégﬁzi\zz:; rr:];n'?éf:%#fﬁg%ﬁggp{gﬁ?g@gg:femﬁligggthm'
of the complexil, however, does not allow for definitive in all these calcula'fi)ons After the minimization convF:er ed, the
conclusions on the stereoselective nature of the double-bond- ) ged,

migration reaction. This issue will be addressed in our future me_tal_ lon was deleted, and the energy of the Ilgand in the
research optimized complexes was computed (Table 3). This approach

The water of hydration ifi is connected via weak hydrogen eliminates the difficult problem of force field parameter

bonds to both perchlorate iond(09—08) = 2.84 A andd(09— developm(_ent for the _transmo_n me_tal complexes. A_Iternatlvely,
04) = 2.62 A. the free ligands, with all five nitrogen atoms fixed, were

The coordination geometry of zinc(Il) in its complex with optimized, giving energy values very similar to those obtained

the tripodal tetramine trpn ([Zn(trpn)]@RH;0, 11l ) is that of forl tthf] Oﬁg”t‘)'zed f‘zjmtﬁ'etng (Table 3). et i moecul
a distorted tetrahedron (Figure 4, Table 2). Neither the chloride should be noted that the energies computed in molecuiar
anions nor the water molecules are bound to the Zn(ll) ion in mechanics minimization methods reflect unfavorable deviations

Il : the closest contact with any potential donor atom, other .Of the molecule from |dea] geometry, but do not explicitly
than amine nitrogens, is ZrO(1) (2.91 A) include the favorable bonding energy of the molecule. In our

Possible reasons for the preferential formation of different case, for example, the resonance stabilization of the conjugated

products in the condensation between 2,6-diacetylpyridine andsylm_merrlc sftructEIJ_reblls ,20:] refLecIt_ed |r(1j Tab_le 3. . I
tris(3-aminopropyl)amine in the presence of different metal ions tis clear from Table 3 that the ligand strain energy Is smaller

follow from analysis of the coordination geometries of the Lort the isomer V;”f[h a§h|fted dotu.ble. bond. The dlf;:erenc;e
copper(ll) and nickel(ll) macrocycles (Table 2). To accom- _SWEEN SYMMELNC and asymmetric 1ISomers 1S much greater

modate the short in-plane coppsaritrogen bonds, the macro- fﬂr the colpper(ll) ;:okmplllex (lca. Y kcal/mol)ltha;: fodr Fh_e ni]f:kel-
cycle in the copper(ll) complex isomerizes, which allows for (I) complex (ca. 2 kcal/mol). Consequently, the driving force

greater flexibility within the pyridine-azomethine fragment of for I|gar|1|d llsolznenzatl?n IS mulch greater in the case where
the molecule. This hypothesis is supported by molecular copper(ll) is the temp at? meta lon. u
mechanics calculations (augmented MM2, as implemented in Pendant Arm Protonation Equilibria. pH-dependent “or

the CAChe molecular modeling packa®eThese calculations ~ Off” €quilibria involving the donor atom in the pendant arm
are well-documented for monofunctionalized macrocyclic

(38) Personal CAChe for Windowsversion 3.0; Oxford Molecular ~ COMplexes/ 283942 We found that the aminopropyl group
Group: Oxford, U.K., 1997. which is coordinated to the metal ion in the crystalline solid
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s addition of 1 equiv of triflic acid to the above solution gave
10 rise to hyperfine splitting typical of Cu(ll) complexes with
0s] tetraazamacrocyclegy(= 2.170,A; = 206.7 x 10% cm4,

o0 go = 2.060).

fz The protonation constants for the pendant amino groups
15 coordinated to the metal ions in [Cu@m]?", [Cu(Lsym]?t,
20 and [Ni(Lsym)]2" are relatively high (Table 4), falling in the same
pH range as the protonation constants for aminopropyl pendant
1500 200 200 300 350 4000 [q] arm attached to isocyclam copper(ll) and nickel(ll) complees.
(a) The pH range for the proton-dependent dissociation of the
coordinated aminopropyl pendant arms is very convenient as it
10] allows for switching between two different ligand binding modes
under mild conditions. Shorter side arms, which form five-
membered chelate rings with the central metal ion, are usually
0l less susceptible to protonation and can only be protonated in
acidic media (pH of about 2P42The same qualitative trend in
relative stabilities of the coordinat@|N-dimethylaminopropyl

5]

5]

10, and N,N-dimethylaminoethyl groups attached to the pyridine-
s containing macrocycles has also been reported by Alcock and
| Moore?9:31.33
200 20 3000 3BO IS0 30 4000 {d] The [Kafor NiL sy?* determined in this work compares well
(b) with the K, of 7.25 reported in the early communication by
Figure 5. (a) EPR spectrum of [Cu@s,»)]2" in CH:CN (frozen glass, Keypour anq .Stotte}‘? Unlike Keypour et al., who found another
77 K). (b) EPR spectrum of protonated [CuflsH)]3" in CH;CN/triflic minor transition with K = 8.05, we have not observed any
acid (1 equiv) (frozen glass, 77 K). other protonation/deprotonation steps for the isomerically pure

complex in the pH range from 3 to 10. It is possible that the
second transition should be attributed to the admixture of a
different isomer of the nickel(Il) complex, rather than to

Table 4. Protonation Constants (2%, 0.1 M KNGs) and UV—Vis
Spectral Data for the Pentaaza Pyridine-Containing Macrocycles

absorption bandsmax (€) ionization of the coordinated water molecule suggested in ref
complex Ka pH 3.0 pH 10.0 16. This hypothesis is supported by the presence of two
NiLen?®  6.46+0.03 480sh (174) 815 (19), 560 sh (54), absorptions at 1665 and 1624 chin the IR of the nickel(ll)
520 sh (70) complex isolated by Keypour et #l Our data indicate that the
Culasyn?™  7.34+0.04 551 (148) 840 (69), 605 (175) 1624 cntt band belongs to Ni(,m)?*, while the band at 1665
Culsye?" 8244 0.06 577 (181) 856 (61), 612 (198) cm! is characteristic of the isomeric macrocycle having a

nonconjugated €N bond. Titration results for the two isomers
of the Cu(ll) complex (Table 4) suggest that relatively small
variations in the macrocyclic structure can give rise to a
significant difference in the o, of the pendant amino group.
The higher [Xa for Culsyn?t corresponds to relief of the
macrocycle steric strain upon protonation (and dissociation from
P N 3+ . 3+ Y the metal ion) of the aminopropyl group. This effect is smaller
ML™ +H =MLH™, Ky=[MLH"}[ML~]H"], for the Culasyn? ™, where the macrocyclic ring is more flexible,
Ka= 1K, resulting in an order of magnitude smaller protonation constant
of the amino group in the side arm. A second ionization process
The color of the solutions also changes upon protonation: has been detected at high pH for the Cagl?* (pKa = 11.15
from peach to yellow for Niky#* and from blue to purple for 4+ 0.15) and can be attributed to deprotonation of the coordinated
both Culasynf™ and Culsyn?*. Isosbestic points are present in  water molecule. This high value is in agreement wikhyalues
series of spectra recorded at different pH values (ranging from previously observed for the copper(ll) and nickel(ll) complexes
2.5 to 10) for each individual complex, indicating one pH- with a parent tetraazamacrocycle CR (an analogue ng] L
dependent equilibrium in each system. The corresponding lacking an aminopropyl pendant arfi¥),but not with the
spectral changes, summarized in Table 4, confirm formation of interpretation of the two ionization processes proposed by
square-planar four-coordinate complexes upon protonation of Keypour and Stotte¥e

complexes, Nikyn?" and Culasyn?", can also dissociate from
the central metal ion in aqueous solutions. Potentiometric
titrations of the three isolated macrocyclic complexes indicate
the presence of one ionizable proton in each compound and
allow for determination of the protonation constants (Table 4):

the aminopropyl grouf?#%“?Additional evidence for a change It is worth noting that the two copper(ll) complexes studied
in copper(ll) coordination geometry upon protonation of the side i, this work display qualitatively identical chemical behavior
arm can be found in the EPR spectra of Cy** (Figure 5). it respect to protonation/deprotonation of the pendant ami-
The starting five-coordinate complex [Cufl)](ClO4)z, dis- nopropyl group, including very similar pH dependence of their

solved in acetonitrile, gave an unresolved anisotropic spectrumisinle spectra. At the same time, the quantitative characteristics,
(frozen glass), while the singly protonated species formed after g;,ch as the positions of the absorption maxima in both

39) zaft. R. M.- Pawiak K. Bradshaw. 1. 5. Bruening. RChem. R deprotonated and protonated forms, or the values of the
( )1@5’ 5 Z'ézgwa’ » Bragsnaw, 25, Briening, )K-hem. e protonation constants, are somewhat different for the two
(40) Schiegg’, A.; Kaden, T. AHely. Chim. Actal99Q 73, 716. complexes (Table 4). This is consistent with the assignment of

(41) Kimura, E.; Haruta, M.; Koike, T.; Shionoya, M.; Takenouchi, K.;  structures for the two isomeric complexes, which both have an
Itaka, Y.Inorg. Chem.1993 32, 2779.

(42) Pallavacini, P. S.; Perotti, A.; Poggi, A.; Seghi, B.; FabbrizziJL.
Am. Chem. Sod 987 109, 5139. (43) Woolley, P. RNature 1975 258 677.
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equatorial macrocyclic ligand bearing an aminopropyl side base macrocycle. This process leads to the formation of a more
chain. Quantitatively, however, two ligand isomers are sub- flexible asymmetric macrocyclic ligand and is governed by the
stantially different, with the asymmetric (rearranged) macrocycle coordination requirements of the central metal ion.
characterized by a stronger ligand fieltlh§x = 612 nm for

CuLsyn?™ and 605 nm for Cuksyn?™; this difference is even Acknowledgment. The authors would like to thank Prof.
more pronounced for the protonated square-planar complexesD. H. Busch, Dr. M. Buchalova, Dr. J. McCormick, and Dr. R.
With Amax= 577 for Cu(LsymH)3" and 551 nm for Cu(ksynH)3t) Roesner for helpful discussions. Financial support from Tufts

and an order of magnitude greater affinity for the axial amino University (EVR-A) is gratefully acknowledged.
group in the pendant arm g = 8.24 for Culsy,?™ and 7.34

for CuLasyn?™). Supporting Information Available: Listings of all final positional
) and thermal parameters, full description of crystallographic data
Conclusions collection and refinement, and intramolecular bond lengths and angles

for I—=Ill . X-ray crystallographic files, in CIF format, for complexes
I=IIl . This material is available free of charge via the Internet at
http://pubs.acs.org.

A new type of metal ion control over the outcome of template
[1 + 1] condensation reactions has been found. A fine-tuning
of the coordination sphere of the central metal ion is ac-
complished by means of double-bond migration in the Schiff 1C990027N



