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Introduction

Coordinatively unsaturated metal complexes have found
wide use in the development of chemosensors,[1–4] the direc-
tion of supramolecular assembly,[5–9] and the study of metal-
loenzyme function.[10–12] As receptors, metal complexes are
versatile because they can target a variety of Lewis basic
guests through open coordination sites. Typically, metal-co-
ordination events occur with large enthalpies relative to
other noncovalent contacts,[13] such as hydrogen bonding or
electrostatic interactions. This enables the facile study of co-
ordination-driven events in competitive solvents.

The strategic manipulation of coordination modes has al-
lowed for increasingly subtle control to be exercised over
molecular-recognition processes. Striegler et al. observed se-
lective complexation of sugars to the dinuclear CuII complex
1 in alkaline aqueous solution.[14] An observed preference of
1.5 orders of magnitude for d-mannose over d-glucose is at-
tributed to differing coordination modes of the carbohydrate
hydroxyl groups to the CuII centers. Fabbrizzi et al. reported

a system in which a host metal complex undergoes an inter-
nal metal translocation to accommodate the guest. The rear-
rangement of the dinuclear CuII-containing macrocycle 2 (in
which Bn=benzyl) in the presence of imidazole results in
an absorbance shift.[15]

Naturally occurring a-amino acids are of special interest
as guests because of their biological prominence. The recog-
nition and sensing of amino acids and their derivatives has
been investigated in both metal-containing[16–20] and purely
organic systems.[21–25] As guests for metalloreceptors, a-
amino acids are notable for their ambidentate character[26]

and ability to form strong complexes with a variety of metal
ions.[27] Chin et al. reported CoIII complex 3 that binds
amino acids with predictable stereoselectivity,[28] while Cor-
radini et al. have pursued enantioselective fluorescence sens-
ing of amino acids through modified cyclodextrin–copper(ii)
complexes.[29]

The presence of a-amino acids has been detected by uti-
lization of indicator-displacement assays[30–32] (IDAs). The
IDA method, which has been extensively exploited in our
laboratories,[33] extends noncovalent molecular-recognition
phenomena towards analytical sensing. This is accomplished
though the introduction of an indicator to the host–guest
system that is capable of competing with the guest for the
recognition site on the host receptor. The spectral properties
of the indicator allow for easy determination of the indica-
tor–host association equilibria, and from this information,
the host–guest association constant can be determined. We
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have used this method with the bis(guanidinium) zinc com-
plex 4 in a system for the colorimetric sensing of amino
acids.[30] A marked selectivity for aspartate is exhibited that
is rationalized by charge-pairing and hydrogen-bonding in-
teractions between the guanidinium auxiliaries of 4 and the
carboxylate side chain of aspartate.

The goal of the work present-
ed herein is to devise new, coor-
dinatively unsaturated metal
complexes that are capable of
forming ternary complexes with
a-amino acids and are amena-
ble to IDA sensing methods.
We reasoned that ligands 5–8,
shown in Scheme 1, would be
easily synthesized, would form
stable and coordinatively unsa-
turated complexes with metal
ions,[34] and would allow for
simple structural modifications.
The function of the chiral auxil-
iaries in 6, 7, and 8 is that of a
structural probe. If an a-amino
acid guest were to coordinate
to the metal center in a biden-
tate fashion to give a five-mem-
bered metallocycle, then dia-
stereomeric interactions be-
tween the host and the amino
acid enantiomer would be ex-
pected to lead to enantioselec-
tivity of amino acid association.
The importance of substrate

chelation for enantioselectivity
has been recognized in the
arenas of enantioselective mo-
lecular recognition[16] and asym-
metric catalysis.[35] In cases
where enantioselectivity of
amino acid coordination is not
observed, it is likely that the
guest associates with the metal
center through a single coordi-
nation site and not through a
bidentate interaction.

Results and Discussion

Synthesis and characterization
of the metal complexes : The
three 2,6-di(N-methylpyrrolidi-
ne)pyridine ligands 5–7 were
obtained by a simple nucleo-
philic substitution process
(Scheme 1 top). The 2,6-di(bro-
momethyl)pyridine was treated

with two equivalents of the respective pyrrolidine species in
tetrahydrofuran in the presence of an organic base. The 2,6-
di(hydrozone)pyridine ligand 8 was obtained by condensa-
tion of 2,6-diacetylpyridine with the chiral hydrazine deriva-
tive 9 in EtOH followed by recrystallization (Scheme 1
middle). The ligands were complexed with one equivalent of

Scheme 1. Synthesis of metal complexes. Conditions: i) pyrrolidine nucleophile, THF, RT; ii) Cu(OTf)2,
MeOH, H2O; iii) EtOH, reflux; iv) ZnCl2, MeOH, H2O. MOM=methoxymethyl.
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the respective metal salt in an MeOH/H2O solution to give
the metal complex.

Chelation of the CuII ion by ligands 5–7 resulted in a hy-
perchromic shift in the CuII d–d* absorption. The process
was monitored by UV/Vis spectroscopy as shown in Fig-
ure 1a. The association isotherm shows very little curvature
and abrupt saturation at one equivalent of ligand, indicating
that a strong complex of 1:1 stoichiometry is formed.[36]

Ligand 8 is UV active, exhibiting lmax at about 322 nm.
The formation of [Zn(8)Cl2] was monitored by UV/Vis titra-
tion in which ZnCl2 was titrated into a solution of 8. Addi-
tion of ZnCl2 to 8 resulted in a decrease in lmax and the ap-
pearance of a shoulder at roughly 415 nm through an iso-
sbestic point at 353 nm. The spectral modulations were
fitted to a 1:1 association model[36] yielding a formation con-
stant (logK) value of 3.3, which is about two orders of mag-
nitude lower than the formation constants reported for ZnII

amino acid complexes.[37] This difference in formation con-
stant between that of the host [Zn(8)Cl2] and simple amino
acid metal complexes (not containing 8) predicted the strip-
ping of the ZnII ion from [Zn(8)Cl2] by an amino acid to
give 8. Indeed, titration of valine into a solution of
[Zn(8)Cl2] resulted in the reverse of the spectral change
shown in Figure 1b, namely the loss of the [Zn(8)Cl2] ab-
sorbance spectrum and generation of the absorbance spec-
trum of 8, indicating that [Zn(8)Cl2] is not stable in the pres-
ence of strong ligands such as valine (see Supporting Infor-
mation).

The structures of [Cu(5)Cl(Tf)], [Cu(6)Cl][Tf], [Cu(7)Cl]
[Tf], 8, and [Zn(8)Cl2] were determined by X-ray diffraction
experiments. The nature of the pyrrolidine substituents was
found to exert influence over the coordination geometry
about the CuII center. The structure of complex
[Cu(5)Cl(Tf)] is shown in Figure 2. The metal center adopts
a square pyramidal geometry with 5 with a chloride ion oc-
cupying the basal position and a triflate ion at the axial site.

The contact to the central pyri-
dine nitrogen is slightly shorter
(~0.15 L) than those to the pyr-
rolidine amines, in accordance
with previously determined
structures of 2,6-bis(N-methyla-
mine)pyridine–copper(ii) com-
plexes.[38] The five-coordinate
metal center shows that bis-co-
ordination of an a-amino acid
guest to the CuII center in
[Cu(5)Cl(Tf)] is possible, but
also suggests that one of these
coordinative interactions
(basal) might be stronger than
the other (axial), provided that
a square pyramidal geometry is
maintained in an amino acid
ternary complex.

A view of the inner-sphere
complex of [Cu(6)Cl]+ is shown
in Figure 3. The CuII center ex-
hibits a square planar geometry
with the chloride occupying the
fourth position. A non-coordi-
nating triflate anion balances
the overall charge (not shown).
It is likely that steric crowding
around the metal center dis-

Figure 1. UV/Vis spectral modulations and association isotherm a) at 692 nm for the addition of 7 to a solution
of Cu(OTf)2 (2.0 mm) in MeOH/H2O (1:1) and HEPES buffer (25 mm) at pH 7.0 and b) at 415 nm for the ad-
dition of ZnCl2 into 8 (95 mm) in MeOH/H2O (1:1) and HEPES buffer (50 mm) at pH 7.0.

Figure 2. View of [Cu(5)Cl(Tf)]. Displacement ellipsoids are scaled to
the 50% probability level.
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courages direct coordination of the triflate, causing it to
reside in the outer sphere.

Figure 4 shows that the cationic portion of [Cu(7)Cl][Tf]
contains a tetragonally distorted octahedral metal center
with extended contacts to the methoxymethyl (MOM) ether

oxygen atoms. The MOM arms not only shield the metal
center sterically, but are also likely to provide a stabilizing
electronic effect. As in the structure of [Cu(6)Cl][Tf], this
structure also contains a non-coordinating triflate anion in
the outer sphere.

The structures of the bis(hydrazone) 8 and the corre-
sponding ZnII complex [Zn(8)Cl2] are shown in Figure 5.
Metal coordination is observed to cause a conformational
change in the ligand to provide the required coordination
geometry. The chiral auxiliaries of complex [Zn(8)Cl2]
extend away from the metal center to furnish a chiral cleft

that contains the open ZnII coordination sites. The ZnII com-
plex has a distorted trigonal bipyramidal geometry with two
open coordination sites, indicting that chelation by an a-
amino acid guest is feasible. The bonds between the donor
atoms and the metal center are considerably longer than
those of the CuII complexes, reflecting the relatively labile
nature of [Zn(8)Cl2] as determined by spectroscopic titra-
tion (see above).

Indicator-displacement studies : We next attempted to
employ the CuII complexes as metal-containing receptors in
IDAs for the detection of a-amino acid guests. We chose
5(6)-carboxyfluorescein (10) as the indicator for our systems.
This indicator had previously been used in an IDA for the
detection of phosphate with a CuII-containing receptor.[39]

The titrations of each of the complexes into solutions of the
indicator caused an increase in the absorbance of 10 with a
lmax at 494 nm resulting in a visual color change from a
bright yellow green to a dark yellow brown in buffered
MeOH/H2O (3:1) solution. The spectral modulations and as-
sociation isotherm for the titration of [Cu(7)Cl][Tf] into 10
is presented in Figure 6. This response is assigned to the
ligand exchange of a chloride with 10 as depicted in
Scheme 2.

The indicator association isotherms for [Cu(5)Cl(Tf)],
[Cu(6)Cl][Tf], and [Cu(7)Cl][Tf] were fitted to a 1:1 associa-
tion model to establish receptor–indicator association con-
stants, which are reported in Table 1. The increased indica-

Figure 3. View of [Cu(6)Cl][Tf]. Displacement ellipsoids are scaled to the
50% probability level. The methyl-group hydrogen atoms have been re-
moved for clarity.

Figure 4. View of the cationic portion of [Cu(7)Cl][Tf]. Displacement el-
lipsoids are scaled to the 50% probability level. The dashed lines indicate
long Cu�O contacts: Cu1�O2 2.471(3) L; Cu1�O26 2.586(3) L.

Figure 5. View of 8 (top) and [Zn(8)Cl2] (bottom). Displacement ellip-
soids are scaled to the 50% probability level. Most hydrogen atoms have
been removed for clarity.
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tor binding strength of [Cu(6)Cl][Tf] relative to
[Cu(5)Cl(Tf)] can be rationalized in terms of solvation of
the CuII center. It is likely that the proximal methyl groups
in [Cu(6)Cl][Tf] prohibit CuII–solvent contacts that would
reduce the Lewis acidity of the metal center, hence the less
solvated CuII center is more active. Not surprisingly, the
effect of the proximal donor oxygen atoms in [Cu(7)Cl][Tf]
is to diminish the affinity of the metal center for 10 through
the effects of coordinative saturation and steric interactions.

It is observed that free CuII(OTf)2 does not affect the spec-
tral response from the indicator under the conditions stud-
ied, which is evidence that ternary complexes between the
indicator and the CuII complex are indeed formed.

The displacement of 10 from the coordination sphere of
the receptors by naturally occurring a-amino acids (Scheme
3a) was next examined. To provide chemosensing ensembles,
the metal complexes were preassociated with 10 in order to
provide a significant spectral change. A 1:1 ratio of complex
to indicator was used for [Cu(5)Cl(Tf)] and [Cu(6)Cl][Tf],
but because of the low affinity of [Cu(7)Cl][Tf] for 10, a
ratio of roughly 3:1 was used in this case. Addition of amino
acids to the receptor–indicator solutions resulted in the re-
verse spectral response of that observed for the indicator as-
sociation. The yellow-brown color of the receptor-indicator
complex was replaced by the yellow green of the free indica-
tor, signaling displacement of 10 from the coordination
sphere of the complex.

The displacement isotherms for [Cu(5)Cl(Tf)] and
[Cu(7)Cl][Tf] with various amino acids are shown in
Figure 7. Both systems show selectivity for histidine (His)
and little selectivity between the aliphatic-side-chain-con-
taining amino acids. The dramatic response to His is likely
due to the ability of the imidizole side chain to act as a
ligand to CuII. His is known to have an exceptionally large
affinity for CuII relative to other amino acids.[37] From the
displacement curves in Figure 7b, [Cu(7)Cl][Tf]/amino acid

association constants of 1050,
1030, and 2290m�1 for glycine
(Gly), valine (Val), and alanine
(Ala), respectively, were deter-
mined by fitting the data to a
theoretical model for indicator
displacement.[36]

The His data did not fit the
displacement model but instead
exhibited a distinct break at
two equivalents of added guest,
implying a 2:1 association pro-
cess that is distinct from the
simple displacement depicted in

pathway a of Scheme 3. It is likely that the CuII center is
being pulled from the ligand to yield a 2:1 His/CuII complex
as shown in pathway b (Scheme 3). Such a species is known
to be among the most stable 2:1 amino acid complexes
(logK=18.1).[37] An alternative explanation for the His dis-
placement behavior is coordination of two His molecules to
the receptor complex, but this was discounted on the basis
of steric interactions.

The responses reported in Figure 7 demonstrate control
over the coordination modes by varying the amino acid. The
CuII ligands prohibit the formation of 2:1 amino acid/CuII

complexes when using aliphatic side chain amino acid guests
through the intervention of a ternary complex. When His is
the guest, the receptors release the CuII ion to His leading
to the formation of 2:1 amino acid/CuII complexes. The sys-
tems serve to regulate the two distinct amino acid/CuII coor-

Figure 6. UV/Vis spectral modulations (top) and association isotherm at
494 nm (bottom) for the addition of [Cu(7)Cl][Tf] to a solution of 10
(120 mm) in MeOH/H2O (3:1) and HEPES buffer (10 mm) at pH 7.0.

Scheme 2. Association of 5(6)-carboxyfluorescein indicator 10 to CuII-containing receptor, displacing a chlo-
ride ligand.

Table 1. Association constants of CuII complexes with 5(6)-carboxyfluor-
escein as determined by UV/Vis spectrophotometry in MeOH/H2O (3:1)
and HEPES buffer (10 mm) at pH 7.0.

[Cu(5)Cl(Tf)] [Cu(6)Cl][Tf] [Cu(7)Cl][Tf]

apparent K [m�1] 2.8N104 7.0N104 5.0N103

Chem. Eur. J. 2005, 11, 5319 – 5326 www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5323

FULL PAPERDetection of Histidine

www.chemeurj.org


dination modes depicted in Scheme 3 by the intervention of
the receptor complexes. Additionally, the responses of the
[Cu(5)Cl(Tf)]- and [Cu(7)Cl][Tf]-containing systems allow
for the “naked-eye” detection of histidine through a simple
titration method, as shown in Figure 8. Similar results for
the detection of histidine in small polypeptides have very re-
cently attracted interest.[17,32]

In an effort to probe the structural nature of the amino
acid receptor ternary complexes formed from the displace-
ment process shown in Scheme 3a, the responses of the che-
mosensing ensembles [Cu(6)Cl][Tf] and [Cu(7)Cl][Tf] to-
wards enantiomeric amino acid samples were explored. Bis
chelation of an amino acid to the chiral C2 symmetric CuII

complex would be expected to create diastereomeric inter-
actions between the amino acid and the terminal pyrroli-
dines, which could lead to a preference in binding one enan-
tiomer over another. Coordination of a single terminus of

the guest would allow for free
rotation and an extended con-
formation, so that diastereo-
meric interactions would be
minimized. The d-enantiomers
of each of the guests presented
in Figure 7b (except Gly) pro-
duced an essentially identical
response to that of the enantio-
mer, suggesting monocoordina-
tion of the amino acid guest to
the receptor complex. Titration
of d- and l-valine samples into
the ensemble [Cu(6)Cl][Tf] pre-
associated with one equivalent
of 10 gave identical responses
with an inflection at two equiv-
alents of added guest (see Sup-
porting Information). This is in-
terpreted as evidence for the
metal-partitioning process de-
picted in Scheme 3b.

Conclusion

We have devised a system for
the selective, colorimetric rec-
ognition of histidine over other
a-amino acids. The target ana-
lyte is differentiated from com-
peting analytes by the occur-
rence of distinct intermolecular
coordination processes that are
mediated by the intervention of
[Cu(5)Cl(Tf)] and [Cu(7)Cl]
[Tf] in the amino acid/CuII asso-
ciation. This amounts to the se-
lective reorganization of a mul-
ticomponent system in response
to an external stimulus (the ad-

Scheme 3. Two pathways for the displacement of 5(6)-carboxyfluorescein indicator 10 from a CuII-containing
receptor by an l-amino acid guest. Pathway a is standard indicator displacement while pathway b involves dis-
ruption of CuII-containing receptor to give a {CuII(amino acid)2} species. Protonation states and coordination
modes are speculative.

Figure 7. Displacement isotherms at 494 nm for the addition of a-amino acids (AA) to receptor–indicator solu-
tions: a) Analyte solution contained [Cu(5)Cl(Tf)] (50 mm) and 10 (50 mm); b) analyte solution contained
[Cu(7)Cl][Tf] (150 mm) and 9 (50 mm). Conditions: MeOH/H2O (3:1), HEPES buffer (10 mm), pH 7.0.

Figure 8. Both vials contain [Cu(7)Cl][Tf] (300 mm) and 10 (100 mm) in
MeOH/H2O (3:1) and HEPES buffer (10 mm) at pH 7.0. The vial on the
left contains l-His (600 mm) and the vial on the right contains l-Val
(600 mm).
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dition of a specific analyte), which is a goal of supramolec-
ular assembly. Furthermore, the utility of the indicator-dis-
placement approach for signaling intermolecular interac-
tions has been demonstrated in a relatively complex system.
The discrimination of a-amino acid enantiomers by the
chiral metal complexes [Cu(7)Cl][Tf] and [Zn(8)Cl2] was
not achieved. In the case of [Cu(7)Cl][Tf], this is likely to
be a result of monodentate coordination by the a-amino
acid, resulting in minimal substrate organization and low
levels of diastereoselectivity. The bis(hydrazone) complex
[Zn(8)Cl2] is not sufficiently stable for the recognition of
amino acids, and dissociates in their presence. Both of these
new species may be useful in the enantioselective recogni-
tion of other substrates or for asymmetric catalysis. Efforts
towards such applications are currently underway.

Experimental Section

General information : All reagents were obtained from Aldrich and
Fluka and used without further purification. The mannitol-derived hydra-
zine 10 was prepared as previously reported.[40] Triethylamine was distil-
led over CaH2 and used immediately. AVarian Unity Plus 300 MHz spec-
trometer was used to obtain 1H and 13C NMR spectra which are refer-
enced to the solvent. A Finnigan VG analytical ZAB2-E spectrometer
was used to obtain high-resolution mass spectra. UV/Vis spectra were re-
corded on a Beckman DU-640 spectrophotometer. All pH measurements
were obtained by using an Orion 720 A pH meter. Deionized water and
certified A.C.S. spectranalyzed methanol were used in preparing solvents
for spectrophotometic titrations. Association isotherms were fitted to the
theoretical 1:1 binding model[36] by manual variation of parameters. Indi-
cator-displacement data were iteratively fitted to an indicator-displace-
ment model using the computer program Microsoft Origin 5.0.

2,6-Bis(pyrrolidin-1-ylmethyl)pyridine (5): In a flame-dried, 25 mL
round-bottomed flask, 2,6-bis(bromomethyl)pyridine (1.05 g, 3.96 mmol)
was dissolved in anhydrous THF (4 mL) under an argon atmosphere. The
solution was cooled to 0 8C prior to the dropwise addition of pyrrolidine
(4 mL) over a period of 10 min. The reaction was allowed to warm to
room temperature (25 8C) and was stirred vigorously for a period of 24 h.
The reaction was then concentrated under reduced pressure to give a
pale yellow residue which was taken up in 75 mL CH2Cl2 and washed
with 1n NaOH (3N30 mL) and brine (1N30 mL). The organic layer was
then dried over MgSO4, filtered, and concentrated to a colorless oil
(0.929 g, 95% yield). 1H NMR (CDCl3): d=7.56 (t, J=7.5 Hz, 1H), 7.23
(d, J=7.5 Hz, 2H), 3.71 (s, 4H), 2.53–2.49 (m, 8H), 1.75–1.70 ppm (m,
8H); 13C NMR (CDCl3): d=158.7, 137.1, 121.3, 62.3, 54.4, 23.7 ppm;
HRMS (CI): m/z calcd for C15H23N3: 246.19702; found: 246.19764.

2,6-Bis[(R,R)-2,5-dimethylpyrrolidin-1-ylmethyl]pyridine (6): To a flame-
dried, 25 mL round-bottomed flask, 2,6-bis(bromomethyl)pyridine
(185 mg, 0.696 mmol) was added under an argon atmosphere. Anhydrous
THF (1 mL) and triethylamine (352 mg, 3.48 mmol, 5 equiv) were then
added by means of a syringe and the solution was cooled in an ice bath.
The solution was cooled to 0 8C and (�)-(2R,5R)-trans-2,5-dimethylpyrro-
lidine (145 mg, 1.46 mmol, 2.1 equiv) was added. The reaction was al-
lowed to warm to room temperature (25 8C) and was stirred vigorously
for 24 h. Concentration under reduced pressure yielded a pale yellow res-
idue which was taken up in 25 mL CH2Cl2, washed with 1n NaOH (3N
20 mL) and brine (1N20 mL), dried over MgSO4, and filtered. The solu-
tion was then concentrated to a colorless oil (101 mg, 48% yield).
1H NMR (CD3OD): d=7.74 (t, J=7.8 Hz, 1H), 7.45 (d, J=7.8 Hz, 2H),
3.88 (q, J=14.7 Hz, 4H), 3.18–3.10 (m, 4H), 2.14–2.01 (m, 4H) 1.51–1.39
(m, 4H), 1.02 ppm (d, J=6.3 Hz, 12H); 13C NMR (CD3OD): d=159.4,
137.3, 121.5, 56.1, 53.5, 30.7, 16.3 ppm; HRMS (CI): m/z calcd for
C19H32N3: 302.25962; found: 302.26009.

2,6-Bis[(S,S)-2,5-bis(methoxymethyl)pyrrolidin-1-ylmethyl]pyridine (7):
To a flame-dried, 25 mL round-bottomed flask, 2,6-bis(bromomethyl)pyr-
idine (145 mg, 0.541 mmol) was added under an argon atmosphere. An-
hydrous THF (0.75 mL) and triethylamine (275 mg, 2.71 mmol, 5 equiv)
were then added by means of a syringe and the solution was cooled in an
ice bath. The solution was cooled to 0 8C and (+)-(S,S)-trans-2,5-bis(me-
thoxymethyl)pyrrolidine (180 mg, 1.13 mmol, 2.1 equiv) was added. The
reaction was allowed to warm to room temperature (25 8C) and was stir-
red vigorously for 24 h. Concentration under reduced pressure yielded a
pale yellow residue which was taken up in 25 mL CH2Cl2, washed with
1n NaOH (3N20 mL) and brine (1N20 mL), dried over MgSO4, and fil-
tered. Removal of solvent under reduced pressure gave a colorless oil
(116 mg, 51% yield). 1H NMR (CD3CN): d=7.68 (t, J=7.5 Hz, 1H), 7.34
(d, J=7.8 Hz, 2H), 4.06 (s, 4H), 3.37–3.25 (m, 24H), 2.02–1.90 (m, 4H)
1.71–1.62 ppm (m, 4H); 13C NMR (CD3CN): d=161.1, 137.4, 121.1, 75.2,
61.7, 59.1, 55.4, 28.0, 16.3 ppm; HRMS (CI): m/z calcd for C23H40N3O4:
422.30188; found: 422.30231.

2,6-Bis[(2S,3R,4R,5S)-1-amino-3,4-dimethoxy-2,5-bis(methoxymethyl)-
pyrrolidine]pyridine (8): In a flame-dried, 25 mL round-bottomed flask, 9
(614 mg, 2.62 mmol, 2.2 equiv) and 2,6-diacetylpyridine (198 mg,
1.21 mmol, 1 equiv) were dissolved in absolute ethanol (2 mL). The solu-
tion was refluxed for 1 h and stored at �4 8C for 2 h. After this time,
large yellow crystals had formed, which were washed with 2 mL chilled
ethanol to give the product (562 mg, 78% yield). 1H NMR (CD3OD): d=
7.98 (d, J=8.1 Hz, 2H), 7.73 (t, J=8.1 Hz, 2H), 4.2–4.0 (m, 8H), 3.7–3.2
(m, 32H), 2.38 ppm (s, 6H); 13C NMR (CD3OD): d=158.2, 155.3, 136.1,
120.1, 84.0, 69.5, 64.1, 58.1, 58.0, 15.0 ppm; HRMS (CI): m/z calcd for
C29H50N5O8 (MH+): 596.36594; found: 596.36720.

Crystal structure determination : Crystals of [Cu(5)Cl(Tf)], [Cu(6)Cl][Tf],
and [Cu(7)Cl][Tf] suitable for X-ray crystallography were grown by slow
evaporation from solutions prepared by the following method: To a small
vial, 100 mL of a 50 mm ligand solution in MeOH followed by 32 mL of a
150 mm solution of Cu(OTf)2 in MeOH and 5 mL of a 1m solution of
NaCl in H2O was added. Crystals of [Zn(8)Cl2] were obtained by adding
20 mL of a 250 mm aqueous ZnCl2 solution to 100 mL of a 50 mm metha-
nolic solution of 8 and allowing for slow evaporation. The data were col-
lected on a Nonius Kappa CCD diffractometer using a graphite mono-
chromator with MoKa radiation (l=0.71073 L) and an Oxford Cryo-
stream low-temperature device. Details of crystal data, data collection,
and structure refinement are listed in the Supporting Information. Data
reduction was performed using the program DENZO-SMN.[41] The struc-
ture was solved by direct methods using SIR97[42] and refined by full-
matrix least-squares on F2 with anisotropic displacement parameters for
the non-hydrogen atoms using SHELXL-97.[43] The hydrogen atoms on
carbon were calculated in ideal positions with isotropic displacement pa-
rameters set to 1.2NUeq of the attached atom (1.5NUeq for methyl hydro-
gen atoms). The absolute structure was checked using the method of
Flack.[44] The Flack parameter refined to 0.22(3). The function,
�w(jFoj2�jFc j 2)2, was minimized, in which w=1/[(sFo)

2+ (0.0044P)2+
3.6651P] and P= (jFo j 2+2 jFc j 2)/3. Rw(F2) refined to 0.113, with R(F)
equal to 0.0639 and a goodness of fit, S, of 1.08. The data were checked
for secondary extinction effects but no correction was necessary. Neutral-
atom scattering factors and values used to calculate the linear-absorption
coefficient are from the International Tables for X-ray Crystallography
(1992).[46] All figures were generated using SHELXTL/PC.[47]

CCDC 263325–263329 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_re-
quest/cif.
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