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Abstract

The interaction of six ferrocene-amino acid conjugates (Fc-CO-Gly—OH (2a), Fc-CO-Asp-OH (3a), Fc-CO-Glu-OH (4a), 1,1'-
Fc(CO-Gly—OH) (2b), 1,1’-Fc(CO-Asp—-OH) (3b), and 1,1’-Fc(CO-Glu—OH) (4b)) with Mg?*, Ca**, Zn>*, La**, and Tb>" was
investigated in aqueous solutions using cyclic voltammetry (CV) and differential pulse voltammetry (DPV). Addition of metal ions
to solutions caused, in some cases, large changes in the half-wave potential, E,,. Our electrochemical results show that the Gly sys-
tems, 2a and 2b, show a preference for binding Mg>*, whereas the Asp and Glu conjugates prefer binding Ln**.

© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, there has been an interest in the elec-
trochemical detection of ion binding to a ligand which is
equipped with a redox active group, such as ferrocene
(Fc) or cobaltocene [1-11]. The specificity of the system
is dictated by the ligand-ion interactions and detection
sensitivity depends on the efficiency of the electronic
communication between the ligand-ion complex and
the redox group, either through-space or through-bond.
Various Fc substituted macrocycles such as cyclams [2],
cryptands [1,3], aza-crowns [4], crown ethers [12], and
calixarenes [9] have been shown to electrochemically
sense the coordination of alkaline-, alkaline earth-, tran-
sition-metals and lanthanide ions. Furthermore, pep-
tides are known to show specificity towards metal
binding, as was determined by titration experiments
using NMR [5-7], potentiometry [11], luminescence

* Corresponding author. Tel.: +1 306 966 4660; fax: +1 306 966
4730.
E-mail address: kraatz@skyway.usask.ca (H.-B. Kraatz).

0022-328X/$ - see front matter © 2004 Elsevier B.V. All rights reserved.

doi:10.1016/j.jorganchem.2004.11.027

measurements [8] FT-IR, CD and UV-vis spectroscopy
[10]. Recently, poly-L-aspartate was shown to complex
metals like Eu®*, Ce3*, La®**, Cu®", and Pb*", and to
act as corrosion inhibitors for steel and iron, a property
that has been ascribed to the carboxylate side chain of
aspartic acid [13,14]. More recently, poly-L-aspartic acid
and Gly-Gly-His immobilized films have found use as an
electrochemical Cu** sensor [15,16]. Some metal com-
plexes of Fc amino acid conjugates have been reported
in the literature over the years. Ferrocenylimines of
the amino acids Gly, Ala, Leu and Val and ferrocenylm-
ethyl amino acid conjugates of Ala and Pro were
exploited by Beck and coworkers as ligands for Pd(II)
[17] giving a series of mononuclear or binuclear com-
plexes in which N,O-chelation of the ligand was ob-
served. Similarly, metal complexes of bisdimethyl
ferrocenoyl derivatives of Gly, Ala, Phe and Tyr were
used for their antibacterial properties [18]. In addition,
Hirao and co-workers [19] reported a Pd(II) complex
of a Fc—peptide—pyridine conjugate.

Aspartate (Asp) and glutamate (Glu) side chains are
among the most common amino acid ligands that
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coordinate to co-factors in metalloproteins, where they
play various roles. The EF-hand proteins, such as cal-
modulin and Troponin C, are known to contain Asp/
Glu side chains which are selective for Ca(Il) binding.
Furthermore, the Glu residue in calmodulin binds to
Ca(Il) in a bidentate fashion and is known to lead to
a series of reactions whereas the protein is not active
when coordinated to Mg(II) thus, demonstrating the
selectivity of the proteins [20-22]. The apparent similar-
ities between Ca(ll) and lanthanides, particularly with
regards to ionic radii, ligand exchange rates, and coordi-
nation numbers, have justified its isomorphous replace-
ment in biological macromolecules. For example, it has
been shown that Tb(III) is able to displace Ca(Il) in the
calcuim binding sites of a- and B-crystallins (a protein
responsible for opacity in eye lenses) [23]. In addition,
it has been reported that La*>" increases the activity of
phosphodiesterase by competing with Ca** at low con-
centrations [24] and it has been shown that La** im-
proves the capture of light energy of chlorophyll by
replacing Mg”* [25]. Zn(II) has also been shown to dis-
lodge Mg(Il) from various binding sites of proteins that
contain Asp/Glu residues [26,27]. Thus, we asked two
simple questions: (a) Is it possible to use electrochemical
methods to observe metal binding to ferrocene—peptide
conjugates in solution? (b) Do these systems display
specificity towards certain metals? To investigate these
questions we used ferrocenecarboxylic acid and 1,1’-fer-
rocenedicarboxylic acid conjugates of the amino acids
Gly, Asp and Glu. Asp and Glu are acidic amino acids,
which are expected to interact strongly with alkaline
earth and lanthanide metal ions. Previously, the Fc
group was shown to be sensitive to its environment by
efficient electronic coupling through the peptidic back-
bone and we expect changes in the redox potential upon
metal coordination. Since all measurements are to be
carried out in water and the amino acids carry ionizable
groups, it was important to study the pH dependence of
the redox potential. We chose to study the binding of the
following metals to the Fc-amino acid conjugates:
Mg(II), Ca(Il), Zn(II), La(IIl) and Tb(III) because of
their biological relevance described above. This paper
presents the results of our study and shows that the
Fc—amino acid conjugates show selectivity for different
ions.

2. Experimental
2.1. General procedure

The ferrocenoyl amino acids Fc-CO-Gly-OEt (2a-
OEt) [28-30]. Fc—CO-Gly-OH (2a) [28,29], Fc-CO-As-
p(OMe), (3a-OMe), Fc—CO-Asp-OH (3a) [31], Fc-CO-
Glu(OEt), (4a-OEt) [32] were all prepared according to
the literature procedures, 1,1’-Fc(CO-Gly-OEt), (2b-

OEt) and 1,1’-Fc(CO-Gly-OH), (2b) were synthesized
as reported before [33,34]. Full details of their character-
ization are given in supplemental material.

2.2. Synthesis of 1,1'-Fc(CO-Asp—OBz), (3b-OBz)

To a stirring slurry of 1,1’-Fc(COOH), (0.57 g, 1
mM) in CH,Cl, (25 ml), HOBt (0.27 g, 2.1 mM) and
EDC (042 g, 2.1 mM) were added at 0 °C. H-As-
p(OBz)-OBz - Tos (2.33 g, 4.8 mM) was dissolved in 5
ml CH,Cl, and 1 ml EtsN. The clear solution was trans-
ferred into the reaction mixture. The solution was al-
lowed to warm up and stirring was continued
overnight. After a standard aqueous work up (saturated
NaHCOj; aq., 10% citric acid solution, saturated NaH-
COs;, followed by distilled water, collection and drying
of the organic layer), the crude material was purified
by column chromatography (hexane/EtOAc 1:1;
R;=0.3). Yield: 1.30 g, 77%. HR-MS (FAB): calc. for
C4sH44N,O0Fe = 864.2345, found: 865.1537. FT-IR
(cm™ ', KBr): 3446 (NH), 1761 (s, C=0 ester), 1646 (s,
Amide I), 1559 (s, Amide II). UV-vis (CH50H, /ax
in nm, (¢) in cm "M ~!): 449 (305). '"H NMR (DMSO-
de, 0 in ppm): 8.30 (2H, t, /=9 Hz, NH,), 4.80 (2H, s,
H’ Cp), 478 (2H, s, H” Cp), 4.29 (4H, s, H” Cp),
5.14 (4H, m, OCH, Bz), 5.10 (4H, m, OCH,, Bz), 4.86
(2H, d, CH*-Asp), 3.06, 2.92 (2H, dd, J=8 Hz, CH,
Asp), 7.35 (20H, m, CH Bz). *C{'H} NMR (4 in
ppm, DMSO-dg): 171.6, 170.9, 169.7 (C=0), 136.7 (ipso
C-Ph), 129.7, 128.7 (C-Ph), 77.2 (ipso-C’), 73.1 (C°),
70.6 (C™), 67.3, 66.7 (CH,-O ester), 49.8 (C* of Asp),
36.5 (CH, Asp).

2.3. Synthesis of 1,1'-Fc(CO-Asp—OH ), (3b)

1.36 g, (1.58 mM) of 3b-OBz was added to a Parr
hydrogenation chamber and 10% wt palladium/carbon
catalyst added. Wet methanol (50 ml) was added and
after evacuation, the bomb was pressurized with H, to
60 psi for 18 h. The progress of the reaction was deter-
mined by TLC with 10% CH;OH/CHCI;. The final
product was purified by column chromatography
(CH;0H/CHCI; 1:9, R¢=0.4). Yield: 0.66 g, 83%.
HR-MS (FAB) calc. for CyyHgN,O;oFe = 504.6039,
found: 505.5041. FT-IR (cm™', KBr): 3500-3096 (OH,
broad), 3339 (NH), 1757 (s, C=0 acid), 1646 (s, Amide
I), 1559 (s, Amide II). UV—vis (CH30H, /.« in nm, (&)
in cm~'M1): 446 (250). '"H NMR ( in ppm, DMSO):
8.22 (2H, m, NH), 4.81 (1H, m, CH*-Asp merging with
one of Cp H), 4.80 (4H, s, CH-Cp), 4.38 (4H, s, CH-
Cp), 3.24 (2H, m, CHE-Asp), 2.77 (2H, m, CHE-Asp).
BC{'H} NMR (5 in ppm, DMSO-d¢): 171.1, 171.0
(C=0), 79.7 (C-substituted Cp), 72.3, 70.0 (C-unsubsti-
tuted Cp), 51.9, 51.1 (C-CH* Asp), 35.6, 35.2 (C-CH,
Asp).
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2.4. Synthesis of 1,1'-Fc(CO-Glu—OEt), (4b-OEt)

The reaction was analogous to that reported for 3b-
OBz using ferrocenedicarboxylic acid (0.85 g, 3 mM),
HOBt (1.0 g, 6.6 mM), EDC (1.27 g, 6.6 mM),and H-
Glu—(OEt), - HCI (3 g). Column chromatography: hex-
ane/EtOAc/CHCI; 4:3:3. R =0.3. Yield: 0.53 g, 62.9%.
HR-MS (FAB) calc. for C30H40N2010Fe: 6342032,
found: 635.2927. FT-IR (cm™ ', KBr): 3475 (NH), 1747
(s, C=0 ester), 1635 (s, Amide I), 1551 (s, Amide II).
UV-vis (CH30H, /. in nm, (¢) in cm 'M™'): 440
(345). '"H NMR (6 in ppm DMSO-d¢) 8.30 (2H, d,
J =8 Hz, NH-Glu), 4.35 (1H, m, CH*-Glu), 4.12 (2H,
m, CH»,-0), 4.07 (2H, q, /=7 Hz, CH,-0O), 4.88 (2H,
s, CH-Cp), 4.82 (2H, s, CH-Cp), 4.42 (2H, s, CH-
Cp),4.39 (2H, s, CH-Cp), 2.45 (2H, t, J=7 Hz, CH»-
Glu), 2.09 (1H, m, CH,-Glu), 1.96 (1H, m, CH,-Glu),
1.21 (3H, t, /=7 Hz, CHjz-ester), 1.17 ( 3H, t, J=7
Hz, CHj-ester). ">)C{'H} NMR (5 in ppm DMSO-dj)
173.1, 172.9, 170.0 (C=0), 77.5 (ipso C-Cp), 73.0,
72.8, 71.0, 70.3 (C, Cp), 52.3 (C*, Glu), 61.5, 60.8 (C-
CH,; ester), 31.0 (C-CH, Glu), 26.5 (C-CH, Glu), 14.9
(C—CHj; ester).

2.5. Synthesis of 1,1'-Fc(CO-Glu-OH ), (4b)

The deprotection of the ester linkage was accom-
plished by base catalysed hydrolysis of 4b-OEt (1.0 g,
1.5 mM) and 0.25 g of NaOH in wet MeOH. The reac-
tion was complete after 30 min. After evaporation of the
reaction mixture, the oily solid was purified by column
chromatography using a solvent mixture of
CHCI3;:MeOH:AcOH 17:2:1; R;=0.4. Yield: 0.44 g,
55%. HR-MS (FAB) calc. for C22H24N2010
Fe = 532.0780, found: 533.0548. FT-IR (cm ', KBr):
3500-3096 (w, br), 3350 (NH), 1754 (s, C=0 ester),
1651 (s, Amide I), 1561 (s, Amide II). UV-vis (CH;0H,
Jmax 0 M, (¢) in cm ™ "M 1): 446 (255). '"H NMR (6 in
ppm, DMSO-dg): 7.87 (1H, d, NH), 4.86 (1H, m, CH*~
Glu), 3.68 (1H, s, CH*-Glu), 4.95 (1H, d, H° Cp), 4.77
(1H, s, H° Cp), 4.43 (1H, s, H" Cp), 4.36 (1H, s, H” Cp),
3.58 (2H, m, CHS-Glu), 2.40 (2H, m, CH}-Glu), 2.02
(1H, m, CH}-Glu), 1.9 (1H, m, CH}-Glu). *C{'H}
NMR (6 in ppm, DMSO-dg): 175.2, 173.7, 172.8,
169.8, 169.7 (C=0), 77.8, 77.7 (ipso C-substituted Cp),
72.7, 72.4, 70.7, 70.3 (C-unsubstituted Cp), 52.9, 52.2
(C-CH”* Glu), 31.7, 31.1, 26.9, 26.7 (C-CH, Glu).

2.6. Electrochemistry

All electrochemical experiments were carried out at
room temperature (22 + 1 °C) on a CV-50W Voltam-
metric Analyzer (BAS) in aqueous buffered solutions
using a three electrode cell system consisting of glassy
carbon (BAS 3.0 mm diameter) as working electrode,
Pt wire as counter electrode and Ag/AgCl (3.0 M KCl)

as the reference electrode; at scan rates of 100 mV/s).
The carbon electrodes were cleaned by polishing on a
micro-cloth pad with Al,O3 slurry (1.0 um). The pol-
ished electrodes were rinsed with copious amount of
water and tested in a background solutions before use.
To ensure reproducibility the working electrode was
cleaned between runs.

The determination of the acid-base properties of Fc-
amino acids/peptides was studied by cyclic voltammetry
on a 0.5 mM solution of the compound in 5% MeOH-
aq. phosphate buffers between pH 2 and 8. Buffers were
prepared with H;PO,4, Na,HPO,4, KH,POy4 to an ionic
strength of 0.2 M. Where necessary, the pHs were ad-
justed by the addition of 1 M HCl or 1 M NaOH. pH mea-
surements were carried out using an AccuMet (Fischer
Scientific) combination glass electrode and standardized
with VWR pH 4 and 7 buffer standards. The electrochem-
ical response of the ferrocene—amino acid conjugates in
the presence of either La**, Tb*", Zn**, Mg>" or Ca’*
as guest cation species was investigated by CV and differ-
ential pulse voltammogram (DPV) by incremental ali-
quots of aqueous metal salts solutions to 5 ml, 0.5 mM
solutions of the free acid in 0.1 M Tris—HCI buffer pH
6.8-7.0 and 0.2 M NaClO, supporting electrolyte. For
the cyclic voltammetric (CV) studies the scan rates was
100 mV/s and for the DPV experiments a scan rate of 20
mV/s and pulse amplitude of 50 mV was used. Cyclic vol-
tammograms (CVs) were scanned in the potential range of
0.4-1.1 V versus Ag/AgCl.

2.7. Synthesis of metal complexes of Fc—CO-Glu—-OH

To a solution of metal triflates (20 mM) in 10 ml meth-
anol:water (1:1), 10 ml of methanol/water (1:1) of Fc—
CO-Glu-OH (10 mM) was added. The resulting pH of
the solution was ca. 4. The pH was adjusted to 6.5 with di-
lute NaOH and stirred at room temperature for 12 h. Any
precipitate formed was removed by filtration. The result-
ing orange suspension was concentrated to dryness and
the residue picked up in 5 ml methanol and layered with
diethylether to induce precipitation of the product. The
solids were collected by filtration, washed with diethyl
ether, and dried in vacuum. Complexes of the metals were
analysed by >*C NMR in DMSO-dg FT-IR as KBr pellets
and electrospray ionization mass spectroscopy (ESI-MS).
ESI-MS involved solutions prepared in 1:1 methanol/
H,O solution adjusted to pH 6.5 and analysed in positive
ion mode.

3. Results and discussion

3.1. Synthesis and characterization

The 1,1’-disubstituted ferrocene—amino acids 2b—4b
were prepared by amidation of the acid group using
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the carbodiimide method (EDC/HOBt) followed by ba-
sic ester hydrolysis (illustrated in Scheme 1). The related
monosubstituted ferrocene—amino acids Fc-Gly-OH
(2a), Fc—Asp—OH (3a) and Fc-Glu—-OH (4a) were re-
ported previously [34] (Scheme 2). All the compounds
were characterized spectroscopically by 'H and '*C
NMR, MS, UV-vis and FT-IR spectroscopy. Selected
spectroscopic properties are summarized in Table 1.

The successful deprotection of the esters to the free
acids is indicated by a lack of the resonances due to
the protecting groups and the appearance of a resonance
at 0 12.3-13.2 due to the acid OH. In addition, the IR
shows a strong absorbance in the OH region. Fc-disub-
stituted compounds, 2b and 3b, show two typical sing-
lets at 0 4.80 and ¢ 4.38, respectively, whereas four
broad singlets were observed for 4b at 6 4.90, 4.87,
4.42 and 4.37, similar to that observed for disubstituted
ferrocene carbohydrate dendrimers [35].

The FT-IR spectra of the esters in solution and free
acids in the solid state (KBr) reveal characteristic fea-
tures of the ferrocene and the amino acid moieties (Ta-
ble 1). Particularly, the position of the amide A band at
3400-3300 cm ™! is quite informative. Amide NH
stretches below 3400 cm ™! are diagnostic of a compound
that participates in hydrogen bonded (H-bonded)
[36,37]. The amide A stretches of compounds 3a, 4a
and 2b-4b indicate H-bonded structures. H-bonding
involving the two podant amino acid groups is a com-
mon structural motif in 1,1’-bis-amino acid substituted
ferrocenes. In addition, the crystal structure of 2b shows
strong intramolecular H-bonding between the two
amide groups on the two podant amino acid substitu-

(i)

OEt
BZOT( O 3b 4
©* i

0 EtO
l(m) 0
@L OH
HOJK/ H O Ho)k/
Scheme 1. Synthesis of 1,1’-disubstituted ferrocene—amino acid con-
jugates: (i) EDC, HOBt, H-Asp(OBz), - Tos, Et;N, CH,Cl,; (ii) H, Pd/

HOT( 3b /(
HO "0

C, MeOH (aq); (iii) EDC, HOBt, H-Glu(OEt), - HCI, Et3N; (iv)

NaOH, MeOH.

o
gy JLENY
O\ 00 OH)I\/N\[I/ H O
a 02 g
0 OH o H ¢ N
OH WO
@L Nﬁnt odj\;’ N
H3 0] HOm/ O 3b
a O Oy OH
OH ' OH
0 1
< H O
o) N\([)I/
@% J: 4b
HO YO

Scheme 2. Ferrocene—amino acid conjugates; Fc-Gly-OH 2a, Fc-
Asp-OH 3a, Fc-GIluOH acid 4a; and 1,1’-disubstituted ferrocene—
amino acid conjugates; Fc—(Gly-OH), 2b, Fc—(Asp-OH), 3b,
Fc—(GIluOH), 4b.

ents [34]. Thus, we suggest that 2b, 3b, and 4b exist in
the 1,2’-conformation, which supports intramolecular
H-bonding between the two podant amino acids [38,39].

Circular dichroism (CD) spectra of the 1,1’-diacids
and their esters in MeOH all showed an induced positive
Cotton effect in the Ferrocene band at A =440 nm.
which indicates a chirally organized structure assembled
by intramolecular H-bonding (supporting information)
[19].

3.2. Electrochemical studies

All Fc—amino acid conjugates 2a—4a and 2b—4b exhi-
bit electrochemically and chemically fully reversible one-
electron oxidation, as judged from the separation of the
oxidative and reductive peak position and peak currents,
respectively. These data are summarized in Table 2. The
half wave potential (E£),;) of some Fc conjugates was
found to be sensitive to the pH of the solution (Support-
ing information Table S1 and Fig. S2) [40,41].

The interactions of Fc-amino acids with Mg>*, Ca*",
Zn**, La**, and Tb>* were studied by CV and DPV.
Fig. 1 shows a typical CV and DPV obtained for a solu-
tion of Fc—Asp—OH (3a) before and after the addition of
2 equivalents of a Tb*>" at pH 6.8, where the compound
is fully deprotonated. Tables 3 and 4 summarize the
electrochemical results. In all cases, addition of metal
ions to the solution causes an anodic shift. For the
mono-substituted acidic systems, Fc-Asp—OH (3a) and
Fc-Glu-OH (4a), the addition of La®* and Tb>* caused
large shifts in £}/, (Table 3) whereas, shifts caused by the
addition of Mg>* and Ca®* were much smaller. Unex-
pectedly, addition of metal ions to the disubstituted Fc
derivatives caused significantly smaller changes in Ej),
for 3b and 4b whereas 2b experienced a much greater
shift, especially towards Mg?* and Ca®*. The anodic
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Table 1
Selected spectroscopic parameters for Fc—amino acid conjugates

1213

'"H NMR? (ppm) IR® (cm™) UV-vis® (nm(e))
Compound NH H* H"” Cp COOH NH C=O0 ester/acid C=0 amide

2a-OFEt 8.31 4.80 4.39 4.24 - 3475 1747 1635 444 (260)
3a-OMe 8.23 4.80 4.37 4.20 - 3455 1739 1628 446 (220)
4a-OEt 8.01 4.89, 4.82 4.38 4.21 - 3434 1746 1640 442(240)
2a 8.14 4.79 4.35 4.24 12.77 3428 1756 1621 444 (210)
3a 7.98 4.80, 4.79 4.35 4.21 13.12 3344 1752 1600 442 (220)
4a 7.84 4.87, 4.82 4.36 4.21 12.40 3322 1733, 1717 1616 446 (255)
2b-OEt 8.30 4.85 4.44 - - 3455 1740 1643 450 (320)
3b-OBz 8.30 4.80, 4.78 4.29 - - 3446 1761 1646 449 (305)
4b-OEt 8.30 4.83,4.82 4.42,4.39 - - 3475 1747 1635 440 (354)
2b 8.22 4.80 4.38 - 12.40 3385 1715 1593 460 (245)
3b 8.38, 8.01 4.83 4.38 - 12.38 3339 1757 1646 446 (250)
4b 8.12, 7.92 4.90, 4.87 4.42,4.37 - 12.35 3350 1754 1651 446 (255)

® NMR at 1 mM concentration, in DMSO-ds.

® IR were recorded in KBr for the monosubstituted compounds (2-4a and 2b-4b) their esters spectra were recorded in CHCl; (6 mM).
¢ Recorded in MeOH solution at various concentrations (1-10 mM).

Table 2

Electrochemical data for Fc-modified compounds 2a-4a and 2b-4b from CV measurements

\Y 2a 3a 4a

- 376 (69) 388 (76) 392 (87)

Mg>* 424 (83) 394 (80) 400 (93)

Ca** 422 (80) 393 (88) 401 (130)

Zn** 412 (96) 403 (93) 421 (120)

La** 400 (90) 424 (110) 459 (120)

Tb** 398 (92) 452 (120) 471 (125)
2b 3b 4b

- 632 (80) 636(83) 605 (80)

Mg** 744 (180) 646 (90) 611 (88)

Ca** 720 (144) 652 (81) 616 (80)

Zn** 646 (114) 652 (82) 625 (89)

La** 716 (180) 656 (83) 639 (82)

Tb** 669 (184) 678 (78) 655 (88)

E, ), values are reported in mV and numbers in parentheses are the peak separation (AE = E,

j I pAcm?

1
400
ElmV

1 1 1
200 600 800
Fig. 1. CV and DPV plots for compound 3a before (solid lines) and
after(dashed line) addition of 2 equiv. of Tb>" at pH 6.8.

pe — Epa) values in mV.

shift is rationalized by a through space coulombic inter-
action of the metal centre and the positively charged
ferrocenium [42,43]. Similarly, Beer and coworkers ob-
served anodic shifts of 15, 35 and 55 mV for the interac-
tion of a Fc—calixarene conjugate with La®*, Gd** and
Lu®*, respectively. The interaction of the Fc-amino
acids with La** and Tb>*, experienced anodic shift that
correlates with an increase of the ionic radii [9]. The
change in E;, between the free ligand and the com-
plexed state (AE)),), is indicative of the binding strength
shown in the following equation [44]

E-ln Krcd
KOX ’
where EY),, E},, are the half-wave potentials for the

nF
complexed state and free ligand state, respectively; Kiq
and K,y are the stability constants in the reduced and

C F
AEI/Z = El/z _E1/2 =

(1)
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Table 3

Electrochemical response of Fc-modified compounds to metal additions from CV measurements
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La*(1.06, 2.8)

Tb** (0.92, 3.3)

Mg>* (0.86, 2.3)

Ca?* (0.99, 2.0)*

Zn** (0.74, 2.7)

2a 24 (2) 25 22 (2) 23 48 (2) 6.3 46 (2) 5.9 36 (2) 4.0

3a 39 (2) 45 66 (2) 12.7 10 (4) 1.5 8 (4) 1.4 18 (4) 2.0

4a 57 (2) 13.7 80 (2) 21.7 12 (4) 1.6 16 (4) 1.9 29 (4) 3.1

2b 84 (2) 21.7 37 (2) 2.6 115 (4) 83.3 88 (4) 29.5 14 (4) 1.7

3b 20 (4) 2.2 42 (4) 5.0 11 (4) 1.5 16 (4) 2.5 13 (4) 1.6

4b 34 (4) 3.7 50 (4) 6.8 6 (4) 1.3 11 (4) 1.5 20 (4) 22

The values in parentheses represent the number of metal equivalents required to cause maximum change in E,.

AE, ), = Elcj'zmple“ — Bl

# jonic radii of cation in A and charge/size ratio.

Table 4

IR stretching frequencies (cm™!) and '3C NMR resonances (ppm) of selected peaks in M-2a and M-4a complexes

Assignment 2a 4a 2a-Mg>* 2a-La>* 4a-La>* 4a-Mg**

VasC=0 1556 1570 1550 1550

v,C=0 1438(118)* 1445 (125)° 1440 (110)® 1445 (105)*

1415 (155)° 1418 (132)°

13C=0 (amide) 170.37 170.20 169.87 (0.50)° 169.67 (0.07)° 169.72 (0.48) 169.65 (0.55)°

13C=0 (acid) 172.42 174.80, 175.77 (3.35)° 174.97 (2.55)° 180.20 (5.70) 177.03 (2.23)°
174.50 180.91 (6.11) 178.04 (3.54)°

3cH> 41.64 52.09 43.69 (2.05)° 43.45 (1.81)° 54.54 (2.15)° 53.87 (1.79)°

1BCHE - 26.68 - - e 29.49(2.81)°

BCH] - 31.22 - - 34.16(2.94)° 33.53 (2.31)°

Ipso 3C(Cp) 76.77 76.64 77.53 (0.85)° 77.50 (0.73)° 77.51 (0.87)° 77.40 (0.76)°

* [AV] = v,s(C=0) — v(C=0)].
b 13C NMR shifts.
¢ Broadened peaks.

oxidized states, respectively and other symbols have
their standard meanings. The use of DPV was particu-
larly informative because it is a more sensitive technique
than CV and shows the presence of minor peaks as seen
in Fig. 1 at ca. 600 mV. The small peak at 600 mV was
observed at higher concentration of lanthanides and is
attributed to the formation oligomeric species in solu-
tion or the formation of insoluble hydroxide complexes
(a2 common phenomenon at neutral pH’s) [45]. The
reduction in peak current after addition of the metal is
due to changes in the diffusion coefficient of the complex
compared to the free ligand caused by the increase in
molecular weight as expected from the Randles—Sevcik
equation.

The metal complexation results are summarized in
Table 3. In general, binding to La*" and Tb*" is stronger
for compounds 3a and 4a whereas, the Gly-substituted
compounds, 2a and 2b, exhibit preference forMg®* over
the other ions. Hall and Chu reported the results of a
CV study investigating the co-ordination of alkaline
earth and lanthanide metal cations to a series Fc-cryp-
tants [3]. It was noted that there is a correlation between
the AE,» and the charge:radius ratio of the metal ion.
Similar trends were observed for surface immobilized

CV studies investigating glutathione complexes [46].
Thus, on the basis of charge:ionic size ratio
(Tb** > La** > Zn?* > Mg?* > Ca®"), we would expect
lanthanides to show much larger shifts compared to
the alkaline earth metals, as was observed for 3a and
4a. The preference of the Gly compounds, 2a and 2b,
to bind with Mg?* and Ca** is rationalized by its flexi-
bility and its preference for smaller cations and lower
coordination numbers. The stability constant for Gly—
Mg**, -Ca®* and —La** complexes were calculated as
3.44, 1.38 and 3.24, respectively, and the values for
Asp for the same metals are 2.43, 1.60 and 3.42, respec-
tively [47]. Therefore, it is not surprising to find that the
Gly conjugates 2a and 2b show a higher affinity towards
Mg”>* and Ca®* compared to the Asp conjugates 3a, and
3b, and the Glu conjugates 4a and 4b.

The addition of the lanthanides to 4a resulted in a
maximum anodic shift, AE;, after the addition of 2
mole equivalent of Ln** for the monosubstituted conju-
gates (see Fig. 2). The alkaline earth metals resulted in a
negligible increase with metal additions. The disubsti-
tuted conjugates showed anodic shift maxima after 4
mol equiv. for all metals, except for lanthanides, which
shows 2 mol equiv. for 2b (Table 3).
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Fig. 2. Changes in AE);, with the addition of Tb*' (o), La®* (0) and
Zn** (A) to 4a. (Ca®* and Mg2+ titrations were omitted because they
showed negligible change in AE)).

3.3. Spectroscopic studies of metal complexation

Electrospray-ionization mass spectrometry (ESI-
MS), IR and '*C NMR spectroscopy were used to eval-
uate the structural properties of the metal complexes of
the ferrocene—amino acid conjugates and the results are
summarized in Table 4.

ESI-MS is a useful tool in the identification of metal
complexes and allows deductions about the complexa-
tion behavior of ligands. The ESI-MS spectrum of a
solution of ligand 4a with Tb*" is shown in Fig. 3.
The spectrum shows peaks related to the ligand as well
as the complex. The ligand is indicated by peaks m/z
at 382.034 and 404.016 representing [L + Na]® and
[L — H + 2Na]", respectively. The spectrum also shows
a prominent peak at m/z 596.925, which is assigned to
[Tb,L,(H,0)s]** (L = 4a) on the basis of modeling the
correct isotopomer. The isotopic peaks are separated
by 0.5 m/z units, which clearly reveals the +2 charge
state of this ion. Other minor metal complex peaks such
as [Msz(H20)7(CH3OH)]2+ are present at m/z 595.005,
which shows the coordination of a solvent molecule and
others peaks may represent more complex structures. A
similar experiment for 2a with Ca®* and Tb**, showed

@ (b)

T 1
596 598 600

el I!!gol
596 598 600

596.925

400 500 600
m/z

Fig. 3. (a) ESI-MS of [M,Ly(H,0)o*" of 4:1 (Tb*': 4a) in 1:1
methanol/H,O at pH 6.5. (b) Expanded region of the molecular ion. (c)
The simulated isotopic ratio spectrum.

ligand peaks at m/z 287.023, 310.015 representing
[L + H]" and [L + Na]", respectively and m/z 410.026,
559.994, are identified as [ML(H»0);(CH;OH)]" and
[ML(H,0)5(CH;0H)]*(CF5S04) for the Ca** and
637.127, [ML(H>0)o(CH;OH)]" of Tb** complexes,
respectively.

The '*C NMR clearly indicates the participation of
the carboxylate group in the coordination to the metal
centers. For complexes of 2a and 4a with metal ions,
the carbon of the carboxylate group experienced down-
field shifts of 3.0-6.0 ppm. The aliphatic C atoms of the
side chain, including the a-C, experienced shifts that ap-
pear to be dependent on the distance from metal center.
The shift generally decreased as the distance to the metal
center increased (A 2.8-3.5 ppm for the B-CH,, Ao 2.3
3.1 ppm for y-CH,, and Ad 1.7-2.6 ppm for a-CH). The
amide carbonyl and carbons of ferrocene showed shifts
of less than 1.0 ppm indicating that they do not partic-
ipate in binding of the metal ions. Such magnitudes of
shifts have been reported for Asp and Glu, Phe and glu-
tathione, with Pd*" [48] and Ln** [5,8,49]. The down-
field shifts of the carbonyl chemical shifts are
consistent with complexation with the metals since it
causes a decrease of the electron density around the cor-
responding carbon atom [49].

The difference between the symmetric and asymmet-
ric stretching vibration of the carboxylate group (Av)
observed in the FT-IR spectra is a diagnostic tool that
provides structural insight into the coordination mode
of the carboxylate group [50,51]. Phillips recorded the
frequencies of acetate ions in solutions containing alka-
line metals, alkaline earth metals, and transitional met-
als and proposed an empirical relationship for Av
summarized as follows: ionic (164 cm™'), bridging
(140-170 cm™"), bidentate (40-80 cm™'), unidentate
(200-300 cm™'). Gericke and Huhnerfuss [52] also
found empirical relationship from interactions of satu-
rated fatty acids with metals; ionic (158 cm™'), bridging
bidentate (150-200 cm ') bidentate chelating (80-110
cm ™ Y). Our results suggests a bidentate chelating mode
of coordination for alkaline earth metals with 2a and
4a (Av between 110 and 105 cm ™), and bidentate bridg-
ing and chelating modes for lanthanides complexes of 2a
and 4a (Av 135-155 cm™' and 110-105 cm ™!, respec-
tively). The amido and carboxylate functional groups
bands of the metal complexes at 1550-1575 cm ™! in 2a
and 4a are assigned to the antisymmetric stretching
vibration v,((COO™). The bands in the 1419-1435
em~! region are the symmetric stretching vibration
v(COO™), consistent with established values of Mg>*,
Ca®* and Ln*" complexes of Glu, in which the v
(COOH) was observed at 1700 cm™!, v(COO™) at
1540-1680 cm™!, and v,((COO™) at 1410-1420 cm™!
[53-55]. After complexation, the characteristic C=0O
stretches in the free acid at 1756 and 1733, 1717 cm ™!
for 2a and 4a, respectively, are absent, indicating metal
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coordination. Furthermore, in the metal complexes the
amide NH stretch is absent for ligand 2a, suggesting
either deprotonation or deprotonation and complexa-
tion. NH deprotonation was observed for Trp complex-
ation of Eu’* and is commonly observed in peptide
complexes of Cu?*, Ni** [56-59], and Co** [60-63].

Theoretical studies by Dudev and Lim [64] into the
coordination behavior of carboxylates show that the
charge density, the coordination number and other fac-
tors such as solvation are important. They contend that
reducing the net charge on the metal ion disfavors the
formation of a bidentate over a monodentate system.
Furthermore, in water-rich octahedral Mg(II) com-
plexes containing a single carboxylate, the bidentate
structure is slightly more favored but monodentate is fa-
vored in cases where an additional binding ligand, espe-
cially water, which forms hydrogen bonded systems.
Lastly, Dudev and Lim suggested that in complexes
where two or more backbone ligands are available, the
bidentate carboxylate mode is more stable than the cor-
responding monodentate mode. In the case of Ln’",
where an increased coordination number is possible,
the bidentate mode of coordination is favored. Our
observations generally agree with reports by Torres
and co-workers [65-71] who described extensively the
coordination behavior of the carboxylate group with
Ln**. Bidentate carboxylate coordination networks in
the typical syn—syn bridging, chelate bidentate and tri-
dentate modes have been observed before in the crystal
structure of N-methylglycine Eu(IIl) complexes, gly-
cine-Nd** complexes, as well as lanthanide glutamte
and aspartate complexes [65-71].

4. Conclusions

In this study, we evaluated the interaction of the six
Fc—amino acid conjugates Fc-CO-Gly-OH (2a), Fc-
CO-Asp—OH (3a), Fc—CO-Glu-OH (4a), 1,1’-Fc¢(CO-
Gly-OH) (2b), 1,1’-F¢(CO-Asp—OH) (3b), and 1,1'-
Fc(CO-Glu-OH) (4b) with metal ions Mg>*, Ca®*,
Zn**, La**, and Tb**. Using CV and DPV experiments,
we showed that the Fc group is providing an electro-
chemical response to metal binding to the carboxylate.
The Asp and Glu conjugates exhibit a small preference
for the lanthanide ions and the Gly-substituted com-
pounds 2a and 2b exhibit preference for Mg®* and
Ca®*. Thus, we observe an interesting change in the
selectivity for metal binding as a function of amino acid
residue. The selectivity displayed by 3a and 4a towards
binding of Ln** over alkaline earth metals can certainly
be rationalized in terms of their charge to size ratio. Du-
dev and Lim’s [64] theoretical study offer additional in-
sight into the effect of carboxylate coordination on the
type of metal, its coordination number, the total charge
of the metal complex, immediate surroundings and rela-

tive solvent exposure of the metal binding site. Future
experiments are aimed at exploring the coordination
behavior of such amino acid and peptide conjugates
which are covalently linked to a surface and monitor
the influence of metal coordination on the electric prop-
erties of the interface.
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