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Interaction of Ferrocenoyl-Dipeptides with 3-Aminopyrazole Derivatives: f-Sheet Models?
A Synthetic, Spectroscopic, Structural, and Electrochemical Study
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The use of 3-aminopyrazole derivatives/asheet templates is investigated using a series of ferrocenoyl (Fc)-
dipeptides (Fc-Gly-OEt, Fc-Alg-OBzl, Fc-Leu-Phe-OMe, Fc-Val-Phe-OMe, Fc-Ri@Me, Fc-Ley-OMe, Fc-
Val,-OMe). The synthesis and full characterization are reported. The solid-state structures offaMelyand
Fc-Leu-Phe-OMe show extensive hydrogen bonding of the podand peptide substituents, resulting in the formation
of supramolecular Fc-dipeptide assemblies. For Fe-Glyle, this can be described as a parafaheet, whereas
intermolecular interactions in Fc-Leu-Phe-OMe result in the formation of supramolecular helical structures. The
saturation titrations of Fc-dipeptides with 3-amino-5-methylpyrazole (3-AMP) and 3-trifluoroacetylamido-5-
methylpyrazole (3-TFAc-AMP) show a 1:1 interaction of the Fc-peptide with the aminopyrazole derivatives. IR
measurements in solution confirm binding to the top face of the Fc-dipeptide and the involvement of-the Fc
C=0 and the ester<€0 groups in establishing H-bonding interactions with the 3-TFAc-AMP. However, binding
constants in chloroform are low and range from 8 to 27*Mvhich correspond to binding energies of B kJ

mol~. In higher polarity solvents, such as acetonitrile or acetone, the binding constants are belowy 5 M
emphasizing the limited utility of 3-AMP derivatives Assheet templates. Electrochemical measurements confirm

the weak interactions between the various Fc-dipeptides and 3-TFAc-AMP. Typical shifts in the redox potential
of the Fc moiety are in the range-@0 mV. Attempts to modify 3-AMP at the 3-position by carbodiimide coupling

with amino acid derivatives and, thus, enhance the binding to the Fc-peptides resulted in 2-amino acid substituted
3-AMP derivatives. Substitution at the 2-position blocks the binding site, and no interactions with Fc-dipeptides

are observed.

Introduction

structural changes that will take place upon substrate binding

) ) ) ) _toan adjacent coordination site attacRd®ecently, we reported

Controlling the architecture of peptide assemblies using 5 sirategy that allows the incorporation of the ferrocene group
specific interactions, such as hydrogen bonding or electrostatic;i, 5 peptidic framework under very mild conditichSubse-
interactions, is one of the most important innovations which q,ently, we showed that the redox potential of the ferrocenoyl
may allow for the design of peptidic biomaterials having novel o5 "(Fc) attached to helical and nonhelical oligopeptides is
functions! In particular, hydrogen bonding has been extremely i fluenced by the peptide’s secondary strucfufes a logical
useful in designing highly ordered peptidic systems, such as ey siep, we wanted to investigate systems that [faskeeet-
self-assembled peptide tubeand has been widely exploited |ike structures and study the effect that this particular secondary
in crystal engineering of nonbiological materials. structure exerts on the electrochemical properties of the fer-

Incorporating redox active organometallic moieties into a rocene group. These studies are part of our larger efforts toward
biological supramolecular assembly is particularly relevant, understanding electron transfer in structurally well-defined

because it may allow for the design of novel biomaterials, which

may act as biomolecular sensing and switching dewces.
Modified ferrocenes and their analogues have long been
exploited as redox probes and are able to respond to the
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Scheme 1. Two- and Three-Point Binding of
3-Aminopyrazole (APzl) to an Acylated Dipeptide
(According to Ref 11)
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their ability to act as templates for stabilizifigsheet structures.

In a preliminary study? we reported the results of an investiga-
tion of the interaction of the parent 3-APz| substrate with three
Fc-dipeptides, Fc-GlyOEt (7), Fc-Ala-OBzI (8), and Fc-Leu-
Phe-OMe 9). Surprisingly, we found that only the top-face
binding site of the Fc-dipeptide interacted with the ligand.
Binding constants in the range-21.5 M1 were observed,
indicating weak binding® To obtain stronger binding between
the Fc-dipeptides and the 3-APzl derivatives, we decided to
study Fc-dipeptides with high-sheet propensit}# such as Fc-
Val,-OMe, and use aminopyrazole derivatives, such as 3-trif-
luoromethylacetyl-AMP, with a higher affinity for binding to
the dipeptide backbone. The interaction between the ligand and
the Fc-dipeptide can be quantified B NMR saturation
titrations and IR spectroscopy, and the validity of the binding
model can be assessed. Electrochemical studies of the Fc-
dipeptides in the absence and presence ofstekeet inducing
ligands should provide information regarding the electronic
effects of peptides in #-sheet conformation on an attached
redox probe.

The present paper gives a complete account of the preparation
and characterization of several Fc-dipeptides, including the
X-ray structures of Fc-GlOEt (7) and Fc-Leu-Phe-OMe9y.

We report our findings on the interaction of Fc-dipeptides with
various 3-APzl derivatives in solutiont NMR saturation

peptide assemblies. According to theoretical studies, the electrontitration experiments and IR spectroscopy). Our studies allow

transfer properties of peptides adopting-aheet structure are
different from those of peptides having arhelical structuré.

There are now several routes available allowjfigheet
formation even in small dipeptid€3°We were intrigued by a
novel strategy, recently reported by Schrader and Kirkten,
using 3-aminopyrazole (3-APzl) and 3-amino-5-methylpyrazole
(3-AMP) as templates to indugesheet formation by forming
hydrogen bonds with the peptide backbone (Chart 1).

It was shown that 3-APz| acts as a template by binding to
various acylated dipeptides and forces them into fkeheet
conformation. It was reported that 2:1 complexes are formed

us to quantify the interaction and to assign the involvement of
only one binding site at the Fc-dipeptide. Furthermore, we report
results of our electrochemical studies investigating the electronic
effects of the interaction between the Fc-dipeptides and the
aminopyrazole ligands.

Experimental Section

General Procedure.All syntheses were carried out in air in GH
Cl, unless otherwise indicated. @El, and CHC} (BDH, ACS grade)
used for synthesis, FT-IR, and electrochemistry were dried {Cahtl
distilled prior to use. Acetone, EtOAc, GBN, MeOH, diethyl ether

by hydrogen bonding interactions between an aminopyrazole gph ACs grade), hexanes (Fischer, HPLC grade), GH@id CH-

derivative and a series of Ac-dipeptides. Both binding sites were c¢j, ysed for the purpose of purification were used as received. €DCI
thought to be occupied (Scheme 1). Three-point binding to the and CRCN (Aldrich) were dried by and stored over molecular sieves
top face of the peptide is preferred over two-point binding to (8—12 mesh4 A effective pore size, Fisher) before use. Acetdpe-

the bottom face, resulting in the ability of the aminopyrazole (MSD) was used as received. Pyrazole, APzl, AMP, DCC, HOBt,

derivative to distinguish between the two different faces of the
acylated dipeptide. The bottom face only allows for a weak two-
point binding, involving the acyl NH and the peptide=O
groups. Hence, the three-point site will be occupied preferen-
tially over the bottom two-point binding site. Pyrazole (Pzl), a
two-point binder, is unable to distinguish between the two faces
of the molecule and will bind to both sites. This regioselective
binding is crucial for proper peptide recognition.

We decided to make use of this strategy to investigate the
interaction of APzl derivatives with Fc-peptides and to evaluate
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FcOH (Strem) were used as receiveddNE(BDH, ACS grade) used in unsubst Cp), 3.72 (3H, s, @), 3.09 (4H, m, G Phe & CH/
peptide and Fc-peptide couplings was used as received but was driedPhe). 13C{*H} NMR (6, CDCkL): 171.5 €=0), 170.9 C=0), 170.8
by molecular sieves when used in stoichiometric quantities. For column (C=0), 137 (G Phe), 135.5C; Phe), 129.6 CH Phe), 129.4 CHxr
chromatography, a column with a width of 2.7 cm (i.d.) and a length Phe), 129.1 CHa Phe), 128.8 CHa, Phe), 127.5 CH, Phe), 127.3

of 45 cm was packed 182 cm high with 236-400 mesh silica gel
(VWR). For TLC, aluminum plates coated with silica gel 68,4EM

(CHp Phe), 175.0C; Cp), 70.9 CHny Cp), 70.0 CH unsubst Cp), 69.1
(CHo Cp), 67.8 CH, Cp), 54.1, 53.6, and 52.6 (@5, CH* Phq, CH®

Science) were used. NMR spectra were recorded either on a BrukerPhe), 38.1 CH, Phe), 37.9 CH, Phe).

AMX-300 spectrometer operating at 300.135 MH# and 75.478
MHz (*3C{H}), or on a Bruker AMX-500 spectrometer operating at
500 MHz ¢H) and 125 MHz 3C{*H}). Peak positions in bottH and
13C spectra are reported in ppm relative to TMB.NMR spectra of
Fc-peptides are referenced to the LOH resonanced 5.32 ppm) of
an external standard (CDSTH,CI,). *H spectra of all other compounds
are referenced to the residual CHGIgnal. All °C{H} spectra are
referenced to the CDgsignal atd 77.23 ppm. 2D-COSY and HMBC

Characterization of Fc-Leu-Leu-OMe (12).R; = 0.36 (hexanes/
EtOAc 1:1). Yield: 58% (0.096 g). Elemental Anal. Calcd fonldss-
FeNOs: C, 61.28; H, 7.29; N, 6.00. Found: C, 61.46; H, 7.35; N,
5.84. EI-MS (positive ion mode) accurate mass? d4lcd, 470.1868;
found, 470.1864!H NMR (6, CDCk): 6.43 (1H, d,Jun = 7.4 Hz,
NH Lew,), 6.08 (1H, dJus = 7.7 Hz, NH Lew), 4.70 (2H, d Juy =
2.0 Hz, tH, Cp), 4.63 (2H, m, €* Lew, & CH* Lew,), 4.38 (2H, d,
Jun = 1.9 Hz, Hn Cp), 4.22 (5H, s, @ unsubst Cp), 3.76 (3H, s,

(heteronuclear multiple bond correlation) experiments were recorded OCHs), 1.67 (6H, m, Gi.’CH” Leu; & CHCH” Lew,), 1.01 (6H, d,

to make proper spectral assignments of tHeand *°C spectra. The
dipeptides, Boc-Gly-Gly-OEt1),%® Boc-Ala-Ala-OBzl @),6° Boc-Leu-
Phe-OMe 8),*12°Boc-Phe-Phe-OMed),'?d Boc-Leu-Leu-OMe §),12¢
and Boc-Val-Val-OMe 6),'?" were prepared as described before. The
ferrocenoyl-dipeptides Fc-Gly-Gly-OET), Fc-Ala-Ala-OBz| @), and
Fc-Leu-Phe-OMe Q) were prepared as described before using EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide) instead of DCC (1,3-
dicyclohexylcarbodiimide) (vide infré. Their spectroscopic properties
were identical to those described beféite.

General Procedure for the Preparation of Fc-Peptides (1613).
To a stirring mixture of FcOH (1 mmol) and HOBt (1.1 mmol) in &H
Cl; (20 mL) at room temperature is added solid EDC (1.1 mmol),

causing the orange slurry to slowly change into a clear solution. Boc-

protected peptide (1.2 mmol) is treated with neat TFA (1 mL) for at

Jun = 6.0 Hz, (CHa)z LeU), 0.93 (GH, dJun = 5.6 Hz, (O"g)z Leu).
13C{*H} NMR (0, CDCh): 173.3 £=0, Lew), 172.4 C=0, Fc), 170.8
(C=0, Lew), 75.4 Ci Cp), 70.9 (2CCHn Cp), 70.0 (5CCH unsubst
Cp), 68.5 CH, Cp), 68.4 CH, Cp), 52.5 (QCH3), 51.6 CH® Leu),
51.0 CH® Leu), 41.6 CH” Leu; & CH” Lew), 25.0 CH Leu, &
CHZ Leuw), 23.2 CHy" Leu), 23.0 CHy Leu), 22.4 CHy” Leu), 22.1
(CHgz” Leu).

Characterization of Fc-Val-Val-OMe (13). Rr = 0.41 (hexanes/
EtOAc 1:2). Yield: 57% (0.251 g). Elemental Anal. Calcd forldse-
FeNO4 C, 59.74; H, 6.84; N, 6.33. Found: C, 59.91; H, 6.95; N,
6.29. EI-MS (positive ion mode) accurate mass? dalcd, 442.1555;
found, 442.1549. FT-IR (CH@): 1739 (C=0 Val,, ester), 1678 (&
O Val), 1648 cnt! (C=0 Fc).*H NMR (9, CDCL): 6.38 (2H, br d,
NH Val;, NH Valy), 4.73 (2H, tJunw = 1.9 Hz, GHo Cp), 4.59 (1H, dd,

least 30 min, and then the excess TFA is removed in vacuo. The Juy = 4.9, 8.7 Hz, Gi* Valy), 4.44 (1H, ddJun = 7.0, 8.6 Hz, G*

remaining residue is dissolved in @&, (5 mL), and E4N (1 mL) is

Valy), 4.38 (2H, t,Jun = 1.9 Hz, (H» Cp), 4.23 (5H, s, B unsubst

added. The basic peptide solution is transferred to the reaction vesselCp), 3.78 (3H, s, O83), 2.21 (2H, septet)yy = 6.8 Hz, GH# Valy,

containing the FcOH/EDC/HOBt mixture and is left stirring overnight.

CH? Valy), 1.05 (6H, ddJun = 2.2, 6.8 Hz, (&ls),, Val), 0.96 (6H, t,

The reaction solution is washed consecutively with aqueous solutions Juy = 6.9 Hz, ((H3), Val). *3C{'H} NMR (8, CDCk): 172.4 C=0),

of saturated NaHC§) 10% citric acid, saturated NaHGCand finally
distilled water. The organic phase is dried by anhydrous Mg&t@

171.9 C=0), 170.7 C=0), 75.8 C Cp), 70.8 (2C,CHn Cp), 69.9
(5C, CH unsubst Cp), 68.7GH, Cp), 68.3 CH, Cp), 58.5 CH* Val),

filtered and the solvent removed under reduced pressure, giving the57.5 (CH® Val), 52.3 (OQCH3), 31.5 CH? Val), 31.2 CH? Vval), 19.5

crude orange product. Fc-Gly-Gly-OEt and Fc-Ala-Ala-OBzl were
purified by dissolving the crude product in a small amount obClj
filtering, and then crystallizing from Ci€l./hexane. Fc-Leu-Phe-OMe,

(CH9 Val), 19.2 CHy” Val), 18.7 CH4 Val), 18.1 CHy Val).
Preparation and Characterization of 3-Trifluoroacetylamido-5-
methylpyrazole (TFAc-AMP; 14). The literature procedut® was

Fc-Val-Phe-OMe, Fc-Phe-Phe-OMe, and Fc-Leu-Leu-OMe were puri- modified. To a cooled (OC) solution of 3-AMP (359 mg, 3.7 mmol)
fied by column chromatography in the solvent systems indicated below in CH,Cl, (18 mL) was added BN (800uL, 5.74 mmol), followed by

for TLC.

Characterization of Fc-Val-Phe-OMe (10).R: = 0.6 (hexanes/
acetone 2:1). Yield: 63% (0.147 g). Elemental Anal. Calcd faiHeo-
FeNO4: C, 63.68; H, 6.15; N, 5.71. Found: C, 63.77; H, 6.33; N,
5.70. EI-MS (positive ion mode) accurate mass? &4lcd, 490.1555;
found, 490.1554. FT-IR (CHE): 1743 (C=0O Phe, ester), 1676 €
O Val), 1651 cm* (C=0 Fc).'H NMR (6, CDCL): 7.26 (3H, m,
CHm, CH, Phe), 7.12 (2H, dJus = 6.2 Hz, (H, Phe), 6.23 (2H, d,
Jun = 7.8 Hz, NH Val, NH Phe), 4.90 (1H, ddJus = 5.9, 7.8 Hz,
CHe Phe), 4.74 (1H, s, B, Cp), 4.68 (1H, s, €, Cp), 4.38 (3H, m,
CHp, Cp, CH* Val), 4.21 (5H, sCH unsubst Cp), 3.74 (3H, s, 0G),
3.14 (2H, m, &£ Phe), 2.18 (1H, m, Bf val), 1.01 (3H, d,Jun =
2.9 Hz, (Hy Val), 0.99 (3H, d,Jun = 2.9 Hz, (Hy” Val). BC{H}
NMR (8, CDCk): 171.8 C=0), 171.3 C=0), 170.6 c=0), 135.7
(Ci Phe), 129.4CHa, Phe), 128.9CHa, Phe), 127.5CH, Phe), 75.7
(Gi Cp), 70.8 CHm Cp), 70.0 (5C,CH unsubst Cp), 68.80H, Cp),
68.2 (CH, Cp), 58.3 (GCH3), 53.4 CH®), 52.6 CH®), 38.1 CH¥), 31.4
(CHP), 19.4 CHy Val), 18.4 CHy Val).

Characterization of Fc-Phe-Phe-OMe (11).R: = 0.48 (CHCY
EtOAc/MeOH 20:4:1). Yield: 47% (0.213 g). Elemental Anal. Calcd
for CsoHaoFeNOs: C, 66.92; H, 5.62; N, 5.20. Found: C, 66.69; H,
5.61; N, 5.25. EI-MS (positive ion mode) accurate masst ¢dlcd,
538.1555; found, 538.1561. FT-IR (CHEI 1744 (C=0 Phe, ester),
1677 (GC=0 Phg), 1648 cm* (C=0 Fc).'H NMR (9, CDClL): 7.31
(5H, m, (Har Phe), 7.17 (3H, m, Gy, CH, Phe), 6.97 (2H, m, G,
Phe), 6.45 (1H, d,Juy = 7.6 Hz, NH Phe), 6.05 (1H, d,Jun = 7.4
Hz, NH Pha), 4.81 (2H, m, Gi* Phq, CH® Phe), 4.66 (1H, s, Ei,
Cp), 4.51 (1H, s, €, Cp), 4.36 (2H, br m, €, Cp), 4.04 (5H, sCH

the dropwise addition of trifluoroacetic anhydride (§20 4.4 mmol).
After it was stirred overnight, the reaction mixture was filtered through
a cotton pad, and the solvent was removed in vacuo. The oily residue
was purified by column chromatography (EtOAB; = 0.35). 14
crystallizes from EtOAc by slow evaporation to give colorless X-ray
quality crystals. Yield: 0.220 g, 31%. Elemental Anal. Calcd for
CeHeN3OFRs: C, 37.32; H, 3.13; N, 21.76. Found: C, 37.44; H, 3.06;
N, 21.52. EI-MS accurate mass fostzN;OF;: M calcd, 193.0463;
found, 193.0456'H NMR (6, CDsCN): 10.60 (1H, br s, M), 10.14
(1H, br s, NH), 6.40 (1H, s, ® AMP), 2.27 (3H, s, €3 AMP). 13C-
{*H} NMR (CDsCN): 155.3 (1C, qJcr = 37.8 Hz, CRCO), 146.2
(1C, s,C3 AMP), 141.6 (1C, sC5 AMP), 117.0 (1C, gJcr = 287.0

Hz, CF3), 97.5 (1C, sCH AMP), 11.1 (1C, sCHs).

IH NMR Titrations of Fc-Dipeptides with 3-Amino-5-methyl-
pyrazole Derivatives.For the NMR titration experiments, @ NMR
spectra were referenced to the £ signal ¢ 5.32) of an external
standard (CHCI,/CDCls) placed in the NMR tube before each titration.
All spectra were carried out at 296 1 K. A 30° pulse with a sweep
width of 8.632 ppm (O1= 4865.34 Hz) was used. 128 scans with a
delay of 0.1 s and 32K data points per scan were collected for each
spectrum. NMR samples of Fc-peptide in CREI the concentration
range 5.76.5 mM were prepared by microliter addition of stock Fc-
peptide solution to an NMR tube containing neat CP@In initial
spectrum of the free Fc-peptide was collected, and then aliquots of
ligand solution were added from a stock solution via microsyringe (10
and 50uL, Hamilton; 500uL, SGE). When small aliquots of ligand
solution were added, the NMR tube was capped, shaken vigorously,
and then injected into the spectrometer. After the magnetic field was
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reshimmed, a spectrum was collected. When a large volume of ligand Table 1. Crystallographic Data for Fc-GiyOEt (7) and
solution was added, or when the volume in the NMR tube became too Fc-Leu-Phe-OEt9)

large to mix by shaking, the NMR tube was capped, inverted several 7 9

times, and then injected into the spectrometer. After the magnetic field -

was reshimmed, the spectrum was collected, and if the amide protons chemical formula @sHaoFeN4Og 5 CagH3eCloFeNOs

did not resolve into doublets (triplets fdj), the sample was allowed 766.43 603.35

to come to equilibrium before the next spectrum was collected. The szce group 272/§92 3 P1271 £020(15

amide proton of the terminal residue of Fc-peptide was monitored as b’ A 8 5;076E5§ 16.4060E17;

the mole ratio (m.r.) of ligand to Fc-peptide increased, and the c: A 1'7.3694(10) 21'.789(2)

chemically induced shift (CIS) values were plotted versus m.r. Dilutions B, deg 91.7180(10) 102.398(2)

of the solutions were taken into account. The association corisgant vV, A3 6970.5(7) 6110.5(10)

for the interaction and the chemical shifof the fully complexed amide Z 8 8

proton were determined by nonlinear regress$foicach titration T, K 293(2) 193(2)

experiment was repeated at least three times under identical conditions. 4, A 0.71073 0.71073
Variable Temperature *H NMR Experiments. NMR samples of Peale, g €T 1.461 1.312

Fc-peptide or Fc-peptide with APzl derivative (1:1 mixture) in CPCI u (Mo Ka), e 0.891 0.703

are prepared from stock solutions. The amide proton resonances of the R 0.0324 0.0749

Fc-peptide are monitored as the temperature of the solution is raised 0.0681 0.1724

and loweredd values are referenced to the @, resonance ad AR = 3||Fo| — |Fll/ZIFol; Ry = [EW(Fo2 — FRZSW(FoH]Y2 w =

5.32 of an external standard (@El,/CDCls) placed in the NMR tube [63(Fs?) + (0.087%P)2 + 0.022%]* whereP = [max(F.20) + 2F7/

at the start of the experiment. Differences in chemical shifi) @re 3.

plotted versus the temperature, and the slope of the line indicates the

temperature dependence of each amide proton. Scheme 2. Synthesis of Ferrocenoyl Dipeptid@és-13*
FT-IR Experiments. All ligand and Fc-peptide sample solutions 0

are prepared by transferring stock solutions via microsyringe to a vial 7<OJLN/RKH/OH

containing dry CHGJ. The total volume of the solution is in the range H ¢

1-2 mL, and the concentration of solutions is 6.0 mM, unless otherwise H

specified. All Fc-peptide/ligand samples are prepared by adding solid Mok

ligand to a vial, adding CHGJ and then transferring an equimolar (i) R
guantity of stock Fc-peptide solution to the vial and thoroughly mixing.
The total volume of the solution is in the range-& mL, and the
concentration of Fc-peptide and ligand in the 1:1 mixture is between 0O R y 0
5.0 and 5.5 mM. After a background spectrum of the empty liquid cell 7<O/U\N N v ~oRr 1-6
(KBr) and a solvent spectrum are collected, the sample solution is H o0 R
injected into the cell and a spectrum is collected. The cell is thoroughly
rinsed with CHCY, the Fc-peptide/ligand solution is injected, and a @_40
spectrum of the 1:1 solution is collected. The solvent spectrum is (ii) = OH
subtracted from the initial spectrum of the 1:1 solution, followed by a é
baseline correction. In the case of Fc-peptide/3-TFAc-AMP mixtures,
Fourier self-deconvolution (FSD) is also applied. OR g ©
Electrochemical Studies.All electrochemical experiments were @_«N/HTN ~“orR 7-13
carried out using a CV-50W voltammetric analyzer (BAS) at room ‘% H 0 &
temperature (2& 2 °C). No special precautions were taken to exclude ) ) )
oxygen. Chloroform was dried over Calind distilled under nitrogen 2(i) (8) EDC (or DCC), HOB, CHCl5; (b) EtN and Amino Acid
prior to use. Tetrabutylammonium perchlorate (TBAP) was used as ESter, CHCIz; (ii) () TFA, 30 min; (b) EN, CH,CI; (c) EDC, HOB,
the supporting electrolyte (0.1 M). For the cyclic voltammetry studies, CHClz, 30 min.
a glassy carbon working electrode (BAS, diameter 2 mm) and a
platinum wire counter electrode were used. The glassy carbon working reflections withl > 2o(1) (9027 total reflections). Fo@, the finalR
electrode was polished with:an, followed by 1um, and then finished ~ Value was 0.0749 for 11 725 reflections with> 20(1) (22 997 total
with 0.5m alumina prior to use to remove any surface contaminants. reflections). Crystallographic details have been summarized in Table
The reference electrode was a Ag/AgCl electrode (BASSLompensa- 1.
tion was applied. Backgrounds of the solvent containing 0.1 M TBAP ) )
were collected before each set of experiments and then subtracted fronfR€sults and Discussion
the spectra. A scan was taken before and after the addition of a 10-

fold excess of aminopyrazole derivative. The experiment was repeated . . -
at least 10 times to get reliable values . dipeptide esterd—6 were produced in moderate to excellent

X-ray Crystallography. Suitable crystals of were obtained by ~ Yi€ld from Boc-amino acids and amino acid esters using either
layering a CHCI, solution of 7 with hexanes. Yellow needles suitable DCC or EDC (see the Experimental Section) in the presence
for X-ray crystallography were deposited after 2 days. Crystald of Of HOBt in basic CHClIy, using the carbodiimide protoc#i.
were obtained from CkCl,, NMR measurements on these crystals After the Boc group was removed by reaction with neat TFA,
confirmed the presence of GEl, in the crystals. However, once the dipeptides were coupled to FcOH using the EDC/HOBt

Synthesis and Characterization of Fc-DipeptidesBoc-

mounted, these crystals rapidly lost crystallinity ever-a00°C. We procedure (Scheme 2), resulting in the formation of the desired
therefore decided to gro@/from a solution of 1,2-dichloroethane, which  F¢-dipeptides {—13) (see Chart 2). The crude products were
was layered with hexanes. This gave suitable orange crystalBaith purified by column chromatography, producing yellow-orange

compounds were mounted onto glass fibers. Data7fand 9 were

measured using a Siemens Smart CCD @orBruker P4 SMART — . 13 1
equipped with a rotating anode and a 1000 CCD) diffractometer using Compounds7—13 were characterized b§H and *C{ ‘H}

Mo Ko radiation (graphite monochromated) with scans. Both NMR spectroscopy, mass spectrometry (MS), and elemental
structures were solved using direct meth&ddsor 7 and 9, all non- analysis.'H NMR assignments were made on the basis of
hydrogen atoms were refined anisotropically using full-matrix least- chemical shift, relative integration, signal multiplicity, com-

squares or2.1% The final R value for 7 was R = 0.0324 for 6157 parison with similar compounds, and 2D-NMR experiments such

crystalline solids in moderate yield.
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Table 2. Selected Chemical Shift Value8,(ppm, Relative to TMS) for Fc-Dipeptides-13 (See Chart 2)

compound NH NH? Hel He2 HA HA2 CPH, CPH, CPH,
Fc-G-OEt (7) 6.39 6.64 4.08 4.11 4.72 4.38 4.24
Fc-A-OBzl (8) 6.24 6.66 4.66 4.66 1.46 1.46 4.66 4.37 421
Fc-LF-OMe Q) 6.00 6.57 4.61 4.85 1.68 3.12 4.73, 4.39 4.20
4.64
Fc-VF-OMe (10) 6.23 6.23 4.38 4.90 2.18 3.14 4.74, 4.38 4.21
4.68
Fc-FF-OMe (1) 6. 05 6.45 4.81 4.81 3.09 3.09 4.66, 4.36 4.04
4.51
Fc-LL-OMe (12) 6.08 6.43 4.63 4.63 1.67 1.67 4.70 4.38 4.22
Fc-VV-OMe (13) 6.38 6.38 4.44 4.59 2.21 2.21 4.73 4.38 4.23
Chart 2 Table 3. Amide Absorptions 4, cm™?) for Fc-Dipeptides7—13in
CHCI; Solution in the Absence and Presence of Equimolar Amounts
<D ) of TFAC-AMP (14
QFe ' Qpe g9 compound &0 C=Oumige C=0O
N\)LN/\"/OMe N ' N OMe p ester 'amide Fc—C=0
0 H o O : H O Fc-G-OFEt (7) 1744 1681 1648
, @( " 7+ TFAC-AMP (14) 1741 1681 1646
) ' o) Fc-A-OBzI (8) 1740 1681 1646
Fe H O ¥H o 8+ 3-AMP 1738 1680 1644
@TNJNJ\,(OME QM’N NP OMe 8 + TFAC-AMP (14) 1738 1678 1644
0 = H O 0O > H 0 Fc-LF-OMe 0) 1743 1676 1651
8 ,—{ 12 9+ TFAC-AMP (14) 1724 1675 1641
@ Fc-VF-OMe (10) 1743 1676 1651
Fe E B H O 10+ TFAc-AMP (14) 1726 1675 1644
N Ay OMe o N A OMe Fc-FF-OMe (1) 1744 1677 1647
O 7 H O o /_\ H O 11+ TFAC-AMP (14) 1725 1676 1645
/< 9 13 Fc-LL-OMe (12) 1742 1678 1647
12+ TFAc-AMP (14) 1726 1676 1641
Fe H O Fc-VV-OMe (13) 1739 1678 1647
N A AN OMe 13+ TFAC-AMP (14) 1724 1677 1642
0 /—\ H O 13+ 2-(Boc-Aib)-AMP (15) 1740 1677 1647
10 aFor 8 and 13, the interaction with equimolar amounts of 3-AMP
) . . and 2-(Boc-Aib)-AMP is reported. The concentration for all systems
Scheme 3. Numbering Scheme for Fc-Dipeptides is in the range 5.85.5 mM.
Fe Amino Acid Residues

and the carbon atom of the peptide carbonyl, whereas the proton
signal of the amide NHshows coupling with the carbon of the
ester carbonyl but not with the Cp carbons. Likewise,!Nies

not show any long-range coupling with the ester@.

The IR spectra of all Fc-peptides display three characteristic
absorptions in the €0 near 1740, 1680, and 1650 ch(see
Table 3). The band assignments are made by comparison with
IR spectra of Boc-dipeptides and Fc-amino acids. Fc-amino acid
asH-'H COSY. Scheme 3 illustrates the naming/numbering esters, such as Fc-Gly-OEt, show two carbonyl bands at 1739
used in the discussion and the Experimental Section for all Fc- and 1655 cm?. Boc-Gly,-OEt exhibits three bands at 1741,
dipeptides prepared in this work. 1713, and 1686 cri. With this information, we were able to

The H NMR properties of7—13 are summarized in Table  assign the carbonyl bands7a-13. The signal near 1740 crh
2. The'H and®3C{1H} signals produced by the Fc moiety follow is assigned to the ester group. The signals at 1680 and 1650
the typical signal pattern of a monosubstituted Fc group with cm™ are assigned to the peptide amide and the Fc-amide,
the unsubstituted Cp ring producing a singlet near 4.2 ppm, with respectively. Importantly, the carbonyl bands are sensitive to
the meta proton signals further downfield and the ortho protons the presence of H-bonding and will be used to qualitatively
furthest downfield. The Cp meta protons are relatively far from evaluate H-bonding to 3-APzl derivatives (vide infra).
the stereocenter of the first amino acid residue, and so these For our studies, it was of paramount importance to ensure
diastereotopic protons appear together as a broadened singlethat the Fc-dipeptides are in fact able to undergo H-bonding
like in all Fc-peptides synthesized. The Cp ortho protons, interactions with small molecules. To evaluate the steric effects
however, are close enough to the chiral center that it is possibleof the Fc-moiety, which may reduce the ability of the acceptor
to distinguish these protons spectroscopically. Fodand 11, and donor groups (Fc-CO or NHadjacent to the Fc-group to
the signals are separated, while in the casé2&nd 13 both engage in H-bonding because of the possibility of steric
protons appear coincidentally as one signal. It was important congestion, we decided to carry out detailed crystallographic
to unequivocally assign the NH proton resonances for all Fc- studies of compounds and 9. However, on the basis of our
peptides, because the interpretation of NMR titration data work with Fc-amino acids, we did not expect a significant
depends on these assignments. Hence, we carried out HMBChindrance in the H-bonding ability.
experiments for7—13. For all systems, the proton signal of We were fortunate to be able to obtain single crystals of
amide NH exhibits long-range coupling to the Cp carbon atoms suitable quality of compoundsand9 for X-ray crystallography.

Residue 1 Residue 2
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0l128)

Cl14A)

Figure 1. (a) Molecular structure of Fc-GlyOEt (7). The ellipsoids are shown at the 30% probability level. Only one of the two molecules in the
asymmetric unit is shown. The hydrogen atoms are omitted for clarity. (b) Two adjacent molecules interacting in a head-to-head fashion engaging
in H-bonding, resembling the interaction found in pargliedheets. (c) Parallgi-sheet layers held together by H-bonding to an interstitial water
molecule (disordered over two positions). Bond lengths incld@(11A)—0(20A)) = 2.765 A andd(O(2A)—0(20B)) = 2.848 A. In addition,

there is a close €0---H—C contact of 2.566 A between the carbonyl oxygen O(13A) and the H atom on C(16A) and a glbséHHC contact

of 2.247 A between O(20A) and the H atom on C(14A). (d) Projection looking afsleeet. The water molecules holding togetherfksheets

have been omitted for clarity. Twf-sheets form a tail-to-tail bilayer with a thickness of 20.5 A, with the podand peptide tails on the inside and

the Fc head groups on the outside. The bilayers themselves form an extended layered structure with an interlayer distance of 3.5 A.

Table 4. Selected Bond Lengths (A) and Angles (deg) Ter group. The Cp-C(0) distances of 1.477(2) and 1.484(2) A for
Bond Lengths, A the two molecules within the asymmetric unit are within the
av Fe(1)-Ccp 2.048(2) range of those for other simple Fc-amides. Similarly, the amide
av Fe(1)Ccpr 2.048(2) C—0O and C-N bond distances are normal, compared to those
O(1)-C(11) 1.240(2) of other Fc-amides. The two independent molecule3 afe
28;:888 ii%g; held together by H-bonding involving the Cp-amide carbonyl
' and NH groupsd(O(1)—N(11)) = 3.073 A andd(N(2)—0(12))
Bond Angles, deg =2.992 A) (Figure 1b). Compouriciforms a layered structure
88;:%83:283 ﬁggggg% with H-bonding between adjacent units and layers through a
N(1)-C(11)-C(1) 119:23(15) disordered water molecule (Figure 1c). The Fc-diglycine
molecules are organized in such a way that their arrangement
o Torsion Angles, deg y can be described as a paralfesheet (Figure 1d). In fact, the
torsion anglesb andy in 7 are® = —120° andy = +116°,
:igg Eég E(N::Z:mg which are close to the literature values®f= —119 andy =

+113 for parallel3-sheetg” Two Fc-dipeptidgs-sheets form

“Bond angles and lengths are given only for one molecule. a bilayer with the peptide substituents pointing toward each

T_he crystal structure of is s_how_n in Figure 1. Selected bqnd (19) (a) Jeong, K. S.; Tjivika, T Muehidorf, A Deslongchamps, G.:
distances and angles are given in Table 4. The asymmetric unit™™" g3;qui0k, M.; Rebek, JJ. Am. Chem. Socl991 113 201. (b)
contains two independent molecules of In addition, the Jorgensen, W. L.; Severance, D. L. Am. Chem. Sod 991, 113
asymmetric unit contains a water molecule, disordered over two 209.

o i (20) (a) Cilli, E. M.; Oliveira, E.; Marchetto, R.; Nakaie, C. R. Org.
positions. Compound exhibits features common to many Chem. 1996 61, 8992. (b) Narita, M.: Lee, J. S.- Hayashi, S.:

monosubstituted ferrocene amidésncluding the coplanarity Yamazaki, Y.; Sugiyama, YBull. Chem. Soc. JprL993 66, 500. ()
of the two Cp rings with small CpFe—Cp bent angles (2°1 Narita, M.; Lee, J. S.; Hayashi, S.; Hitomi, ull. Chem. Soc. Jpn.

; 1993 66, 489. (d) Narita, M.; Lee, J. S.; Hayashi, S.; Yamazaki, Y.;
a.nd 1.9 for the two n.mleCUIeS)' Thef\ Cp and amide plgnes are Hitomi, M. Bull. Chem. Soc. Jpri993 66, 494. (e) Narita, M.; Honda,
virtually coplanar with small torsion angles allowing the S.; Obana, SBull. Chem. Soc. Jpri989 62, 342. (f) Narita, M.;

interaction between the-systems of the Cp ring and the amide Umeyama, H.; Yoshida, TBull. Chem. Soc. Jpri989 62, 3582.
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Figure 2. (a) Molecular structure of Fc-Leu-Phe-OM®) (The ellipsoids are shown at the 30% probability level. The hydrogen atoms are omitted
for clarity. (b) Two molecules 09 H-bonding in a head-to-head fashion. For clarity, the solvent moleculé,(1;) and its interaction witt® is

not shown here. (c) View down the helical axis of the supramolecular structure formed by four molec8leghefwidth of the helix (FeFe
distance) is 12.7 A, and its height is 14.6 A. (d) Packing of the helicat®s \éfew down the helical axis.

other. The bilayer thickness is 20.5 A, and its separation from in the solid state, resulting in a strongly H-bonded structure
the adjacent bilayer is 3.5 A. Studies of diglycine show that it similar to that found in diglycine. Strongly H-bonded networks
crystallizes in a layered structure with strong—N---O=C leading to an antiparallel assembly of the Fc-dipeptide were
H-bonds linking molecules within a layer, giving it a parallel recently reported for Fc-Ala-Pro-g§. Extensive H-bonding
p-sheet-like structur& A second group of H-bonds joins the  involving the amide N-H of 7 is present in solution. In a
layers. Essentially, the H-bonding ability of diglycine is not saturated solution of (3 M) in CDCls, the two amide signals
significantly perturbed by the presence of the Fc group. In fact, of a saturated solution o exhibit a modest temperature
the Gly, substituent controls the arrangement of the molecules dependence (G1-8.5 ppb/K; G2, —8.2 ppb/K). Higher
o Sehasfor M- Bartels. G - Keroms. BL Mol Bol. 1998 264 temperatures will decrease the ability for H-bonding interactions,
O e e iy o Kl ey o, thus resuling in a shift closer to the “unperturbed non-H-
1994 98, 7104. bonded S|gnal.
(22) (2) Susi, H.; Byler, D. MArch. Biochem. Biophysl987, 258 465. The molecular structure of Fc-Leu-Phe-OM& is shown in

b) Jackson, M.; Mantsch, H. KCrit. Rev. Biochem. Mol. Biol199 . . . .
(30)’ 95. (c) Dong, A.; Matsura, J.; Manning, M. C.: Carpenter,SJ. g. Figure 2. Selected bond distances and angles are given in Table

Arch. Biochem. Biophysl998 355 275. (d) Chehin, R.; lloro, |; 5. The two Cp rings ir® are coplanar with a CpFe—Cp bent
’éﬂiircchosﬁmigmjéémv'slgrisgé Shnyrov, V. L.; Arrondo, J. L. R. gangle of 4.5. The torsion angle between the Cp and amide
(23) (a) Bandekar, Biochim. Biophys. Actd992 120, 123. (b) Nowick, planes is 18.9 This larger torsion angle can be explained by
J.'S.; Powell, N. A; Martinez, E. J.; Smith, E. M.; Noronha, 5. considering the larger steric requirements of the isobutyl side
Org. Chem.1992 57, 3763. (c) Yamada, N.; Ariga, K.; Naito, M.; chain of Leu. Similar torsion angles have been observed in other
Matsubara, K.; Koyama, B. Am. Chem. S0d.998 120, 12192. (d) = ides having bulky side chai Th 0 ide &
Yamada, N.; Koyama, E.; Imai, T.; Matsubara, K.; IshidaC8em. c-amides aV.mg ulky side ¢ ams: e-8p(0), amide
Commun.1996 2297. 0O, and C-N distances are all within the range of those for

(24) Arrondo, J. L. R.; Muga, A.; Castresana, J.; Goni, FRvbg. Biophys. — — . _ —
Mol Biol. 1998 59, 2 related structuresd(C1—C11) = 1.485(10) A;d(01—C11)

(25) The ferrocenelferrocenium couple had a peak separation of 85 mV 1-215_(8) A{d(Nl—Cll) :_1-362(_1(_)) A). The H-_bonding i9
under these experimental conditions and a ratio of peak currents of has similarities to that of in that it involves the interaction of

0.95. two Fc-amides (FeC=0---H—N—C(O)—Fc; d(O(1)—N(1B))
(26) 1Cghgean,Eé.,g(;raydon, A.R. Beer, P. D.Chem. Soc., Faraday Trans. ~ _ 2977 A) and two peptide amides £@pne*H—Nphg

(27) Creighton, T. EProteins 2nd ed.; W. H. Freeman: New York, 1993.  d(O(2B)—N(2)) = 2.983 A) of two adjacent molecules (Figure
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Table 5. Selected Bond Lengths (A) and Angles (deg) $or
Bond Lengths, A

av Fe(1y-Ccp 2.040(9)
av Fe(1yCcpr 2.043(8)
O(1)—-C(11) 1.215(8)
N(1)—C(11) 1.362(10)
C(1)-C(11) 1.485(10)
Bond Angles, deg
O(1)-C(11)-N(1) 121.2(7)
O(1)-C(11)-C(1) 122.3(7)
N(1)—-C(11)-C(1) 116.5(6)

Torsion Angles, deg
[ Y
—119 +109 (N-term)
—122 +111 (C-term)

aBond angles and lengths are given only for one molecule.

NHPhe NHLeu
I

MR -2 / (SR G—
| W
w~wj v %WMW

W S

i
M U 1% VL...
R

M.R. =0 SV n M
ppm 8 /
Figure 3. 'H NMR study of the interaction of Fc-Leu-Phe-OMe) (
with 3-AMP in CDCk at various mole ratios of 3-AMP t8. Please

note the strong downfield shift of the Phe NH resonance as the
concentration of 3-AMP is increased.

2b). In the interaction, the directionality of the interaction is

such that it can be described as a parallel sheetlike structure. In

addition, the ester carbonyl oxygen is involved in H-bonding
to a molecule of solvent, which has been omitted from Figure
2b. Interestingly, the intermolecular H-bonding interactions
enable the formation of supramolecular helicates, with the Fc
groups on the outside of the center of the helix (Figure 2c) and
the isobutyl group on the inside of the helix. Presumably, this

Saweczko et al.

CIS (a5)

0.0

50 75

[Fc]/ [AMP]
Figure 4. Interaction of Fc-dipeptides—13 with 3-AMP. Shown are
the changes i (in ppm) for the C-terminal NH upon addition of
3-AMP to a CDC} solution of the Fc-dipeptide. Experimental values
(7 (#),9(<), 10(m), 11 (O), 12 (a), 13(O)) and the fits (solid lines)
are shown. Please note that the curves for the interactidii ¢fJ)
and12 (A) overlap.

25 100

NMR experiments, in which the ratio of substrate to peptide is
increased (saturation titrations), can provide information about
the degree of H-bonding and the stoichiometry of the interaction
and can be used to calculate association const&ajs’f

Figure 3 shows a stack plot of an NMR saturation titration
experiment of9 with 3-AMP. Upon addition of increasing
amounts of 3-AMP, the NHamide proton exhibits a strong
downfield shift. The chemical shift of NHis less strongly
influenced. From this, a plot of the chemically induced shift
(CIS) in ppm versus the ratio of ligand to Fc-dipeptide is
constructed (Figure 4).

This behavior fits the two-state binding model (1:1) developed
before for the interaction of—9 with 3-APzl (egs 1 and 2).

Fcfree + 3-AMP = Fcoound (1)
F n
<, = Foond o
[3'APZI][FCfreJ
aobsz abountpbound—l_ 0“freeafree (3)

supramolecular structure is adopted because of the steric Tpe gpserved chemical shift for the amide protons represents
requirements of the Leu and Phe groups. The solvent moleculesyg time-averaged signal for the Fc-dipeptide in the complexed
are occupying positions between individual helicate stacks. The (Obound and uncomplexediee) states, according to eq Btpund

packing of the helices is shown in Figure 2d.

In summary, our X-ray crystallographic studies and those
carried out by othefs6 clearly show that extensive H-bonding
is present in7 and 9. It can be concluded that the Fc group
does not interfere with the peptides’ ability to engage in
intermolecular hydrogen bonding. The-F€=0O, the peptide
amide N—H, and the ester<€0 group are availabile for binding
to substrates, such as 3-AMP derivatives.

Binding Studies. (a) 'H NMR Spectroscopy. We have
studied the interaction between Fc-peptidesl3 and 3-AMP
derivatives by!H NMR and FT-IR spectroscopies for the
purpose of evaluating the utility of 3-AMP derivatives for
inducing af-sheet-like arrangementd NMR resonances of
protons involved in H-bonding experience downfield shifts as

= fraction boundpiee = fraction free). From this, we obtained
Ka for the interaction by nonlinear regressitinas described
before. Table 6 summarizes tkg’s for the interactions of—13
with 3-APzl, 3-AMP, 3-TFAc-AMP (4), and 2-Boc-Aib-AMP
(15).

For all systems investigated, thel NMR titration data fit
the two-state (1:1) binding model in which the ligand binds only
to the top face of the Fc-dipeptide (see Scheme 4). Our studies
do not support binding of an additional ligand molecule to the
bottom face of the Fc-dipeptide, as originally proposed by
Schrader and KirsteH.Instead, Fc-dipeptides exclusively bind
3-aminopyrazole derivatives on the top-face binding site. The
IR spectroscopic study of the interaction provides additional
support for this binding model (vide infra). This three-point

H-bonding strength increases. Thus, the extent to which anbinding site involves the FeC=0 oxygen, the peptide NH,

H-bond donor is H-bonded can be monitored #y NMR

and the ester carbonyl oxygen. Importantly, this group of atoms

spectroscopy. In peptide systems, the extent of intermolecularis also involved in H-bonding in the crystal structuresraind

H-bonding depends on the concentration of the peptide in

9. The crystal structure af4 also shows the suitability of the

solution, the solvent, and the presence of substrates able tocomplementary NH/N/NH; set (vide supra). It is expected that

H-bond to the peptide, such as 3-APzl derivatives. Hehde,

the amide, which is part of the top face, will undergo the largest
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Table 6. Association Constantsg) for the Interaction of We were particularly interested in evaluating the binding of
Fc-Peptides—13 with 3-APzl, 3-AMP, 3-TFAC-AMP (4), and 3-TFAc-AMP (14), which had been reported to be a good
(Zo?l?ecs-ﬁlgtﬁg/lnlzﬁéleS)ngteCt‘i?C|3 Solution Measured at 2% 1 °C B-sheet inducet! The substitution of the trifluoroacetyl group
at the 3-amino position increases the H-bonding ability of the
Ka (M) exocylic NH groupt® and thus, stronger interactions and
3-TFAc-AMP 2-Boc-Aib-AMP therefore larger binding constants are expected. Unfortunately,
Fc-peptide 3-APzl 3-AMP (14 15 14 has a very low solubility in CHG] but it is very soluble in
Fc-Gly,-OEt (7) oo 8 MeCN and acetone. Thus, we were unable to carry out titrations
Eg:f\fj:gr?ez-l é?\)/leq) %i 5 175 o in CHCl; and had to resort to a mixture of CDGind CQ3CN
Fc-val-Phe-OMe10) 175 (8:3) in order to obtain satisfactory solubility of the ligand. We
Fc-Phe-OMe (1) 20 decided to study the interaction of Fc-Y&Me (13) with 14,
Fc-Lew-OMe (12) 19 because this dipeptide has the highest propensity to form a
Fc-Vab-OMe (13) 20 2r 0 B-sheet and should exhibit the strongest interaction within
EC'Va‘Z'OMe (13 42 addition, it would allow us a direct comparison with Schrader’s
c-Vab-OMe (13) 2

results obtained for Ac-ValOMe. However, in this solvent
*Ka values are calculated by nonlinear regression of the titration mjxture, we obtained K of only 27 ML, This binding constant

data using SigmaPIét.(Error <10%)." See ref 6b¢ Saturation titration is sur e ; ; P

; X s e e e prisingly low, given the reported high binding constant

in a mixture of CRCN/CDCE (3:8). @ Saturation titration in CBCN. for the interaction ofl4 with Ac-Val,-OMe of 890 ML

€ Saturation titration in acetongs: . . - : )
Saturation titrations o13 with 14 in neat acetonés and CD»-

Scheme 4. Ligand Binding to the Top Face of the CN resulted also in small CIS values. This weak interaction
Fc-Dipeptide Involving the FeC=0, the Amide N-H, and between Fc-dipeptide and ligand may be due to competition
the Ester &0 for the H-bonding sites between the solvent and the ligand,

resulting in lowKa's (<5 M™1). Thus, we conclude that whereas
3-AMP derivatives can be useful g$sheet templates in
chlorinated solvent, they will not be useful in higher polarity
solvents. Peptide solvation is of great importance and will
influence the secondary structure that a peptide adopts in
solution?® In particular, solvent molecules will influence the
strength of hydrogen bonding between individual peptide strands
and may in fact act as competitdfsinhibiting binding of the
3-AMP derivatives. In summary, only weak binding was
observed with binding constants that were significantly below
expectation.
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chemically induced shift (CIS) if it engages in interactions with ) .
the 3-APzl derivatives. At this point, it is important to draw  (P) Infrared Spectroscopy. The amide group of peptides

attention to the differences in the peptide side chains. The aminoP0Ssesses several IR active modes that are sensitive to the
acids Gly and Ala have small side chains. The resulting Préesence of H-bonding. The two amide bands most commonly
dipeptides Gly and Al are flexible and do not show an used to |nvest|gate_the H-bonding in pgptldes anq proteins are
inherent preference for being part offasheet conformation. ~ the amide | and amide A bané&The amide | band is a strong,
Leu, Phe, and Val, having sterically more demanding side Sharp absorption usually found near 1650 ¢mwhich is mostly
chains, show a high preference for being part of-aheet aC=0 stret(_:hlng. V|br.at|on with minor contrlbut|_ons from the
conformatiort8 Thus, we would expect lower binding constants C—N stretching vibration and a CCON deformation mode. The
for 7 and8. Comparing the interactions of 3-APzl and 3-AMP, amide A band, usually found near 3300 cirarises solely from

our results show that the interactions of 3-AMP with the Fc- the NH stretching vibration and is very sensitive to H-bonding,
dipeptides7—9 are slightly weaker than those for 3-APzl. The ©ften shifting up to several hundred wavenumbers upon interac-
binding constants of 3-APzl and 3-AMP withare the lowest ~ tion with good H-bond acceptors. Unfortunately, because it is
of all Fc-dipeptides investigate&f = 9 and 8 M1 for 3-APzI a weak .absorptlon and is S|gn|f.|cantly proadgned, its ut|||ty as
and 3-AMP, respectively). A reasonable explanation for this is & technique for low concentration studies aimed at obtaining
the flexibility of the peptide backbone, which, in solution, may fine structulral d'ata is I|m|ted. AI'thugh it is much less sensitive
be in a conformation not suitable for binding and may have to to H-bonding interactions, shifting only-%5 cnr* upon
undergo conformational changes, resulting in a lower net energyinteraction with donor groups, monitoring the amide | band is
gain for the interaction. The presence of Leu, Phe, and Val in Very useful for our purposes and has found wide applications
the Fc-dipeptides enables a stronger interaction, as seen in théor assessing secondary structural motifs in peptide and proteins
largerKa's for these complexes, ranging between 17 .5 Kbr caused by the presence of H-bondfigVeakening of the &

the interaction oflOwith 3-AMP and 20 M for the interaction =~ O bond strength because of H-bonding will result in a
of 13 with 3-AMP. These residues have a high preference for corresponding change in amide | band position to lower
the B-sheet structure, which has the peptide in an extended Wavenumbers? Our Fc-dipeptideg—13 possess three distinct
conformation. This conformation is expected to be ideal for the carbonyl groups (ester, peptide-amide, Fc-amide) and produce
interaction between the Fc-dipeptide and the 3-APzl derivatives. three well separated IR bands at about 1740 (ester), 1680
TheKa’s, and thus the binding energies, are in a narrow region, (Peptide-amide), and 1650 (Fc-amide) crisee Table 3), which
suggesting that, as long as the peptide is in an extended@ll were assigned by comparison with Boc-dipeptides and Fc-
conformation, the specific residues do not influence the binding @mino acid esters.

to a large extent. As expected, for ligands such as 2-Boc-Aib- Compoundl4 is expected to show the strongest binding to
AMP (15), which has its binding site blocked, no interactions the Fc-dipeptides. However, it presents experimental difficulties
were observed. in that it has very low solubility in CHGI It was noted,
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Figure 5. IR spectrum of Fc-VatOMe (13) in CHCl; (5 mM) in the
absence (A) and presence (B) of 3-TFAc-AMEIY,

however, that it can be solubilized in the presence of Fc-
dipeptide. Thus, we carried out FT-IR experiments by monitor-
ing the amide | and ester=€0 bands of7—13in CHCl; and
then adding 1 equiv of solid4.

Figure 5 shows the result of this addition experiment. Before
the addition of a ligand, compouriB exhibits three bands at
1739, 1678, and 1647 crhin the amide | region. When 1 equiv

of 14 is added to this solution, the signal assigned to the ester

carbony! shifts to 1724 cm, and the Fc-carbonyl band shifts
to 1642 cmt, indicating the involvement of these two carbonyl
groups in H-bonding td4. These two groups are located on
the same “side” of the molecule and are part of the three-point
binding site made up of the F€CO, the ester, and the peptide
NH group. Thus, our IR measurements provide important
structural information about the nature of the interaction between
the Fc-dipeptides and 3-APzl| derivatives, which previously was
inferred only from'H NMR measurements. The other Fc-
dipeptide9—12 also undergo shifts of the ester and Fc-carbonyl
bands upon addition df4, whereas the band due to the peptide
carbonyl remains virtually unchanged (Table 3). The magnitude
of these shifts is comparable f6r-12. The shifts experienced
by 7 and 8 are small, indicating weak binding. This is in line
with our NMR results on the interaction with the related 3-AMP.
This ligand is able to interact only weakly with the flexible
compounds/ and 8, resulting in lowKya's. Interactions with
the Fc-dipeptide8—13, which prefer an extended conformation
and are prone tg-sheet formation, are much stronger. All of
our attempts in observing the interaction of 3-AMP with the
Fc-dipeptides by IR failed, and no shifts in the amide | band
were observed for any of the peptides. Importantly, we are
unable to observe an interaction between the Fc-dipeplides
and14in the acetonitrile/chloroform solvent mixture. Our NMR
titrations have shown that the interaction I8 with 14 is of
the same order of magnitude as the interaction with 3-AMP,
suggesting that IR is not sufficiently sensitive to detect the
resulting small changes in the position of the amide | band of
the adduct.

(c) Electrochemical StudiesAll Fc-dipeptides exhibit a fully
reversible one-electron oxidation wave in chloroform solution
in the potential ranget129 to +159 & 3) mV versus the

Saweczko et al.

Table 7. Cyclic Voltammetric Studies of the Interaction of
Fc-Peptides with APzl and TFA-AMP in Chlorofofm

Ei® mV

compound no ligartd 3-APz| 3-TFA-AMP
Fc-G-OEt (7) 129 (70) 131 (81)
Fc-A,-OBzI (8) 133 (86) 130 (83)
Fc-LF-OMe Q) 132 (70) 146 (91)
Fc-VF-OMe (10) 153 (78) 158(121) 159 (88)
Fc-R-OMe (11) 143 (89) 154(157) 155 (91)
Fc-V,-OMe (13) 159 (85) 173(117) 165 (94)

20.1 M TBAP in CHC} at 20 + 2 °C; glassy carbon working
electrode, Pt counter electrode, Ag/AgCl referenéagersus ferrocene/
ferrocenium; peak separation values follow in parentheses.

12) having non-V amino acids attached to the Fc moiety exhibit
lower redox potentials in a range, thus making it easier to oxidize
the Fc moiety.

The addition of a large excess of 3-APzl| to solutions 0f
11, and13resulted in a cathodic shift of the redox potential by
up to 14 & 3) mV for 13. Upon addition of 3-Apzl to solutions
of 7 and8, no changes of the redox potential were observed.
This is in line with the weakness of the interaction between the
3-APzl and these two flexible Fc-dipeptidésnd8 (<5 M™1).
Addition of 3-TFA-AMP (14) to solutions of10, 11, and 13
resulted in cathodic shifts of the redox potentials of up to 14
+ 3) mV. Again, the interaction witil and8 did not result in
any changes. Thus, ligation causes an increase in the electron
density on the ferrocene group, causing a cathodic shift in the
redox potential. Our observations compare favorably with those
made by Beer and co-workers using neutral ferrocenoyl amides
as anion selective receptors. When the interactions between the
ferrocenoyl receptor and the anion were weak 10 M™1),
addition of the anion did not influence the oxidation potential
of the Fc group. Only for stronger interactions between the Fc
receptor and the anior~(L0 M~1) were changes observed in
the oxidation of the Fc grous:26 Shifts of 20 mV have been
observed on complexation through H-bonding of carboxylic
acids to the pyridine moiety of a ferrocenoyl amide. For the
related bis-amido pyridine complex, a cathodic shift of up to
85 mV was observed.

Summary and Conclusions

In this paper, we give a full account of our work on the
synthesis of ferrocenoyl dipeptides, including their full char-
acterization. For the purpose of studying the electronic properties
of peptides in g8-sheet conformation, we studied the interaction
of Fc-dipeptides with aminopyrazole derivatives, a recently
proposedf-sheet template. The ability of Fc-dipeptides to
engage in H-bonding interactions with small molecules has been
established in crystallographic studies of two representative
members of a series of Fc-dipeptides. In both systems, the
ferrocenoyl G=0 group and the peptide amide-¥ are both
involved in H-bonding with neighboring molecules of Fc-
dipeptide. A particularly interesting system is Fc-&QEt (7).

ferrocene/ferrocenium couple (see Table 7). The separationThe podand diglycine substituent establishes a H-bonding pattern
between the oxidation and reduction peaks is between 70 andnot unlike that in free diglycine, crystallizing as parafletheets.

90 mV for all systems investigatéd.The ratio of oxidation

The Fc group does not disrupt the ability of the diglycine chains

and reduction peak currents is close to 1. It is immediately to establish their native H-bonding interactions. In saturation
obvious that there are variations of the redox potential of the titration studies, it is shown that the 3-AMP derivatives interact
Fc moiety with the peptide substituent. It appears that the aminowith the top face of the Fc-dipeptides by H-bonding. 3-AMP
acid residue directly bound to the Fc group is largely reponsible derivatives, which possess an additional substituent in the
for the observed redox potential. For example, the redox 2-position blocking the binding site, do not interact. However,
potential of Fc-\.-OMe (10) is 159 mV, and that of Fc-VF-  the ability of 3-APzl derivatives to induggsheet conformation
OMe (13) is 153 mV. All other Fc-dipeptides/¢9, 11, and in peptides appears very limited. In fact, only weak interactions
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are present in chloroform, ranging from 8 to 27 Min stronger McDonald, X-ray Crystallography Laboratory, Department of
donor solvents, such as acetonitrile or acetone, no evidence forChemistry, University of Alberta, for collecting the data set for
the interaction between the Fc-dipeptides and ligands via compoundo.

H-bonding is found. Supporting Information Available: CIF files for compounds?
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