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Four chelating nitrogen ligands 2-5 derived from N,N-bis(2-picolyljamine (bpa, 1) were synthesized, namely,
(PyCH2)2N-CHz-p-CeHs-CO,R (R = Me, 2, and R = H, 3) and (PyCH,),N-(CH)-CO,H (n = 2, 4, and n =5, 5).
Amino acid conjugates 6 and 7 were formed by condensation of 3 with H-Phe-OMe and H-5Ala-OMe, respectively.
Cu(ll) and Zn(ll) complexes of 1-7 were prepared and fully characterized. The X-ray structures of 1z, 2zn, 4cu,
and 7¢, were determined. The Zn complexes 1z, and 27, as well as 7¢, show a distorted trigonal bipyramidal
coordination environment in the solid state. An octahedral complex is observed for 4¢, which forms chains along
the crystallographic b axis by intermolecular coordination of the carboxylic acid to the metal ion of a neighboring
complex. Ligand 3 was used to prepare the peptide bioconjugate 8 (3-Ahx-Pro-Lys-Lys-Lys-Arg-Lys-Phe-NH,) with
a nuclear localization signal (nls) heptapeptide by solid phase synthesis. Cu(ll) and Zn(ll) complexes of 8 were
synthesized in situ and studied by FAB-MS, ESI-MS, UV/is, and EPR (for 8¢,), and FAB-MS, ESI-MS, and NMR
(for 8zn). All spectroscopic results clearly support metal coordination to the bpa ligand in the bioconjugates 8y,
even in the presence of other potential ligands from amino acid side chains of the peptide. We suggest metal—
peptide conjugates like 8y as artificial metallochaperones because they have the potential to deliver metal ions to
specific compartments in the cell as determined by the peptide moieties.

Introduction X-ray single crystal structures and a NMR solution structure
of a Cu chaperone was first reported by Rosenzweig,
O’Halloran, and Wthrich 88 Evidently, control of cellular
uptake and metal ion localization is a challenge for medicinal
inorganic chemistry and inorganic biochemistry. For such
strict control inside cells. For example, the concentration of SYSIEMS, We propose to use bioconjugates of metal-chelating
free C&" inside the cytoplasm of eukaryote cells is only 19ands linked to physiologically active peptid®¥. This
108 M.1 On the other hand. it was shown that there is not concept has been successfully applied to radioimaging with
one single free copper ion in certain céllany Cu?* ion is °"Tc complexes, including the organometallic Tc(GO)
sequestered by so-called Cu chaperones, proteins which alsGOré"** It has not been, however, widely applied to
serve to deliver the metal to specific Cu enzyrfidsThe nonradioactive metals.

The cellular concentration and localization of metal ions
is an important parameter for the correct function of a cell.
In analogy to genome and proteosome, the term “metallo-
some” has been coinédvlany metal ions are therefore under
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Our group has recently published conjugates of the neuro-

peptide enkephalin with Mo complex&sin this work, a
Mo(histidinato)(allyl)(CO) derivative was used as well as
Mo(CO); complexes of the bis(picolyl)amine (bpa) ligand.
The bpa ligand, in particular, is a versatile chelating ligand.
Metal(bpa) complexes of many transition metals were
reportedi*1> Most importantly, Cu(bpa) complexes show
good activity in the hydrolysis of phosphate esters and DNA
plasmidst®—2! Very recently, two groups reported the use
of bpa conjugates with carbohydrad®&® and peptide®d-2>

for radioimaging with®*"Tc.

In this paper, we present the synthesis and characterization

of metal(bpa) complexes linked to amino acids and a cellular
localization signal peptide, namely,rauclear localization
signal (nls)2%27 The nls peptide used in this work is a
heptapeptide with primary sequence H-Pro-Lys-Lys-Lys-
Arg-Lys-Phe-OH (H-PKKKRKF-OH). It is a derivative of
the original SV 40 viral nls sequené&?® in which the

C-terminal valine has been exchanged for phenylalanine to

permit easier detection of the conjugate in HPLC. The nls

peptide serves as a tag to proteins, indicating their destination |

in the nucleus of cell® The bpa-nls conjugate is prepared

by solid phase peptide synthesis (SPPS). Metal complexation

is carried out in solution with bpanls. We present two metal
complexes, Cu(ll) and zZn(ll), which allow for complemen-

tary methods of detection, i.e., EPR and UV/vis spectroscopy
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Scheme 1. Synthesis of Aromatic Side Chain Bpa Ligar2l&nd3
and Their Amino Acid Conjugate8 and7
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Scheme 2. Synthesis of Aliphatic Side Chain Bpa Ligandland5
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for the Cu(ll) complexes and NMR spectroscopy for the
Zn(ll) species.

Results

Ligand Synthesis Starting from commercially available
bpal and methyl 4-(bromomethyl)benzoate, aromatic side
chain ligands2 and 3 were prepared (Scheme 3t)The
aliphatic side chain derivativesand5 were synthesized by
reaction of 2-picolyl chloride hydrochloride witBralanine
(BAla) or w-aminohexanoic acid (Ahx), respectively (Scheme
2). As afirst step in the synthesis of oligomers, the coupling
reaction of acid3 with amino acid esters was explored. To
this end, a solution oB in acetonitrile was reacted with
H-Phe-OMe or HBAla-OMe after activation by TBTU.
Products6 or 7 were isolated and purified by colum
chromatography.

Solid Phase SynthesisThe nls-bpa bioconjugat®& was
prepared by Fmoc solid phase synthesis using ligandl
Rink amide resin with an acid labile linker and acid labile
side chain protecting groups for amino acids Lys (Boc) and
Arg (Pbf) were used (Scheme 3). The peptide synthesis cycle
was composed of Fmoc deprotection by piperidine and
TBTU coupling. Final cleavage from the resin and side chain
deprotection was performed with TFA:TIS®I (95:2.5:2.5).

Synthesis of Metal ComplexesMetal complexes were
prepared by mixing alcoholic solutions (MeOH or EtOH)

(31) van Staveren, D. R.; Bothe, E.; Weyhermuller, T.; Metzler-Nolte, N.
Eur. J. Inorg. Chem2002 1518-1529.



Bioconjugates of Cu(ll) and Zn(ll) Complexes

Scheme 3. Solid Phase Synthesis of Bioconjug&e
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a) Fmoc-deprotection: 20 % piperidine / DMF (2 and 10 min)

b) coupling: monomer / TBTU / HOBt / DIPEA (1 min) / DMF (20 min)

c) coupling: ligand 3 / TBTU / HOBt / DIPEA (1 min) / DMF (20 min)

d) final cleavage and side chain deprotection: TFA / H,O / TIS =95:2.5:2.5(3 h)

Scheme 4. Synthesis of Metal Bpa Complexég—8u, M = Cu(ll)
or Zn(Il)

2m; R = pCH,CgH4COMe
6pm; R = pCH,CgH4CO-Phe-OMe

| 7m: R = pCH,CgH4CO-BAla-OMe
N 8u; R = pCH,CeH4CO-Ahx-PKKKRKF-NH,
N ’
X

3m:; R =pCH,CeH4CO,"
4m; R =(CH),COy”
5m; R =(CH,)5CO5”

a) M(NO3), x y Hy0, (M = Cu(ll) or Zn(ll)) / H,0, MeOH (Et,0) or EtOH (Et,0)

. . . . . Figure 1. ORTEP plot oflz, (50% probability). Most hydrogen atoms
of ligands1—7 and metal nitrates, final concentrations being have been omitted for clarity.

in the mM range (Scheme 4). If no precipitation occurred,
the product was isolated by diffusion of ether into the reaction
mixture. The bioconjugate metal complex&s were pre-
paredin situ by mixing equimolar amounts & and Cu(ll)

or Zn(ll) nitrate, with final concentration 10 mM in water
(Scheme 4). In the complexes, ligantis2, and 6—8 are
neutral with two nitrate ions bound to the metal center, while
acids 3—5 are monoanions and contain only one nitrate

. . . WNO(S3)
counterion to form neutral complexes with the divalent metal I\
cations. NSO o) o
Crystal Structures. Single crystals which were suitable ) mcnz)
for an X-ray analysis could be obtained for four compounds ¥ oen N5) o cia)
in this study. Diffusion of ether in the methanol solution of
the complex was successful fbx,, 2z, and7c,. Compound
4c, was crystallized by slow evaporation of an ethanol 0(42)
solution. Single crystals of the complexes were mounted
directly from the reaction mixture at room temperature.
ORTEP diagrams of these complexes are shown in Figures 0143 &s
1—4. Selected bond lengths and angles are collected in TableSigure 2. ORTEP plot 0f2z, (50% probability). Hydrogen atoms have

1 and 2. been omitted for clarity.

conditions. The reaction &with H-Phe-OMe and H3Ala-

OMe gives high yields of conjugaté&sand7 (Scheme 1§!
Reactions of ligands3—5 with amino acid esters in  On the other hand, we were not able to isolate coupling

solution were carried out using standard peptide coupling products o# or 5 with H-Phe-OMe and TBTU/DIPEA. This

Discussion

Inorganic Chemistry, Vol. 44, No. 15, 2005 5407



0(28)

Figure 3. ORTEP plot of7c, (50% probability). Most hydrogen atoms
have been omitted for clarity.

c7) &n
) S750(20)

Figure 4. ORTEP plot of4c, (50% probability). Most hydrogen atoms
have been omitted for clarity.

Table 1. Selected Bond Lengths (A) and Angles (deg)lin, 221, and
7Cu

1zn 27n 7Cu

M(1)—N(1) 2.097(2) 2.0591(9) 1.977(4)
M(1)—N(8) 2.144(3) 2.3069(9) 2.080(4)
M(1)—N(15) 2.087(2) 2.0508(9) 1.969(4)
M(1)—0(41) 2.085(2) 2.0971(8) 2.210(4)
M(1)—O(51) 2.068(2) 2.1083(8)  2.082(3)
N(1)—M(1)—N(8) 78.37(10) 77.40(3) 82.31(16)
N(1)—M(1)—N(15) 156.70(9) 154.51(3) 165.11(17)
N(8)—M(1)—N(15) 78.37(10) 77.27(3) 82.81(16)
N(1)-M(1)—0(41) 96.01(8) 96.83(4) 94.99(15)
N(8)—M(1)—0O(41) 146.97(11) 139.92(3) 145.77(15)
N(15)-M(1)—0(41) 99.82(9) 100.66(4) 97.08(15)
N(1)—M(1)—0(51) 96.70(8) 101.25(4) 97.46(16)
N(8)—M(1)—0(51) 127.59(11) 140.89(3) 138.10(15)
N(15)-M(1)—O(51) 101.54(9) 100.15(3) 93.86(15)
0(41)-M(1)—0(51) 85.24(8) 79.18(3) 76.13(14)

finding correlates to the work of Alsfassetral., who isolated
only a very low yield of bpa-CHCO-Phe-OMe using
conditions that are hardly applicable to a solid phase
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Table 2. Selected Bond Lengths (A) and Angles (degyin

M(1)—N(1) 1.990(2) M(1)-O(19) 2.3358(14)
M(1)—N(8) 2.040(2) M(1}-O(20A) 1.9525(14)
M(1)—N(15) 1.993(2)
N(1)-M(1)-N@8)  82.85(7) N(8F-M(1)—O(19) 91.63(6)
N(1)-M(1)-N(15) 164.93(7) N(8*M(1)—O(20A)  176.14(6)
N(1)-M(1)-O(19)  94.38(6) N(15yM(1)—0O(19) 91.50(6)
N(8)-M(1)-N(15)  83.13(7) O(19yM(1)—O(20A)  85.44(5)

synthesis protocd? However, Kawai and co-workers re-
ported the synthesis of bpa-CH(@HCO-Gly-OEt, but
without yield or any experimental detad%In a very recent
paper, Orviget al. described the coupling of bpa-GICO,H
with glucosamine using DCC/HOSu and dimethylaminopy-
ridine at 0°C.22

Our results show that aliphatic side chain ligaddmd5
are not suitable for use in solid phase synthesis, since the
coupling efficiency is not sufficient. Therefore, we prepared
the bioconjugat® using ligand3.3 In order to increase the
flexibility between the nls peptide and the rather rigid benzyl
group, w-aminohexanoic acid was introduced. It should be
noted that the crude product obtained by this procedure does
not require further purification.

Metal complexedly—7v were prepared from the corre-
sponding ligands and M(Ng, with M = Cu(ll) and Zn-

(1. All complexes were comprehensively characterized
spectroscopically. FAB-MS and ESI-MS of both Cu and Zn
complexes reveal signals of mononitrate [LMNO and
[LM] *, after the loss of one or both nitrate anions. An
absorption maximum at about 650 nm and axial EPR spectra
with g, = 2.251, gy = 2.068, and magnetic hyperfine
interaction ag, of A;= 189 x 104 cm™* are characteristic

for the blue paramagnetic Cu compounds. The diamagnetic
Zn complexes can be characterized by NMR spectroscopy
(see below).

The crystal structures in this paper can be divided into
two groups: dinitrates without coordination of the side chain,
such aslzn, 2zn, and7c,, and the mononitratéc, with side
chain coordination. Mononuclear discrete molecules are
present in the amin&, and the esterg;, and7c,. The bpa
acts as meridional tridentate ligand, and both nitrate coun-
terions are coordinated to the metal, resulting in a distorted
trigonal bipyramid. It is interesting to note that the metal
coordination sphere remains the same, regardless of the
substituent on the aliphatic nitrogen: H 1a,, p-benzylic
acid ester ir2z,, and thep-CH,CsH,CO-5Ala-OMe conju-
gate in7¢,. It can be expected that a comparable metal
coordination is present in the metal nis bioconjugateThe
structure of complextc, has been reported, showing similar
features*

In 4¢, the ligand is pentadentate in that three bpa nitrogen
atoms and two carboxylic oxygen atoms coordinate to

(32) Niklas, N.; Walter, O.; Alsfasser, ur. J. Inorg. Chem200Q 1723~
1731.

(33) Kawai, M.; Yamamura, H.; Izuhara, N.; Kawaguchi, T.; Tanaka, R;
Akasaka, R.; Takahashi, Y.-i.; Yamada, K.; Araki, S1fth American
Peptide Symposium Peptides: The /&af the Future Lebl, M.,
Houghten, R. A., Eds.; American Peptide Society: San Diego, 2001;
pp 516-517.

(34) Palaniandavar, M.; Mahadevan, S.idKerling, M.; Henkel, G.J.
Chem. Soc., Dalton Tran200Q 1151-1154.
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copper. As in all other structures in this paper, the bpa ligand 3/ppm

binds to the metal in a meridional manner. One of the Figure 6. 'H NMR (DMSO-ds) of 8 (top) and8z, (bottom).
carboxy oxygen atoms coordinates intramolecularly to form
a six membered chelate ring, and the other one forms an The proton NMR spectra of thin situ prepared zinc
intermolecular bond to the neighboring metal ion in the bioconjugate comple®z, also supports metal bpa binding.
lattice, thus producing chains along the crystallografihic A comparison of the proton spectra ®fand 8z, is shown
axis. One more metal coordination site4p, is occupied in Figure 6. In the spectrum of the free ligaBdtwo sharp
by a water molecule, resulting in an octahedral coordination singlets can be assigned to the fous,H and the two H
polyhedron with a JahaTeller distortion, as expected for  protons, respectively. Coordination of the metal ion to the
d®-Cu(ll) ions. The nitrate counterion is not bound to the tertiary amine nitrogen i8z, causes an upfield shift of the
metal, and an ethanol solvent molecule is present in the H; singlet by about 0.3 ppm. In addition, the symmetry of
crystal. In recent literature, the triflate salt 4,%® and the the Hey—, methylene groups is lost and they become two
perchlorate salt 04z,% were described and form comparable separate doublets at 4.21 ppmp¢H.) and 3.73 ppm
zigzag polymer cations linked via the coordinating side chain. (Hey—q2), with a characteristic large geminal coupling=€
In addition, X-ray data of a similar complex, namely, a 17 Hz). A similar observation is made for all other zinc
copper(ll) bromide derivative of bpa-(GH-COH, were complexes in this paper and has also been reported in the
published®” In this case, intramolecular coordination of the literature?.32
metal to a carboxylic oxygen atom would cause an unfavor-  petal binding to the bpa ligand in the bioconjugags
able seven-membered ring. Therefore, both carboxy oxygencoy|d also be investigated by EPR spectroscopy in the case
atoms coordinate to the neighboring molecule. of the paramagneticeCu(ll) system (Figure 7). The X-band
If 1 equiv of Cu(NQ): is added to an aqueous solution of EPR spectrum o8, in water (ca. 5:M, Figure 7a) shows
bioconjugate8, the formation of the comple8c, is im- a well-resolved axial Cu(ll) signal with large separation of
mediately apparent by the deep blue color of the solution. g, and g, and a resolved hyperfine splitting a. This
This color is due to a blue shift of the Cu-d transition  spectrum is distinctly different from that of aquated Cu(ll)
from Amax = 808 nm for the hydrated CU ion t0 Amax = ions, which shows a much widey splitting. By analogy,
651 nm in the Cu(bpa) complex (Figure 5). In addition, the \ye expected the spectrum b, to be very similar to that
polor intensifie_s upon complexgtion as seen by a 7-fold of 8c.. However, the EPR spectrum @, in H,O at the
increase ot. This low-energy region of the UV/vis spectrum  same concentration shows much broader resonances and the
is identical for8c, and3cy, strongly suggesting an identical 4 yayes cannot be easily extracted (Figure 7b). We reasoned
Cu coordination into the bpa ligand pocket and ruling out a yhat the signal broadening might be due to intermolecular
coordination to Lys or Arg side chains of the nls peptide. a5 jon spir-spin interactions. Therefore, the solution was
MS spectra 0B, and8z, show the characteristic fragments “magnetically diluted” by addition of diamagnetic, (ca.
after the loss of one nitrat@-[l\/INO3]Z+ or both nitrates§- 2.5 mM, Figure 7c). Indeed, the resulting spectrum is now
M]H’ as known for the simple metal complexég—7w almost identical to the EPR spectrum 8g,. Clearly,
discussed above. compoundBc, is sufficiently bulky to prevent intermolecular
(35) So, K. W.; Yang, C.-T; Vittal, J. J.; Ranford, J. Dorg. Chim. Acta Cu~—Cu spin-spin interactions in the same Way t.hat an
2003 349 135-141. T v ' ' excess oflz, works onlc,. The almost exact similarity of
(36) Long, L.-S.; Zheng, L.-S.; Chen, X.-M.; Ng, S. \Main Group Met. the spectrum of dilutelc, with that of 8¢, is a strong
Chem 2001, 24, 465 -466. indication that the Cu ion is indeed coordinated to the bpa

(37) Stearns, D. M.; Hoffman, L. R.; Armstrong, W. Kcta Crystallogr. . .
C 1992 C48 253-256. ligand in 8¢y.
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chains by intermolecular coordination of the carboxylic acid
to the metal ion of a neighboring complex. LigaBdvas

(a) used to prepare the bpals bioconjugateé with a heptapep-
tide by solid phase synthesis. Cu(ll) and Zn(Il) complexes
of 8 were synthesizeih situ and studied by FAB-MS, ESI-
MS, and UV/vis (for8c,), EPR (for8c,), and NMR (for
8zn). The results indicate similar structural features of the
isolated well-defined simple metal bpa complexgs—7y
and thein situ prepared metal bioconjugate compi@x.

This work demonstrates the use of simple chelating
nitrogen heterocycles as ligands for late first-row metal ions
in peptide bioconjugates. The conjugates are readily prepared
by solid phase peptide synthesis (SPPS) techniques. Metal
ion coordination is achieved in solution. The conjugates show

(b) characteristic spectroscopic features that match exactly those
of smaller bioconjugates with simple amino acids. We
suggest metalpeptide conjugates likeBy as artificial
metallochaperones because they have the potential to deliver
metal ions to specific compartments in the cell as determined
by the peptide moieties. Investigations along those lines are
in progress in our laboratory.

Experimental Section

General Remarks Reactions were carried out in ordinary
glassware and chemicals were used without further purification
except where indicated. Mass spectra were measured on a Mat 8200
©) instrument (El, HR-EI, and FAB), on a Joel JMS-700 (HR-FAB),
or on a Finnigan TSQ 700 (ESI-MS). Only characteristic fragments
with possible composition are given in brackets. For fragments
containing metals only the isotopomer with highest intensity was
described. Infrared spectra were recorded on a Brucker Equinox55
FT-IR spectrometer between NaCl windows, or as KBr disks.
Wavenumbersy, are given in cm®. UV/vis spectra were measured
on a Varian CARY 100 instrument in 1 cm quartz Suprasil cells
thermostated at 20C. Absorption maxima,max, and molar
absorption coeficients¢may, are given in nm and M cm™,
220 240 260 280 300 320 340 360 380 respectively. NMR spectra were determined on a Brucker A_M 360
spectrometertH at 360.14 MHz and®C at 90.56 MHz. Chemical
B/mT . - ) . )
Figure 7. X-band EPR offay (a), andle, (b), andle, ‘magnetically shifts, (S/ppm, indicate a downflelq shift from tetrar_nethylsﬂane,
diluted” with 1z, (c) recorded from frozen solutions at 32 K. Experimental TMS, the internal standard. Coupling constadsyre given in Hz.
conditions: microwave frequency 9.6449 GHZ (a), (9.6450 GHz (b, c); X-band CW EPR spectra were recorded on a Bruker ELEXSYS
power 5 mW, modulation 1 mT/100 kHz. Spectra a and ¢ could be fited E500 spectrometer equipped with a helium flow cryostat (Oxford
\év(i)t:S%g rT YA?.25%8%50:‘42'0%??1752'0;% and r;z;%g%tigr?yperﬁnze ;é);lgling Instruments ESR 910). The spectra were simulated with a program
= X s = 2. = 2. , i ;
2.0906 anld magnetic hyperfine(céupling”constant: 189chD 104cm™t f:ieveloped ln_-houiesfor powder sgmples Wtk 1_/2. Hyperfine
(€) (simulations not shown). |nteract|o_n withl = 3/, was taken into account in second-order
perturbation treatment f68Cu only (100%). HPLC was performed
using a Varian Pro Star PDA detector (model 330), a Varian solvent
delivery system (model 210), and an analytical C-18 Microsorb
A series of bpa ligandé—7 and their Cu(ll) and zZn(ll) column (4.6 mmx 250 mm, 60 A/&um). Water (A) and acetonitrile
complexes were synthesized and extensively characterized(B) were used as solvents, both containing 0.1% TFA. The flow
including X-ray structures ofz,, 2zn, 4cy, and 7c,. Metal rate was 1 mL min, and peaks were detected at 254 and 220 nm.
coordination is immediately evident from characteristic 1€ ascil-data processing and figure drawing for UV/vis, NMR,
changes in théH NMR spectra of the Zn complexes. Cu g”é'éﬁ\?;?fvsgrae' as well as HPLC chromatograms, was done with
coordination, on the other hand, can be followed by changes ™ . ' .
in the UV/vis and EPR spectra. Distinct structural di}f/ferencges Ligands. 2, Bpap-CHzCeHCOMe. Ligand1 (0.90 mL, 5.02
T mmol, Aldrich) and methyp-(bromomethyl)benzoic acid (1.15 g,
were obsc_erved for the estgr depva_nves cgmpared to com-g 5, mmol) were dissolved in THF (35 mL). DIPEA (0.83 mL,
pounds with a free carboxylic acid side chain. Both structur- 4 gg mmol) was added and the mixture refluxed for 2 h. After
ally characterized Zn complexes aiig,, show a distorted  cooling to room temperature the insoluble precipitate was separated
trigonal bipyramidal coordination environment in the solid by filtration. The filtrate was evaporatéd vacuq and the residue
state. An octahedral complex is observeddgrwhich forms was dissolved in ether, filtered again, and evaporated. The crude
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Figure 8. Structure of metal bioconjugat@&, M = Cu(ll) or Zn(ll).

8cu;M=Cu
870 M=12n

product was purified by column chromatography on silica (50 g,
@ = 2.5 cm, ethyl acetate:metharwl 9:1), R(2) = 0.19. Yield:
1.40 g (4.02 mmol, 80%) of colorless oM, (Cy1H2:N30;) =
347.42 Mgyaet= 347.1633. HRMS (EI, 70 eV): 347.1633. MS (El,
70 eV): m/z 347 [4%, M'], 316 [M* — OMe], 255 [100%, M —
PyCH,], 198 [23%, bpd], 149 [18%, BzZICOOMe], 121 [11%,
PyCHNHCH,"], 107 [1%, PyCHNH*], 93 [84%, PyCH"], 78
[6%, Py']. *H NMR (DMSO-ds, 300 MHz): ¢ 8.48-8.46 (m, 2H,
Hpy-6), 7.90 (d, 2H, W-3, J = 7.7), 7.77 (dt, 2H, IHy4, J=7.2
and 1.2), 7.577.54 (m, 4H, b3 and Hsz-»), 7.28-7.23 (m, 2H,
Hpy—s5) 3.82 (S, 3H, kbve), 3.70 (2s, 6H, Hy_ and H). 13C NMR
(DMSO-ds, 90 MHz): 6 166.3 (C=0), 158.9 (Gy-»), 149.0 (Gy-e),
144.9 (Gy-1), 136.9 (Gy-4), 129.3 (Gz-3), 129.0 (Gz-2), 128.5
(Cezi-4), 122.8 (Gy-3), 122.4 (Gy-5), 59.3 (Gy-a), 57.3 (G), 52.2
(Come). IR (NaCl): v 3420, 2950, 2822, 1721, 1611, 1589, 1670,
1474, 1434, 1280, 1111, 1047, 1020, 977, 764.

3, Bpa—p-CH,CgH4,CO,H. Ester2 (695 mg, 2.00 mmol) was
dissolved in methanol and a solution of NaOH (5 mL, 2 M) in
water was added. Afte2 h of stirring at room temperature the
solution was neutralized with HCI (10 mL, 1 M) and the solvent
evaporatedin vacuo (at 50 °C). To the residue was added
dichloromethane (30 mL), and the insoluble precipitate and the
filtrate were dried over N&O,. After filtration and evaporation
the yellow oily residue was dissolved in acetonitrile (15 mL). After
crystallization overnight at 4C, acid3 was isolated by filtration.
Yield: 370 mg (1.11 mmol, 71%) of an off white solidv,
(Ca0H19N30;) = 333.39,Mexact = 333.1479. HRMS (El, 70 eV):
333.1477. MS (El, 70 eV)m/z 333 [3%, Mf], 241 [100%, M—
PyCH,"], 198 [21%, bpd], 135 [17%, PyCHN(CH,),"], 119 [5%,
PyCH,NHCH, '], 107 [14%, PyCHNH"], 93 [87%, PyCH'], 78
[7%, Py']. 'H NMR (DMSO-ds, 360 MHz): ¢ 8.52-8.49 (m, 2H,
Hpy-6), 7.93 (d, 2H, H,-3, J =8.3), 7.80 (dt, 2H, Id, 4, J= 7.6
and 1.8), 7.66-7.54 (m, 4H, Ky 3, Hsz-2), 7.29-7.25 (m, 2H,
Hpy-5), 3.74 (s, 4H, Hy_4), 3.72 (s, 2H, H). **C NMR (DMSO-
ds, 90 MHz): 6 167.2 (C=0), 158.9 (G,-,), 148.8 (Gy-¢), 144.1
(Crai-1), 136.6 (Gy-4), 129.6 (Gz-3), 129.3 (Gz-2), 128.6 (Gz1-4),
122.6 (Gy-3), 122.2 (Gy-s5), 59.1 (Gy-a), 57.1 (C1). IR (KBr): v
3429, 2822, 1701, 1599, 1436, 1310, 1278, 1013, 764.

4, Bpa—(CH,),CO,H. 2-Picolyl chloride hydrochloride (1.97
g, 12.0 mmol) ang-alanine (526 mg, 5.91 mmol) were dissolved
in water (15 mL) and stirred at room temperature for 5 days. The
pH of the solution was maintained between 8 and 10 by addition
of 5 M NaOH. The dark red solution was washed with chlorofom
(3 x 30 mL). The pH of the water phase was adjusted to 3 with 1
M HCI, and the solution was again washed with chlorofomx(3
30 mL). After neutralization wit 2 M NaOH, the aqueous phase
was evaporated to dryness (at 240). 2-Propanol (30 mL) was
added to the residue and the insoluble NaCl separated by filtration
The 2-propanol was evaporated and the crude product recrystallize
from 2-propanol (5 mL). Yield: 740 mg (2.73 mmol, 46%) of a
brownish solid M, (C1sH17N30,) = 271.31. MS (El, 70 eV):nvVz

NH, NH, NH,
H o H o H o
N N N N N NH,
o] H O H O

HN

»=NH

H,N

NH,

271 [1%, M, 198 [1%, bpd], 135 [17%, PyCHN(CH,),'], 119
[12%, PyCHNHCH,'], 107 [11%, PyCHNHT], 93 [100%,
PyCH™], 78 [7%, Py]. *H NMR (DMSO-ds, 360 MHz): ¢ 8.46—
8.43 (m, 2H, HBy¢), 7.73 (dt, 2H, Ky 4, J=7.6 and 1.8), 7.53 (d,
2H, Hpy3, J=18.0), 7.23-7.18 (m, 2H, Hys5), 3.69 (s, 4H, Hy),
2.64 (t, 2H, H, J = 7.8), 2.15 (m, 2H, K J = 7.8).13C NMR
(DMSO-ds, 90 MHz): 6 175.1 (G=0), 159.8 (Gy—»), 148.6 (Gy-¢),
136.4 (Gy-a), 122.5 (Gy-3), 121.9 (Gy-5), 59.7 (Gy-a), 51.4 (),
30.7 (G). IR (NaCl): v 3380, 3083, 3011, 2954, 2816, 2346, 1577,
1459, 1410, 1149, 856, 764, 598.

5, Bpa—(CH,)sCO,H. Ligand5 was prepared using the method
described for ligand4 with 656 mg (4.00 mmol) of 2-picolyl
chloride hydrochloride and 256 mg (1.95 mmol)@faminohex-
anoic acid. After evaporation of 2-propanol, the crude product was
purified by column chromatography on silica (50@,= 3 cm,
dichloromethane:methanet 9:1), R(5) = 0.23. Yield: 320 mg
(2.02 mmol, 51%) of a pale yellow oiM, (C1gH2sN30,) = 313.42,
Mexact = 313.1790. HRMS (EI, 70 eV): 313.1790. MS (El, 70
eV): m/z313 [3%, M, 235 [2%, M" — Py], 221 [100%, M —
PyCH], 198 [2%, bpd], 121 [3%, PyCHNHCH,'], 107 [4%,
PyCHNH"], 93 [45%, PyCH"], 78 [3%, Py]. 'H NMR (DMSO-
ds, 360 MHz): 6 8.47—8.44 (m, 2H, Hby¢), 7.75 (dt, 2H, Ky,
J=17.6and 1.8), 7.50 (d, 2H, &l 3, J = 7.9), 7.25-7.19 (m, 2H,
Hpys), 3.70 (s, 4H, Hy_), 2.41 (t, 2H, H, J = 7.2), 2.13 (t, 2H,
Hs, J=7.2), 1.49-1.34 (m, 4H, H and H,), 1.26-1.14 (m, 2H,
Hs). 3C NMR (DMSO4s, 90 MHz): 6 174.4 (Gy-¢), 159.5
(Coy-2), 148.7 (Gy-¢), 136.4 (Gy-4), 122.5 (Gy-5), 122.0 (Gy-3),
59.8 (Gy-o), 53.4 (G), 33.6 (G), 26.2, 26.2, 24.3 (& C;, and
C,). IR (NaCl): v 3420, 2936, 2860, 1716, 1592, 1475, 1435, 1365,
1236, 1124, 765.

6, Bpa—p-CH,CsH4CO-Phe-OMe.Acid 3 (333 mg, 1.00 mmol)
was suspended in acetonitrile (10 mL), and phenyl-
alanine methyl ester hydrochloride (216 mg, 1.00 mmol), TBTU
(323 mg, 1.00 mmol), and DIPEA (1.20 mL, 7.20 mmol) were
added. The yellow reaction mixture was stirred foh atroom
temperature, and thereafter the solvent was evapomatedcua
To the residue was added dichloromethane (75 mL), and the mixture
was washed with saturated NaHg6blution (75 mL) and water
(2 x 75 mL). After drying of the organic phase over #$&, and
filtration, the solvent was removed vacuoand the crude product
purified by colum chromatography on silica (35@,= 2.5 cm,
ethyl acetate:acetonitrite 9:1), R(6) = 0.12. Yield: 400 mg (80.9
mmol, 80.9%) of colorless 0iM; (C3oH30N403) = 494.60,Mexact
= 494.2317. HRMS (EI, 70 eV): 494.2317. MS (El, 70 e\fjvz
494 [6%, M'], 463 [MT — OMe], 402 [100%, M — BzI], 198
[31%, bpd], 134 [5%, PyCHN(CHy).'], 121 [1%, PyCH-
NHCH,"], 107 [1%, PyCHNH™'], 93 [64%, PyCHT], 78 [2%,

.Py"]. IH NMR (DMSO-dg, 360 MHz): 6 8.82 (d, 1H, Hpmige J =
d7.7), 8.56-8.47 (m, 2H, Ky ¢), 7.87-7.69 (m, 4H, H,-3 and
Hpy-4), 7.57 (d,J = 7.6, 2H, bby-3), 7.49 (d,J = 7.9, 2H, Hs;-2),
7.31-7.22 (m1 7H, Hhe-0, Hphe-m, HPhe—p and H>y—5): 4.68-4.60
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(M, 1H, Hope-o), 3.70 (S, 4H, Hy—), 3.67 (s, 2H, H), 3.62 (s, 3H,
Howme), 3.19-3.03 (M, 2H, hbpep). °C NMR (DMSO-ds, 90
MHz): 6 = 172.2 (G=Ophg, 166.4 (C=0g,), 158.9 (Gy-»), 148.9
(Cry-o), 142.6 (Gz-1), 137.7 (Gne-i), 136.7 (Gy-a), 132.5 (Ga-s)
129.1 (Gz-2), 128.4 (Gz-3), 128.3 (Ghe-o), 127.4 (Gpe-m), 126.5
(Cehe-p), 122.6 (Gy-3), 122.2 (Gy-5), 59.1 (Gy-a), 57.1 (G), 54.3
(Cphe-), 52.0 (Gome), 36.2 (Gohe-p)- IR (NaCl): v 3311, 2951, 2824,

1743, 1652, 1590, 1538, 1498, 1434, 1217, 1149, 995, 849, 765,

736.

7, Bpa—p-CH,C¢H,CO-pAla-OMe. Ligand 7 was prepared
using the method described for ligafdvith acid 3 (1.00 g, 3.00
mmol), f-alanine methyl ester hydrochloride (419 mg, 3.00 mmol),
TBTU (963 mg, 3.00 mmol), and DIPEA (3.85 mL, 22.5 mmol)
in acetonitrile (30 mL). After extraction the crude product was
purified by column chromatography on silica (ethyl acetate:
acetonitrile= 1:1). Yield: 791 mg (1.89 mmol, 63%) as a colorless
0il. My (Ca4H26N403) = 418.50,Mexact= 418.2005. HRMS (EI, 70
eV): 418.2005. MS (El, 70 eV)m/z 418 [6%, M'], 387 [11%,
M* — OCHg], 326 [100%, M" — PyCH,], 198 [24%, bpa], 119
[4%, PyCHNHCH,], 107 [1%, PyCHNH'], 93 [49%, PyCH™],
78 [2%, Py]. 'H NMR (DMSO-ds, 360 MHz): 6 8.53 (t, 1H,
Hamide J = 5.5) 8.50-8.48 (m, 2H, Hby¢), 7.81-7.75 (M, 4H, Kby
and Hsz-3), 7.57 (d, 2H, Hy3,J=7.7), 7.49 (M, 2H, I3, >, J =
8.1), 7.27-7.21 (m, 2H, Kby-s), 3.70 (s, 4H, Ky, 3.67 (s, 2H,
Hai), 3.59 (s, 3H, Kwve), 3.51-3.44 (M, 2H, Han-1), 2.58 (t, 2H,
Hpaia—2, J = 7.0).2°3C NMR (DMSO-ds, 90 MHz): 6 171.8 (CG=0O
Baia), 166.2 (C=0gz), 158.9 (Gy-2), 148.9 (Gy-o), 142.2 (Gz1-1),
136.6 (Gy-4), 133.2 (Gy-3), 128.4 (Gy-2), 127.2 (G-4), 122.6
(Cry-3), 122.2 (Gy-s), 59.1 (Gy-o), 57.1 (G), 51.4 (Gome), 35.5
(Cpaia—2), 33.6 (Gaa-1)- IR (KBr): v 3316, 2950, 2824, 1738, 1652,
1544, 1435, 1307, 1256, 1150, 995, 852.

Metal Complexes }—7u. General Procedure. The corre-
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(dt, 2H, Hy-4, J = 7.7 and 1.5), 7.527.48 (m, 4H, K, 3 and
Hpy-s), 5.16 (br s, 1H, NH), 4.45 (dd, 2H,#l-4a J = 16.8 and
6.8), 3.95-3.89 (M, 2H, Hy_u). 13C NMR (DMSO-ds, 90 MHz):

0 155.4 (Gy-2), 146.9 (Gy-¢), 139.9 (Gy-4), 124.2 (Gy-3), 123.7
(Cpy-s5), 52.2 (Gy-o). IR (KBr): v 3436, 3266, 3070, 2916, 1608,
1574, 1443, 1384, 1321, 1289, 1025, 774. U@t Amax (€) 260
nm (7770).

2cu, [(Bpa—p-CH,CsH4CO,Me)Cu(NO3),]. Ligand?2 (86.8 mg,
0.25 mmol), Cu(N@),*3H,0 (60.4 mg, 0.25 mmol), and methanol
(2 x 10 mL) were used, method B. After 2 days, prod2gt was
collected by filtration. Yield: 73.0 mg (0.14 mmol, 55%) of blue
CI'yStalS.Mr (021H21N503CU) = 534.99. MS (ESI)m/z 472 [M -
NOs]*, 455 [M — Py[*", 441 [M — PyCH,] ", 427 [M — PyCH, —
Me]*, 410 [M — 2 NOj]*, 346 [M — Cu(NQy),]*, 317 [M — 2
NO; — PyCH,]*, 260 [Cu-bpa]". MS (FAB, glycerol): m/z 472
[M — NOg]*, 410 [M — 2 NO3] ™, 346 [M — Cu(NQ),]*, 317 [M
— 2NO; — PyCH,]*, 260 [Cu-bpa]". HRMS (FAB, glycerol,
PEG300):m/zexp 472.0819 and calcd 472.0808 fop{ld,;N4Os5-
Cu]™, exptl 410.0915 and calcd 410.0930 for{B21N3:0,53Cu]".

IR (KBr): v 3421, 3033, 2947, 1720, 1611, 1420, 1281, 1108, 767.
UV (H20): Amax (€) 652 (110), 240 nm (12270).

270, [(Bpa—p-CH2CsH4CO,Me)Zn(NO3),]. Ligand?2 (86.8 mg,
0.25 mmol), Zn(NQ),*6H,0 (74.4 mg, 0.25 mmol), and methanol
(2 x 10 mL) were used, method B. After 3 days, prodgt was
collected by filtration. Yield: 92.0 mg (0.17 mmol, 69%) of white
crystals, X-ray qualityM; (C:H21NsOgZn) = 536.81. MS (ESI):
m/z 473 [M — NOg|*, 456 [M — Py]*, 442 [M — PyCH,]*, 428
[M — PyCH, — Me]*, 410 [M — 2 NO;3] ", 348 [M — Zn(NO3),] *.
MS (FAB, glycerol): mz 473 [M — NOg]*, 410 [M — 2 NO3]t,
348 [M — Zn(NO3);]*, 319 [M — 2 NO; — PyCHy]*, 262 [Zn—
bpal". HRMS (FAB, glycerol, PEG300)m/z exptl 473.0855 and
calcd 473.0803 for [H21N40s4Zn]*, exptl 410.0836 and calcd

sponding ligand was dissolved in the indicated solvent in a beaker. 410.0847 for [GiH20N30.84Zn]*. 'H NMR (DMSO-ds, 300
The metal salt was dissolved in the indicated solvent in another MHz): ¢ 8.66-8.64 (m, 2H, Ky ¢), 8.13-8.03 (m, 4H, H, 3,
beaker. Both beakers were shortly heated to boiling. The ligand Hp,_4), 7.66-7.56 (m, 6H, s, Hpy_3, and Hs,1—2), 4.26 (d, 2H,
solution was added to the metal salt solution, and the reaction Hp,_, J = 16.0), 3.90 (s, 3H, Bve), 3.84 (s, 2H, H), 3.70 (d,

mixture was filtered hot in a vial (which was silanized by shaking
for 5 min with M&Si—SiMe; in order to avoid sticking of the

crystals on the walls of the vial) and left to cool to room temperature
during 1 h. If precipitation occurred, the vial was closed and left at
room temperature for the period indicated (method A). If no

2H, Hpyop, J = 16.0).23C NMR (DMSO-ds, 90 MHz): 6 166.0
(C=0), 154.1 (Gy2), 147.9 (Gy-c), 140.8 (Gy-4), 137.2 (G- ),
132.0 (Ga-3), 129.7 (Gi-s), 129.3 (Gui-2), 124.9 (Gy-3), 124.8
(Cpy-s), 56.3 (G), 55.4 (Gy-o), 52.3 (Gomo)- IR (KBr): v 3422,
3035, 2939, 1721, 1609, 1465, 1310, 1281, 1193, 1027, 766. UV

precipitation occurred, the vial was placed in a container with ether (H,O): Amax (€) 261 (11530), 238 (6650).

(10 mL), closed, and left at room temperature for the period
indicated (method B). After filtration, the product was dried in air.
lcu, [(Bpa)Cu(NOs3),). Ligandl1 (90.0uL, 0.50 mmol, Aldrich),

Cu(NGs)2+3H,0 (121 mg, 0.50 mmol), and methanol 220 mL)
were used, method A. After standing overnight, prodlgt was
collected by filtration. Yield: 154 mg (0.40 mmol, 80%) of blue
crystals.M;, (C;2H13Ns0sCu) = 386.82. MS (ESI):m/z 324 [M —
NO;s] T, 261 [M — 2 NOs] . MS (FAB, glycerol): m/z 324 [M —
NO;]™, 262 [Cu-bpa]", 198 [bpal. HRMS (FAB, glycerol,
PEG300): m'z exptl 324.0289 and calcd 324.0284 for §8;IN40:%-
Cu]*, exptl 262.0387 and calcd 262.0405 for j813N383Cu]*. IR
(KBr): v 3435, 3221, 3080, 2931, 1612, 1384, 1298, 1099, 1035,
782. UV (H:0): Amax (€) 650 nm (100), 252 (11100).

17, [(Bpa)Zn(NO3),]. Ligand1 (90.0uL, 0.50 mmol, Aldrich),
Zn(NQ;),-6H,0 (148.7 mg, 0.50 mmol), and methanol £ 30
mL) were used, method B. After 2 days, prodligf was collected
by filtration. Yield: 106 mg (0.27 mmol, 55%) of white crystals,
X-ray quality. M, (C12H13Ns0sZn) = 388.64. MS (ESI):m/z 325
[M — NOs]*, 262 [M — 2 NOg]*, 198 [bpal. MS (FAB,
glycerol): m/z 325 [M — NOg]™, 262 [M — 2 NOs]*, 198 [bpaf.

IH NMR (DMSO-ds, 300 MHz): 6 8.56-8.54 (m, 2H, Hy-¢), 7.98
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3cus [(Bpa—p-CH,CeH4CO,)CuNQOg3]. Ligand3 (83.4 mg, 0.25
mmol), Cu(NQ),*3H,0 (60.4 mg, 0.25 mmol), and methanol (2
x 10 mL) were used, method A. After standing overnight, product
3cu was collected by filtration. Yield: 89 mg (0.17 mmol, 68%)
of blue crystalsM;, (CzH1sN4OsCu) = 457.93. MS (ESI):m/z 396
[M — NOg]*. MS (FAB, glycerol): n/z 458 [M]*, 396 [M —
NO;]*, 352 [M — NO3z — CO,] ", 303 [M — NO3; — PyCH;]* 260
[Cu—bpa]". HRMS (FAB, glycerol, PEG300)m/z exptl 458.0585
and calcd 458.0651 for KgH19N4Os83Cu]*, exptl 396.0780 and
calcd 396.0773 for [GH19N30.53Cult. IR (KBr): v 3536, 3031,
2939, 1700, 1611, 1481, 1430, 1384, 1289, 1254, 1018, 787. UV
(H20): Amax (€) 652 (110), 240 nm (12270).

3zn, [(Bpa—p-CH2CsH4CO2)ZNNO4]. Ligand 3 (83.4 mg, 0.25
mmol), Zn(NG),*6H,O (74.4 mg, 0.25 mmol), and methanol (2
x 10 mL) were used, method A. After standing overnight, product
3zn was collected by filtration. Yield: 68.0 mg (0.13 mmol, 52%)
of white powder.M; (CyoH19N4OsZn) = 460.78. MS (ESI):m/z
398 [M — 2 NG;] . MS (FAB, glycerol): m/z 459 [M]*, 396 [M
— NO3]*, 334 [M — ZnNGs] . HRMS (FAB, glycerol): mvz exptl
459.0676 and calcd 459.0647 for f10N40s%*Zn]*". *H NMR
(DMSO-ds, 360 MHz): 6 8.69-8.67 (m, 2H, Hy¢), 8.14-8.03
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(m, 4H, Hsy—3 and H>y74), 7.67-7.63 (m, 4H, K-, prg), 7.54~
7.52 (M, 2H, Hys5), 4.26 (M, 2H, K, J = 16.1), 3.83 (bs, 2H,
Hi), 3.73 (m, 2H, Hby_ap, J = 16.1),13C NMR (DMSO-ds, 90
MHz): 6 154.2 (Gy-2), 148.0 (Gy—¢), 140.8 (Gy-4), 136.7 (Gz-1),
131.9 (Ga-3), 131.0 (Gz-4), 129.5 (Gz-2), 124.9 (Gy-3), 124.8
(Cpy-s), 56.0 (C1), 55.4 (). IR (KBr): v 3554, 3029, 2941,
1703, 1609, 1471, 1293, 1027, 787. UVo(d): Amax(€) 261 (8840).

4cy, [(Bpa—(CH,),CO,)Cu(H,0)|NO3-EtOH. Ligand4 (67.8
mg, 0.25 mmol), Cu(Ng),-3H,O (60.4 mg, 0.25 mmol), and
ethanol (2x 12.5 mL) were used. After slow evaporation of the
solvent for 3 days, produdlc, was collected by filtration. Yield:
70 mg (0.15 mmol, 61%) of blue crystals, X-ray qualityl,
(C17H24N4O7Cu) = 459.95. MS (ESI):m/z 397 [M]*, 334 [M —
NO;3]*, 289 [M — NO3z — CO;]*. MS (FAB, glycerol): m/z 396
[M]*, 334 [M — NOg]*, 260 [Cu-bpa]". IR (KBr): v 3429, 1610,
1559, 1384, 1355, 1306, 1052, 769. UVo(®): Amax (€) 650 (100),
252 (9590).

4z, [(Bpa—(CH2),C0O2)Zn(NO3)]. Ligand 4 (67.8 mg, 0.25
mmol), Zn(NQ),:6H,0 (74.4 mg, 0.25 mmol), and ethanol 2
12.5 mL) were used, method B. After standing overnight, product
4, was collected by filtration. Yield: 49.0 mg (0.11 mmol, 43%)
of white powder.M; (CysH17N4OsZn) = 396.70. MS (ESI): m/z
398 [M]*, 334 [M — NO3]*. MS (FAB, glycerol): m'z 397 [M]F,
334 [M — NOj]*, 262 [Zn—bpa]". *H NMR (DMSO-ds, 360
MHz): 6 8.56-8.54 (m, 2H, K ¢), 8.12 (dt, 2H, Hy4, I = 7.7
and 1.7), 7.64 (d, 2H, K3, J = 7.7), 7.58-7.54 (m, 2H, Hys),
4.35 (d, 2H, Kby s J = 16.4), 4.144.06 (M, 2H, Hyop, J =
16.4), 3.473.38 (m, 2H, H, J = 5.7), 2.27 (t, 1H, K, J = 5.7).
3C NMR (DMSO-ds, 90 MHz): 6 174.8 (G=0), 155.4 (Gy-»),
147.8 (Gy-e), 140.8 (Gy-4), 124.6 (Gy-3), 124.1 (Gy-5), 58.4
(Cry—0), 52.9 (G), 33.2 (G). IR (KBr): v 3435, 2923, 1609, 1576,
1540, 1384, 1363, 1026, 761. UV {B): Amax (€) 261 (7970).

5cus [(Bpa—(CH)sCO,)CuNOg). Ligand 5 (78.4 mg, 0.25
mmol), Cu(NQ),-3H,0 (60.4 mg, 0.25 mmol), and ethanol &
10 mL) were used, method B. After 5 days, proddgt, was
collected by filtration. Yield: 75 mg (0.17 mmol, 69%) of blue
crystals.M, (C18H22N405CU) = 437.94. MS (ESI):m/z 375 [M -
NOs)*. MS (FAB, glycerol): m/z 438 [M]*, 376 [M — NOj|*,
330 [M — NO; — CO;]*, 283 [M — NO3 — PyCH;]*, 260 [Cu—
bpal]f, 239 [CuPyCHN(CH,)s]". HRMS (FAB, glycerol,
PEG300): m/z exptl 376.1028 and calcd 376.1086 for §8,3N30,%-
Cu]'. IR (KBr): v 3435, 2931, 1628, 1611, 1420, 1384, 1288, 1033,
769. UV (H:0): Amax (€) 649 (110), 254 (10900).

5zn, [(Bpa—(CH5)sCO2)ZnNOg]. Ligand 5 (78.4 mg, 0.25
mmol), Zn(NG),-6H,O (74.4 mg, 0.25 mmol), and methanol (2
x 10 mL) were used, method B. After 3 days, prodGgt was
collected by filtration. Yield: 42.7 mg (9#mol, 39%) of white
crystals, X-ray qualityM; (CigH22N4OsZn) = 439.78. MS (ESI):
m/z 376 [M — NOg]*, 283 [M — NOz; — PyCH,]*, 239 [ZnPyCHN-
(CHy)s]*. MS (FAB, glycerol): mz 376 [M — NO3]*, 332 [M —
NO; — CO;*. HRMS (FAB, glycerol, PEG300):m/z exptl
376.0984 and calcd 376.1003 for;[=,,N30,5Zn] ", exptl 332.1105
and calcd 332.1105 for [ZH2,N3z%4Zn]*". IH NMR (DMSO-dg, 360
MHz): 6 8.63-8.61 (m, 2H, H¢), 8.08 (dt, 2H, Hy4, I = 7.7
and 1.7), 7.637.58 (m, 4H, bby_s and Hby-s), 4.26 (d, 2H, Hy—qa,
J=16.2), 3.96 (d, 2H, B, o, J = 16.2), 2.65-2.60 (M, 2H, H),
2.18 (t, 2H, B, J = 7.4), 1.59-1.45 (m, 4H, H and H,), 1.21~
1.13 (m, 2H, H). 13C NMR (DMSO-ds, 90 MHz): 6 174.8 (G=
0), 154.9 (Gy-2), 147.6 (Gy-¢), 130.6 (Gy-4), 124.6 (Gy-3), 124.3
(Cpy-s), 56.7 (Goy—a), 55.0 (G), 33.5 (G), 26.3, 24.2, 22.4 (£ C3
and G,). IR (KBr): v 3421, 3070, 2949, 1708, 1608, 1468, 1295,
1226, 1027, 767.

6cu, [(Bpa—pCH,CeH4CO-Phe-OMe)Cu(NGs),]. Ligand 6
(49.5 mg, 0.120 mmol), Cu(N£+3H,0 (24.2 mg, 0.10 mmol), and

ethanol (2x 5 mL) were used, method A. After 4 days, product
6cu Was collected by filtration. Yield: 23 mg (34mol, 34%) of
blue powderM; (CzgH30NgOsCuU) = 682.17. MS (ESI): 619 [M-
NO;]*, 602 [M — Py]*, 588 [M — NO3z — OMe]*, 557 [M — 2
NO;] ™, 496 [M — Cu(NG),]*. MS (FAB, glycerol): m/z 619 [M

— NOg]*, 557 [M — 2 NGg3]*, 497 [M — Cu(NGs),]t, 351 [Cu-
bpaBzI}", 260 [Cu-bpa}'. HRMS (FAB, NBA, PEG600): nVz
exptl 619.1451 and calcd 619.1492 forajH30NsO3Cult, exptl
557.1575 and calcd 557.1614 f0r3BH3oN40363Cu]+. IR (KBr)

v 3423, 3032, 2953, 1744, 1663, 1611, 1447, 1424, 1291, 1030,
768, 703. UV (HO): Amax (€) 651 (130), 242 (19970).

6zn, [(Bpa—pCH,CeH4CO-Phe-OMe)Zn(NOs),]. Ligand 6
(49.5 mg, 0.10 mmol), Zn(N§),-6H,0 (29.8 mg, 0.10 mmol), and
ethanol (2x 5 mL) were used, method A. After standing overnight,
product6z, was collected by filtration. Yield: 30 mg (4d4mol,
44%) of white crystalsM; (C3oH3oNsOgZNn) = 683.99. MS (ESI):
620 [M — NO3]*, 603 [M — Py]*, 589 [M — PyCH,] ", 575 [M —
PyCH, — Me]*, 495 [M — Zn(NGs),]*. MS (FAB, glycerol): m/z
682 [M]*, 620 [M — NO3]*, 559 [M — 2 NO;3] ", 262 [Zn—bpa]'.
HRMS (FAB, NBA, PEG600): n/z exptl 620.1464 and calcd
620.1488 for [G0H30N50664Zn]+. IH NMR (DMSO-de, 360
MHz): 6 8.95 (d, 1H, Hmide J = 8.0), 8.65-8.63 (m, 2H, Hy¢),
8.11-8.05 (m, 2H, Hby-4), 7.91 (d, 2H, H,-3, J = 8.0), 7.64-
7.58 (m, 4H, Kby 3 Hpy-5), 7.49 (d, 2H, B, J = 8.4), 7.33-
7.18 (m, 5H, Hheo, Hphe-m, and Honep), 4.75-4.68 (m, 1H,
Hphe-1), 4.25 (dd, 2H, Wy J = 16.1 and 6.0), 3.81 (s, 2H,1}}
3.71-3.67 (M, 2H, Hy_ap), 3.66 (S, 3H, Kwe), 3.23-3.09 (M, 2H,
Hphe-2). 3C NMR (DMSO-dg, 90 MHz): 6 171.7 (G=Oppg, 165.7
(C=0k.), 154.0 (Gy-2), 147.7 (Gy-¢), 1406 (Gy-s), 137.7
(Cphe-i), 134.8 (Gz1-1), 134.2 (Gz-4), 131.5 (Gz-2), 131.4 (Gz-3)
129.3 (Ghe-o), 127.4 (Ghe-m), 127.2 (Ghe-p), 124.7 (Gy-3), 124.6
(Cpy-5), 56.3 (Q), 55.5 (Gy-o), 55.4 (Gone-a), 51.3 (Come), 35.5
(Cene-p)- IR (KBr): v 3445, 3031, 2943, 1747, 1674, 1609, 1460,
1384, 1295, 1026, 766. UV @D): Amax (¢) 250 (15720).

Tcu, [(Bpa—pCH,CsH4CO-pAla-OMe)Cu(NO3),]. Ligand 7
(41.9 mg, 0.1 mmol), Cu(N§),-3H,0O (41.9 mg, 0.1 mmol), and
methanol (2x 5 mL) were used, method A. After standing
overnight, producfc, was collected by filtration. Yield: 24 mg
(40 umol, 40%) of blue crystals, X-ray qualityvl, (C4H26NsOs-
Cu) = 606.07. MS (ESI):m/z 543 [M — NO3]*, 481 [M — 2
NQO;] ", 353 [Cu(PyCH),Bzl]*. MS (FAB, glycerol): mz606 [M]",
543 [M — NO3] T, 481 [M — 2 NO3]*, 421 [M — Cu(NOs),] +, 388
[M — 2 NO; — PyCH,]*, 351 [Cu-bpaBzIJf, 260 [Cu-bpa]'.
HRMS (FAB, NBA, PEG600): m/z exptl 543.1194 and calcd
543.1179 for [G4H2eNsO06%3Cu]™, exptl 481.1321 and calcd 481.1301
[C24H26N4O55%Cu]™. IR (KBr): v 3380, 3033, 2953, 1735, 1646,
1611, 1540, 1503, 1440, 1384, 1298, 1082, 1032, 770. UXDIH
Amax (€) 653 (130), 240 (19650).

7zn, [(Bpa—pCH,CgH4CO-pAla-OMe)Zn(NO3),]. Ligand 7
(104.6 mg, 0.25 mmol), Zn(N£-6H,O (74.4 mg, 0.25 mmol),
and ethanol (2x 12.5 mL) were used, method B. After 5 days,
product7z, was collected by filtration. Yield: 23 mg (38mol,
15%) of white crystalsM, (Cz4H26NsOsZn) = 607.89. MS (ESI):
m'z 419 [M — Zn(NOs),]*. MS (FAB, glycerol): mvz 544 [M —
NOs]t, 528 [M — Py]*, 483 [M — 2 NOj]*, 419 [M — Zn(NO,),] T,
262 [Zn—bpa]t. HRMS (FAB, NBA, PEG600):m/zexptl 544.1151
and calcd 544.1175 for [GH2eN506%“Zn]*. *H NMR (DMSO-ds,
360 MHz): 6 8.69-8.63 (m, 3H, Hhys and Hmiad, 8.11-8.06 (m,
2H, Hpy-4), 7.94 (d, 2H, W,1-3, J=7.7), 7.65-7.60 (M, 4H, ks
and Hsy-3), 7.49 (d, 2H, Hz-2, J = 8.6), 4.25 (M, 2H, Iy ¢a J
=16.0), 3.81 (s, 2H, Iy, 3.68 (M, 2H, Ky, J = 16.0), 3.61 (S,
3H, HOMe)y 3.55-3.50 (m, 2H, H‘|a71), 2.61 (t, 2H, CH, Haa—2, J
= 7.0).13C NMR (DMSO-dg, 90 MHz): ¢ 171.8 (CG=0Oap), 165.8
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Table 3. Crystallographic Data folzn, 2zn, 4cu, and7cy

Kirin et al.

1zn 2zn 4cy Tcu
empirical formula QzH 13N5052I"I C21H21N5082n C17H24CUN407 C24H28CUN6010
formula weight 388.64 536.80 459.94 624.06
T[K] 100(2) 100(2) 100(2) 100(2)
1A 0.71073 0.71073 0.71073 0.71073
crystal size [mm] 0.05¢ 0.04x 0.01 0.24x 0.14x 0.14 0.35x 0.06 x 0.04 0.09x 0.08x 0.02
crystal system monoclinic triclinic monoclinic monoclinic
space group P21/n (No. 14) P1 (No. 2) C2/c (No. 15) P2:/n (No. 14)
alA] 7.5977(6) 8.4052(3) 26.547(2) 8.1755(6)
b[A] 12.9881(8) 8.4879(3) 9.1410(6) 37.912(3)
c[A] 14.9203(10) 17.0262(6) 21.0208(14) 8.8352
o [deg] 90 100.09(1) 90 90
f [deg] 100.48(1) 99.23(1) 127.87(1) 105.46(1)
y [deg] 90 108.20(1) 90 90
VI[A3 1447.77(17) 1105.62(7) 4026.8(5) 2639.4(3)
z 4 2 8
pealed[g cM~2] 1.783 1.612 1.517 1.570
UMoka [MM™Y] 1.740 1.171 1.132 0.897
0 range [deg] 3.1%& 6 < 30.00 3.22< 9 < 31.46 4.40< 6 < 33.07 2.15< 0 < 23.50
data collected 34873 31389 23181 22878
independent data 4213 [R(in) 0.0768] 7316 [R(inty= 0.0264] 7586 [R(intj= 0.0668] 3823 [R(intj= 0.0891]
data/restraints/parameters 4213/0/217 7316/0/317 7553/4/268 3823/0/380

GOF onF?2 1.068 1.055 1.020 1.134

final R1 (obsd dat&) 0.0483 0.0244 0.0498 0.0655
final wR2 (all data) 0.0953 0.0633 0.1108 0.1293
largest diff peak/hole [e A3 0.791/-0.516 0.481 +-0.323 0.715 +-0.649 0.737 -0.539

aGOF = [S[W(Fo?2 — FA?/(n — p)]¥2 wheren = no. of reflections ang = no. of refined parameter8R1 = S ||Fo| — |Fe||/3 |Fol. ¢ WR2 = [J[W(Fo?
= FAAIY [W(FA)2]2, wherew = 1/6%(Fo?) + (aP)? + bP, P = (Fo? + 2F2)/3.

(C=0sz), 156.1 (Gy-2), 147.7 (Gy¢), 140.6 (Gy-4), 134.9
(Cez-1), 134.3 (Ga-4), 131.6 (Ga—2), 127.3 (Ga-3), 124.8 (Gy-3),
124.7 (Gy-5), 56.4 (G), 55.5 (Gy-a), 51.4 (Gowme), 35.5 (Gua-2),
33.6 (Gia-1)- IR (KBr): v 3435, 2937, 1735, 1653, 1609, 1473,
1292, 1025, 768. UV (bD): Amax (€) 261 (10620).

Bioconjugate 8 and Bioconjugate Metal Complexes 3. 8,
Bpa_p-CH206H4CO-AhX-PKKKRKF-NH 2. The synthesis was 82m [(Bpa-p-CH2C6H4CO-AhX-PKKKRKF-NH 2)Zn(N03)2]
performed manually in & syringe equipped with a porous filter (S This complex was prepared situ: To a solution of bioconjugate
mL, MultiSynTech) using Fmoc protected Rink amide resin (159 g (32 mg, 23.5¢mol) in DMSO-ds (4504L) in an NMR tube was

mg, 0.1 mmol, loading 0.63 mmol/g, Novabiochem), FMOC 4qqeq 4 solution of Zn(Ngh+6H,0 in DMSOds (34.3 4L, 686
protected amino acid monomers (Novabiochem), bpa ligaadd mM, prepared by dissolving 48.8 mg in 200 of DMSO-dk). M,

amine free DMF (Roth) as solvent. dee chain protecting groups (CroH10MN21015Z1) = 1545.75. MS (ESI):m/z 711.1 [M+ 2 H —
were Boc(Lys) and Pbf(Arg). Synthetic cycle: (Amoc-depro- 5 N5 12+ “495 5 [M+ 3 H — NO5J3+. MS (FAB, glycerol): iz
tectionusing two times about 3 mL of a 20% piperidine solution 1423 M+ H — 2 NOJ*.
in DMF, first 2 min and then 10 min, without washing in between; . . .
(B) DMF wash5x with about 3 mL; (C)couplingusing 2.2 mL X-ray Crystallographic Qata Collection and Refinement of
of coupling cocktail during 20 min (see below); and @YIF wash the Structures. Colorless single crystgls df,, and 2z, and blue
5x with about 3 mL. The coupling mixture contained the Crystals of4c, and7c, were coated with perfluoropolyether and
corresponding monomer (protected amino acid or bpa liga6db mounted in the nitrogen cold stream of a Nonius Kappa-CCD
mmol, 5-fold excess), TBTU (157.3 mg, 0.49 mmol, 4.9-fold diffractometer equipped with a Mo-target rotating-anode X-ray
excess), and HOB (75.0 mg, 0.49 mmol, 4.9-fold excess) dissolved SOurce and a graphite monochromator (Ma,K = 0.71073 A).
in DMF (2 mL); then DIPEA (0.2 mL, 1.2 mmol, 11.7-fold excess, Final cell constants were obtained from least-squares fits of all
activation period 1 min) was added. Workup: After the resin was integrated reflections of each data set. Crystal face2,qf4c.,
dried (1 h, 10 mbar), final deprotection and cleavage from the resin and7c, were determined, and the corresponding intensity data were
was performed by a TFA mixture (TFA#D:TIS = 95:2.5:2.5, 3 corrected for absorption using the Gaussian-type routine embedded
mL, 3 h). The suspension was filtered, and the resin washed with in XPREP% The data set 0iz, was not corrected for absorption.
TFA (2 x 1.5 mL). The combined TFA solutions were poured into The Siemens ShelXT® software package was used for solution
cold ether (10 mL,—30 °C), and the suspension was centifuged and artwork of the structure, and ShelXE9vas used for the
(5000 rpm, 10 min). After the supernatant was decanted, the cruderefinement. The structures were readily solved by direct and
product was washed with cold ether € 10 mL), dissolved in Patterson methods and subsequent difference Fourier techniques.
water, filtered, and lyophilized, yielding a white solid. Analytical ~All non-hydrogen atoms were refined anisotropically, except
HPLC (5% B— 40% B in 30 min): 19.6 min, purity 97.2% (254  disordered parts ilz, and4c,. Hydrogen atoms were placed at
nm). M, (C7oH10MN1609) = 1358.72, Mexact = 1357.8499. MS calculated positions and refined as riding atoms with isotropic
(ESI): mz680.2 [M+ 2 H]?", 454.0 [M+ 3 H]**, 340.8 [M+ displacement parameters.
4 HJ*

8cu, [(Bpa—p-CH2CeH4CO-Ahx-PKKKRKF-NH 2)Cu(NO3),].
This complex was prepared situ: To the bioconjugat8 (13.5

mg, 9.93 mmol) was added a solution of Cu(j=BH,O in water
(136.4uL, 72.8 mM, prepared by dissolving 177.3 mg in 10 mL
of water), and the volume was brought to 1 mL with wate.
(C7oH10N21015Cu) = 1546.28. MS (ESI):m/z742.1 [M+ 2 H —
NO;]?*; 710.7 [M+ 2 H — 2 NOs]?t, 495.2 [M+ 3 H — NOg]3*.
MS (FAB, glycerol): m/z 1422 [M+ H — 2 NO;]*.

(38) ShelXTL Siemens Analytical X-ray Instruments, Inc.: 1994.
(39) Sheldrick, G. MShelXL97 University of Gdtingen: Gdtingen, 1997.
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Bioconjugates of Cu(ll) and Zn(ll) Complexes

The bpa ligand irlz, was found to be disordered by inversion carbonyl. HOBt: 1-hydroxybenzotriazole. HOSWN-hy-
of the ligating nitrogen atom N(8) and its attached C atoms C(7) droxysuccinimide. Nls: nuclear localization signal. Pbf:
and C(9). A split atom model with occupation factors of 0.68 and 2 2 4 6,7-pentamethyldihydrobenzofuran-5-sulfonyl.
0.32 was used to account for the disorder. An isotropic displacementTgT: O-(benzotriazol-1-yN,N,N',N'-tetramethyluronium

parameter was refined for N(8) since the split atom was not yoaf oroborate. TIS: triisopropylsilane. TFA: trifluoro-
positively defined when it was refined anisotropically. acetic acid

An ethanol solvate molecule i, was found to be disordered ) )
on two positions. The corresponding atoms were isotropically ~Acknowledgment. Financial support from the Volks-
refined and the €C and G-O distances were restrained to be equal Wagen Foundation and the Fonds der Chemischen Industrie

within certain errors using the SADI instruction of ShelXL97. is gratefully acknowledged. The authors are grateful to H.
Crystallographic data of the compounds are listed in Table 3. Rudy (MS), A. Seith (MS), U. Hertle (NMR), and H. Schucht
CCDC reference numbers are 24956819571 (zn, 2zn, 4cu, (X-ray) for technical assistance.

Teu)- Supporting Information Available: Spectroscopic character-
Abbreviations. Aaa: any amino acid. Ahxw-aminohexa-  ization of the bioconjugat®. X-ray crystallographic file in CIF

noic acid. Bpa:N,N-bis(2-picolyl)amine. Boc:tert-butoxy- format for the structures dfzn, 225, 4cu, and7¢,. This material is

carbonyl. DCC: N,N'-dicyclohexylcarbodiimide. DIPEA: available free of charge via the Internet at http://pubs.acs.org.
N,N-diisopropylethylamine. Fmoc: 9-fluorenylmethoxy- 1C048343B
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