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Abstract

The preparations of the five ferrocenoyl-oligopeptides, Fc-Pro—OBzl (1), Fc-Pro,~OBzl (2), Fc-Pro;—OBzl (3), Fc-Pro,~OBzl
(4) and Fc—Pro,~Phe-OBzl (5) are described. Crystallographic studies show that the Fc-oligoprolines 1-4 adopt a helical
polyproline II structure having all prolines in a mutually trans-conformation. This structure is maintained in MeCN and CHCI,
solutions, as was shown by NMR methods. Chemical and magnetic similarities among the proline residues render spectral
assignment by conventional 1D "H-NMR spectroscopy impossible. However, a combination of 2D NMR techniques allowed us
to unequivocally assign all signals. The redox potential of the Fc-group attached to the oligoproline chain is sensitive to the
sequence and length of the oligopeptide. With growing peptide length, the molecule becomes easier to oxidize. © 1999 Elsevier

Science S.A. All rights reserved.
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1. Introduction

Electron transfer (ET) processes are key steps in
many enzymatic reactions involving the reduction or
oxidation of bound substrates. In the utilization of light
in green plants, redox charge separation is of funda-
mental importance [1]. ET and/or energy transfer that
follows the initial light absorption are influenced by the
nature of the chromophores, the redox active quench-
ers, and the intervening medium (solvent and/or spac-
ers). Progress has been made in understanding ET
processes by making use of modified metalloproteins
[2]. However, in these experimental studies distances
and relative orientations between an electron donor D
and an acceptor A have not been rigorously estab-
lished. Since the matrix separating redox sites in
proteins is a complex system containing various struc-
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tural elements, no information about specific structural
effects can be obtained from these investigations. Theo-
retical studies by Beratan and coworkers [3] clearly
show that peptides having a B-sheet structure are more
effective in ET than o-helical peptides. Experimental
results by Gray and coworkers suggest that primary,
secondary and tertiary structures of a protein are all
important for modifying ET rates. Furthermore, H-
bonding in proteins influences ET rates [4]. Studies of
ET in peptides have concentrated on understanding
how ET properties are modified by D—A separations
[5]. It was noted that high flexibility of the oligopeptide
linker results in a lower observed ET rate [5a]. Re-
cently, Fox and Galoppini [5],m] have observed a direc-
tional anisotropy of ET rates and have attributed this
to field effects generated by the alignment of the amide
C=0 dipoles in the peptide.

In our studies, we are interested in the ET properties
of rigid and flexible peptide assemblies, addressing the
role of the peptidic backbone in ET processes and
assessing the influence of amino acid side chains in
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modifying the ET characteristics of a peptide chain. We
make use of the ferrocenoyl (Fc) moiety as an electro-
chemical probe, which is sensitive to small structural
changes [6]. We have been making use of the carbodi-
imide method allowing us to introduce the ferrocene
moiety into a peptidic environment under very mild
conditions [7]. In the past year, various groups have
reported similar amide couplings of ferrocene deriva-
tives to amino acids and other substrates [8]. Since
oligoprolines have been studied in great detail, we have
chosen to begin our investigation with Fc-oligoprolines
to establish a ‘baseline’ for the redox behavior of our
Fc-oligopeptides from which we can proceed to study
other structurally diverse peptides. Here we present our
results showing for the first time that the oxidation of a
Fc moiety attached to an oligoproline chain is sensitive
to the chain length, its secondary structure and to the
amino acid sequence.

2. Experimental
2.1. General

Ferrocene carboxylic acid, dicyclohexyl carbodiimide
(DCCQ), trifluoroacetic acid (TFA) and hydroxybenzo-
triazole (HOBt) (Aldrich), and Boc—Pro-OH, H-Pro-
OBz-HCI (Nova-Biochem) were used as received. The
peptides Boc—Pro,—OBzl (n=2-4) were prepared ac-
cording to published procedures [16]. All solvents were
used as received without further treatment. Routine 'H-
and "*C-NMR spectra were recorded at 200.132 and
50.323 MHz, respectively on a Bruker AC 200 NMR
spectrometer. All chemical shifts (J) are reported in
ppm and coupling constants (J) in Hz. The 'H- and
13C-NMR chemical shifts are relative to tetramethylsi-
lane (0 =0 ppm), which was added as an internal
standard. All measurements were carried out at 293 K
unless otherwise specified. Elemental analyses were car-
ried out at the NRCs Institute for Biology, Ottawa,
Canada.

2.2. General procedure for the synthesis of ferrocenoyl-
oligoprolines

2.2.1. Example: preparation of Fc—Pro,—OBzl (2)

2.2.1.1. Method A. Fc-Pro—OBzl was prepared as de-
scribed earlier [7]. A slow stream of hydrogen gas was
bubbled through a vigorously stirring reaction mixture
of Fc-Pro—OBzl (0.2 g) and 5% Pd/C (0.2 g) in MeOH
(40 ml). The progress of the reaction was followed by
TLC (silica, CH,Cl,) and was complete after 20 min.
Pd/C was removed by filtration. Water (10 ml) was
added and the pH of the solution was adjusted to pH 2.
The product was extracted with CH,Cl, (3 x 50 ml) and

then recrystallized from CH,Cl,—Et,O (1:1) to give thin
orange plates of X-ray quality. Fc—Pro-OH (1-OH)
C,¢H,7,0;NFe: MW = 327. Found by ESMS 328.1. 1-
OH (35 mg) was then treated with DCC (22 mg), HOBt
(16 mg) and H-Pro-OBzI-HCI (27 mg) in CH,CI, at
room temperature (r.t). Orange—red Fc-Pro,~OBzl was
isolated by standard work-up described earlier. Yield,
65%. Thin orange needles were obtained by slow evapo-
ration of CH,Cl, from a saturated solution at r.t.

2.2.1.2. Method B. Boc—Pro,~OBzl (0.4 g, 0.99 mmol)
was treated with TFA (5 ml) for 1 h to the free base
H-Pro,~OBzl. Excess TFA was removed in vacuo.
FcCOOH (0.23 g, 0.99 mmol) was dissolved in CH,Cl,
(10 ml). The solution was cooled with an ice bath and
DCC (0.22 g, 1.1. mmol) and HOBt (0.13 g, 1.1 mmol)
were added. H-Pro,—OBzl was added after 30 min to
the stirring reaction mixture of FcCOOH, DCC and
HOBLt. The product was isolated by standard work-up,
described earlier [7]. Yield, 75%. Spectroscopic proper-
ties were identical to those of Fc—Pro,—~OBzl obtained
by method A (see below).

2.3. Spectroscopic data for 2

MW for C,sH;N,O,Fe. Calc: 514.4. Found: 515.2
[M+1]*. '"H-NMR (6 ppm, CDCl,): 7.34 (5H, br m,
aromatic H of Ph), 5.15 (2H, second-order m,
OCH,Ph), 4.82 (2H, m, H ortho to carboxy group on
Cp ring overlapping with signal due to NCH(R)C(0O)),
4.71 (2H, m, overlapping signals due to NCH(R)C(O)
and H ortho to carboxy group on Cp ring), 4.31 (2H, s,
H meta to carboxy group on Cp ring), 4.28 (5H, s, Hs
of unsubstituted Cp ring), 3.9-3.6 (4H, m, signals due
to the two diastereotopic Hs of -NCH,—), 2.2—1.8 (ca.
8H, m, two signals due to the two diastereotopic Hs
adjacent to stereocenter —C(H)CH,CH,CH,N, overlap-
ping with signal due to one of the H of the
-NCH,CH,CH,~ group). "*C{'H}-NMR (5 ppm,
CDCly): 172.3 (C=0), 170.9 (C=0), 169.4 (C=0), 135.8
(s, quartenary C of Ph), 128.5 (br s, Ph), 128.2 (br s,
Ph), 127.5 (br s, Ph), 71.3 (s, C on substituted Cp), 70.4
(s, C on substituted Cp), 70.2 (s, C on substituted Cp),
69.7 (s, unsubstituted Cp ring of Fc), 69.5 (s, C on
substituted Cp), 66.8 (s, —ve DEPT, OCH,Ph), 59.1
(s, +ve DEPT, N(H)-CH-C(O) of proline ring next to
Fc), 58.8 (s, +ve DEPT, N(H)-CH-C(O) of Pro next
to OBzl group), 49.1 (s, —ve DEPT, N(H)-CH,—-CH,
of Pro next to Fc), 46.6 (s, —ve DEPT,
N(H)-CH,—CH, of Pro next to OBzl), 28.8 (s, —ve
DEPT, —-CH,— Pro next to Fc), 27.8 (s, —ve DEPT,
—CH,— Pro next to OBzl), 25.5 (s, —ve DEPT, -CH,—
Pro next to Fc), 24.9 (s, — ve DEPT, —CH,— Pro next
to Fc).
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2.4. Spectroscopic data for Fc—Pro;—OBzl (3)

Complex 3 was synthesized from ferrocene carboxylic
acid and Boc—Pro;—OBzl according to method B. Yield,
70%. MW for C;3H;,N;OsFe: Calc: 611.5. Found:
612.3 M +1]*". 'H-NMR (6 ppm, CDCl,): 7.38 (5H,
br m, aromatic H of Ph), 5.13 (2H, second-order m,
OCH,Ph), 4.84-4.61 (5H, m, H ortho to carboxy group
on Cp ring overlapping with signal due to
NCH(R)C(0)), 4.33 (2H, s, H meta to carboxy group
on Cp ring), 4.26 (5H, s, Hs of unsubstituted Cp ring),
3.93-3.61 (6H, m, signals due to the two diastereotopic
Hs of -NCH,), 2.30-1.80 (12H, m, two signals due to
the two diastereotopic Hs adjacent to stereocenter
—C(H)CH,CH,CH,N-, overlapping with signal due to
one of the H of the -NCH,CH, CH,— group). *C{'H}-
NMR (0 ppm, CDCly): 172.0 (C=0), 170.7 (C=0),
170.5 (C=0), 169.2 (C=0), 135.6 (s, quartenary C of
Ph), 128.4 (br s, Ph), 128.2 (br s, Ph), 71.2 (s, C on
substituted Cp), 70.2 (s, C on substituted Cp), 70.1 (s, C
on substituted Cp), 69.6 (s, unsubstituted Cp ring of
Fc), 66.7 (s, —ve DEPT, OCH,Ph), 59.2 (s, +ve
DEPT, N(H)-CH-C(O) of proline ring next to Fc),
58.6 (s, +ve DEPT, N(H)-CH-C(O) of 2nd Pro from
Fc), 57.7 (s, + ve DEPT, N(H)-CH-C(O) of Pro next
to OBzl group), 48.6 (s, —ve DEPT, N(H)-CH,-CH,
of Pro next to Fc), 468 (s, —ve DEPT,
N(H)-CH,—CH, of 2nd Pro from Fc), 46.5 (s, —ve
DEPT, N(H)-CH,—CH, of Pro next to OBzl), 28.7 (s,
—ve DEPT, —-CH,— Pro next to Fc), 27.9 (s, —ve
DEPT, —-CH,- 2nd Pro from Fc), 27.7 (s, —ve DEPT,
—CH,— Pro next to OBzl), 25.5 (s, —ve DEPT, —-CH,—
Pro next to Fc¢), 24.7 (br s, —ve DEPT, —CH,— of other
two Pro).

2.5. Spectroscopic data for Fc—Pro,~OBzl (4)

Complex 4 was synthesized from ferrocene carboxylic
acid and Boc—Pro,~OBzl according to method B. Yield,
65%. MW for C;H,N,O¢Fe: Calc: 708.6. Found:
709.3 M+ 1]*7. 'H-NMR (6 ppm, CDCl,): 7.33 (5H,
br m, aromatic H of Ph), 5.12 (2H, second-order m,
OCH,Ph), 4.83-4.70 (6H, m, H ortho to carboxy group
on Cp ring overlapping with signal due to
NCH(R)C(0)), 4.33 (2H, s, H meta to carboxy group
on Cp ring), 4.27 (5H, s, Hs of unsubstituted Cp ring),
3.91-3.54 (8H, m, signals due to the two diastereotopic
Hs of -NCH,), 2.21-1.89 (16H, m, two signals due to
the two diastereotopic Hs adjacent to stereocenter
C(H)CH,CH,CH,N-, overlapping with signal due to
one of the H of the -NCH,CH,CH,- group). *C{'H}-
NMR (0 ppm, CDCly): 172.0 (C=0), 170.5 (C=0),
170.4 (C=0), 169.4 (C=0), 128.5 (br s, Ph), 128.2 (br s,
Ph), 71.3 (s, C on substituted Cp), 70.2 (s, C on
substituted Cp), 69.7 (s, unsubstituted Cp ring of Fc),
66.8 (s, —ve DEPT, OCH,Ph), 59.2 (s, + ve DEPT,

N(H)-CH-C(O) of proline ring next to Fc), 58.7 (s,
+ve DEPT, N(H)-CH-C(O) of 2nd Pro from Fc),
57.9 (s, +ve DEPT, N(H)-CH-C(O) of 3rd Pro from
Fc), 57.7 (s, + ve DEPT, N(H)-CH-C(O) of Pro next
to OBzl group), 48.6 (s, —ve DEPT, N(H)-CH,-CH,
of Pro next to Fc), 47.1 (s, —ve DEPT,
N(H)-CH,-CH, of 2nd Pro from Fc), 46.8 (s, —ve
DEPT, N(H)-CH,—CH, of 3rd Pro from Fc), 46.4 (s,
—ve DEPT, N(H)-CH,—CH, of Pro next to OBzl),
29.7 (s, —ve DEPT, —CH,— Pro next to Fc), 28.7 (s,
—ve DEPT, -CH,— 2nd Pro from Fc), 28.0 (s, —ve
DEPT, —CH,— 3rd Pro from Fc), 27.8 (s, —ve DEPT,
—CH,— Pro next to OBzl), 25.7 (s, — ve DEPT, —-CH,—
Pro next to Fc), 24.8 (br s, —ve DEPT, —-CH,— of
other two Pro), 24.6 (s, — ve DEPT, —-CH,— Pro next to
OBzl).

2.6. Spectroscopic data for Fc—Pro,Phe—OBzI (5)

Complex 5 was synthesized from Boc—Pro,Phe-OBzI
and ferrocene carboxylic acid according to method B.
Yield, 73%. MW for C;;H;)N;OsFe: Calc: 661.6.
Found: 662.3 M+ 1]7. '"H-NMR (0 ppm, CDCl,):
8.34 (1H, d, J=7.4 Hz), 7.33 (5H, br s, aromatic H of
Ph), 7.28 (SH, br s, aromatic H of Ph), 5.15 (2H,
second-order m, OCH,Ph), 4.87 (1H, m, H ortho to
carboxy group on Cp), 4.78 (1H, m, H ortho to carboxy
group on Cp), 4,71 (1H, m, CH of Phe), 4.44 (2H, br s,
H meta to carboxy group on Cp ring, ring overlapping
with signal due to NCH(R)C(O) of proline ring next to
Fc), 4.33 (5H, s, Hs of unsubstituted Cp ring, signal is
overlapping with signal due to NCH(R)C(O) of proline
ring next to Phe), 3.96-3.89 (2H, m, signals due to the
two diastereotopic Hs of -NCH, of proline ring next to
Fc), 3.43-3.25 (4H, m, signals due to the two
diastereotopic Hs of -NCH, of proline ring next to
Phe, overlapping with signals of CH,Ph of Phe), 2.31-
0.90 (8H, m, CH, protons). *C{'H}-NMR (J ppm,
CDCly): 176.3 (C=0), 171.2 (C=0), 170.1 (C=0), 169.7
(C=0), 135.6 (s, quartenary C of Ph), 129.2 (s, quarte-
nary C of Ph), 129.8, 129.2, 128.9 (br), 128.6, 127.9,
72.0 (s, C on substituted Cp), 71.5 (s, 2C on substituted
Cp), 70.3 (s, unsubstituted Cp ring of Fc overlapping
with C on substituted Cp), 61.0 (s, +ve DEPT,
N(H)-CH-C(O) of proline ring next to Fc), 61.4 (s,
+ve DEPT, N(H)-CH-C(O) of proline ring next to
Phe), 56.4 (s, +ve DEPT, N(H)-CH-C(O) of Phe),
49.3 (s, —ve DEPT, N(H)-CH,— of Pro next to Fc),
47.2 (s, —ve DEPT, N(H)-CH,- of Pro next to Phe),
39.9 (s, —ve DEPT, CH,Ph of Phe), 32.0 (s, —ve
DEPT, CH-CH,— Pro next to Phe), 28.5 (s, —ve
DEPT, CH-CH,— Pro next to Fc), 26.2 (s, — ve DEPT,
NCH,-CH,—- Pro next to Fc), 21.9 (s, —ve DEPT,
NCH,—CH,— Pro next to Phe).
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2.7. Electrochemistry

Cyclic voltammetry experiments were carried out us-
ing an EG&G model 173 potentiostat with model 179
coulometer and a model 175 universal programmer. All
measurements were made at r.t. (20 +1°C) in a stan-
dard three-electrode cell with a 3 mm diameter glassy
carbon working electrode with Pt wire counter elec-
trode and repeated at least three times. The reference
electrode consisted of a silver wire in a 0.1 M solution
of "Bu,N " ClO, in MeCN separated from the solution
by a cracked glass seal. Samples were purged with
argon prior to each measurement. Ferrocene was added
to the solution as an internal reference. A scan rate of
100 mV s~ ! was employed for all measurements. All
potentials are reported with respect to the ferrocene/fer-
rocenium redox couple (E°=0.44 V vs. SCE, in
MeCN; AE, =80 mV at a scan rate of 100 mV s—").
All electrochemical potentials are fully reversible. The
ratio of the forward to reverse scan peak currents are
close to 1 (+0.05).

2.8. X-ray crystallography

Suitable crystals of 1-OH, 2, 3, 4 and 5-OH were
obtained from CH,CIl, by slow evaporation at — 20°C
and mounted on glass fibres using epoxy resin. Data for
1-OH, 3, 4 and 5-OH were measured using a Siemens
Smart CCD diffractometer Mo—K,, radiation (graphite
monochromated) using o-scans. For complex 2, data

Table 1

were measured on an Enraf—Nonius CAD4 diffrac-
tometer with Cu-K, radiation (graphite monochro-
mated) using w-scans. All structures were solved by
direct methods using the SHELXTL [9] (1-OH, 2, 3, 4) or
NRCVAX [10] (5-OH) program packages. For 2, only the
Fe and O atoms were refined anisotropically, while all
other atoms were refined isotropically using full-matrix
least-squares to give R=0.1008, R, =0.2325 for 553
observed reflections [/ > 2¢(I)]. The phenyl groups for
2 and 3 were constrained to a regular hexagon. For 1,
3, and 4, all non-hydrogen atoms were refined an-
isotropically using full-matrix least-squares to give the
final R values (see Table 1). The thermal motions in the
benzyl group for 3 are extremely large and are chiefly
responsible for the high residual. For 5-OH, all non-hy-
drogen atoms were refined anisotropically using full-
matrix least-squares to give final R values of R =0.075,
R, =0.071 for 6248 observed reflections [/ > 2.50(])].
All crystallographic details have been summarized in
Table 1.

2.9. NMR studies of Fc—Pro;—0OBzl (3)

NMR spectra were recorded on a Bruker DRX-400
spectrometer using a 5 mm Z-gradient inverse probe
and a 5 mm broadband observe probe. The 'H spec-
trum was recorded with a 30° pulse, a spectral width of
8220 Hz and 64 scans. The '*C spectrum was recorded
with a 30° pulse, a spectral width of 31800 Hz and
48000 scans. Standard Bruker pulse sequences were

Crystal data for Fc-Pro-OH (1-OH), Fc-Pro,~OBzl (2), Fc-Pro;-OBzl (3), Fc-Pro,~OBzl (4) and Fc—Pro,Phe-OH (5-OH)

Compound 1-OH 2 3 4 5-OH

Empirical formula C,¢H,,FeNO;, C,5H;0FeN,O, C;3H;,FeN;O54 C;gH  FeN,Og C;,H;5CLFeN;O5

Formula weight 327.16 514.39 611.51 708.62 656.38

Space group P2, P2,2,2, Cc2 P2, P4;2,2

a (A) 7.4597(2) 10.1839(2) 26.190(5) 12.643(3) 11.4245(10)

b (A) 8.9449(4) 10.7681(2) 6.4300(13) 6.4870(13)

¢ (A) 10.5661(5) 22.7514(2) 19.820(4) 21.397(4) 46.7497(40)

5 (©) 98.509(2) 108.75(3) 98.40(3)

Vv (A% 697.28(5) 2494.95(7) 3160.6(11) 1736.1(6) 6101.7(5)

zZ 2 4 4 2 8

Dy (g cm™3) 1.558 1.369 1.285 1.356 1.429

Crystal size (mm) 0.3%x0.2x0.05 0.15x0.10x0.05 0.30x0.10x0.05 0.8x0.5%x0.3 0.1x0.2x0.2

u Mo-K,) (cm™1) 10.90 51.46 5.21 4.87 7.1

Radiation (graphite monochromated in MoK, Cu-K, MoK, Mo-K,, MoK,
incident beam)

7 (A 0.71073 1.54060 0.71073 0.71073 0.71073

Reflections collected 2459 1420 4467 8782 43578

Reflections observed

Goodness-of-fit
R, R,®

1297 [I>20(1)]
1.104
0.0870, 0.1583

553 [[>20(I)]
1.242
0.1008, 0.2325

1751 [I>20(1)]
1.233
0.0917, 0.1620

4317 [I>20(D)]
1113
0.0588, 0.1329

6248 [I>2.5¢(I)]
4.06
0.075, 0.071

C R=Z(F | [FP/Z(Fo]) Ry = [ZO0(Fo| = [F)P /0w [Fo 112
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Scheme 1. Synthesis of ferrocenoyl-oligopeptides. (i) HOBt, DCC, (ii) H-Pro-OBzl, (iii) Pd/C, H,, (iv) HOBt, DCC, H-Pro-OBzl, (v)
H-Pro,-OBzl, (vi) H-Pro,—OBzl (n =3, 4) and (vii) HOBt, DCC, H-Pro,~Phe-OBzl.

used for all experiments. A phase-sensitive NOESY
experiment was performed with 16 scans for each of
512 tl increments. A spectral width of 4085 Hz was
used in both dimensions with a mixing time of 400 ms
and a relaxation delay of 2 s. Zero filling was applied to
give a final matrix of 1 x 1 K. A shifted sine-squared
window function was applied to both dimensions. A
phase-sensitive TOCSY experiment was performed with
16 scans for each of 512 t1 increments. A spectral width
of 4006 Hz was used in both dimensions with a mixing
time of 80 ms and a relaxation delay of 2 s. Zero filling
was applied to give a final matrix of 1 x 1 K. A shifted
sine-squared window function was applied to both di-
mensions. A gradient-selected COSY was performed
with four scans for each of 128 ¢1 increments. A
spectral width of 4006 Hz was used in both dimensions.
Zero filling was applied to give a final matrix of 1 x 1
K. A sine window function was applied to both dimen-
sions. A gradient-selected phase-sensitive HSQC was
performed with 16 scans for each of 512 ¢1 increments.
The 'H spectral width was 4006 Hz and the '*C spectral
width was 16 780 Hz. Zero filling was applied to give a
final matrix of 2 x 1 K. A shifted sine-squared window
function was applied to both dimensions. Gradient-se-
lected HMBC experiments were performed with 480
scans for each of 128 tl increments. The 'H spectral
width was 4006 Hz and the '*C spectral width was
22300 Hz. The delay for evolution of long-range cou-
plings was set to 65 and 95 ms in separate experiments.
Zero filling was applied to give a final matrix of 2 x 1
K. A Gaussian window function was applied in the 'H

dimension and a sine window function was applied in
the '*C dimension.

3. Results and discussion
3.1. Preparation of ferrocenoyl-oligoprolines

The syntheses of the Fc-oligoprolines are outlined in
Scheme 1. We have explored two major routes for
formation of Fc-peptides: (a) coupling of ferrocene
carboxylic acid with the peptide and (b) stepwise build-
up of the peptide chain on the organometallic fragment.

3.1.1. Coupling of the peptides with ferrocene
carboxylic acid

All oligoprolines were synthesized from commercially
available Boc—Pro-OH, H-Pro—OBzI-HCI (Bzl = ben-
zyl) in CH,Cl, solution following the standard carbodi-
imide protocol as described before [16]. After Boc
deprotection, the peptides were coupled to ferrocene-
carboxylic acid in CH,Cl, using cyclohexylcarbodiimide
(DCC) and hydroxybenzotriazole (HOBt) resulting in
the clean formation of ether-soluble orange
Fc—Pro,—OBzl (n =2-4, Pro, =2, Proy=3, Pro,=4).
In a similar fashion, Fc-Pro,Phe-OBzl (5) was pre-
pared. Fc—Pro—OBzl (1) was obtained according to the
literature procedure as a viscous brown oil [7]. There is
not need to isolate the intermediate Fc—OBt. Instead, it
was reacted in situ with the appropriate base-compo-
nents. All products are obtained in yields ranging from
65-75%. All compounds are air and moisture stable in
common solvents.
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C( CiS ¢y
S >

Fig. 1. Molecular structures of 1-OH (a), 2 (b), 3 (c) and 4 (d). H
atoms have been omitted in 2—4 for clarity. For 1-OH, 2, and 4 the
thermal ellipsoids are at the 30% probability level.

3.1.2. Buildup of the peptide chain on the
organometallic fragment

Alternatively, Fc-Pro—OBzl, obtained according to
published procedures [7], can be used as a starting
material for the stepwise addition of amino acids, as is
demonstrated for 2. The benzyl group in 1 can be
conveniently removed by hydrogenation using 5% Pd/
C in methanolic solution, resulting in the formation of
the free acid Fc-Pro—OH (1-OH), which is obtained as
a crystalline solid after recrystallization from CH,CL,.
1-OH was then coupled with H-Pro—OBzI-HCI to ob-
tain 2 as a crystalline solid (see Section 2). All com-
plexes were fully characterized by a combination of
electrospray-MS (1-5), NMR spectroscopies (1-5),
and X-ray crystallography (1-OH, 2—4, 5-OH).

3.2. Structural studies

In order to establish unequivocally the structure of
the ferrocenoyl-oligoprolines, we carried out structural
analyses by single-crystal X-ray crystallography of 1-
OH, 2, 3, 4. Molecular structures of 1-OH, 2, 3 and 4
are shown in Fig. 1. Selected bond distances and an-
gles for 1-OH, 2—4 and 5-OH are given in Table 2.

Complexes 2 and 3 crystallized as very thin needles,
giving only poor-quality data, resulting in structures
with high residuals. Hence, we cannot interpret the
resulting structures for 2 and 3 in terms of bond
lengths and angles. However, the quality of the data
does allow us to analyze the structure of the peptide
backbone. The geometries of the proline rings for 1-
OH, 2-4 and 5-OH including their distances and an-
gles are similar to other published peptide structures
containing proline residues [11]. Furthermore, the dis-
tances and angles within the Fc moiety are similar to
those observed for other Fc derivatives [8,12]. Typical
for Fc-amides, the Cp and amide planes are virtually
co-planar and only a small twist angles between the
Cp and the amide planes for 1-OH-5 are observed (see
Table 2), allowing electronic effects to be transmitted
from the peptide to the ferrocene group [12]. Further-
more, the substituent does not influence the geometry
of the ferrocene system and only a small Cp—Fe-Cp
bent is observed [12].

Rather than discussing the geometries of each com-
pound in detail, we wish to stress the common feature
in all Fc-Pro,—OBzl (n=2-4) systems: in 2-4, the
oligoproline adopts a helical structure typical of
polyproline II having exclusively trans-proline linkages
with the ferrocenoyl moiety being part of the helix.
The structure of polyproline II can be described as a
left-handed helix with a translation of 3.12 A per
proline residue along the helical axis [13]. About three
proline residues are needed to complete one full helical
turn. For our four systems 1-OH, 2—4 this means that
in 3 the oligoproline chain has completed one full
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Table 2
Selected bond distances (A) and angles (°) for Fc-Pro-OH (1-OH), Fc—Pro,-OBzl (2), Fc—Pro;—OBzl (3), Fc—Pro,~OBzl (4), Fc—Pro,Phe-OH
(5-OH)

1-OH 2 3 4 5-OH
Bond distances
av. Fe(1)-Cc, 2.039(13) 2.04(4) 2.00(5) 2.030(7) 2.048(8)
av. Fe(1)-Ccpr 2.049(14) 2.06(3) 2.01(2) 2.034(6) 2.047(8)
O(1)-C(11) 1.257(14) 1.23(3) 1.222(12) 1.223(5) 1.244(9)
C(1)-C(11) 1.48(2) 1.50(4) 1.50(2) 1.489(6) 1.463(10)
C(11)-N(1) 1.314(14) 1.42(4) 1.362(14) 1.345(5) 1.369(8)
Bond angles
O(1)-C(11)-N(1) 116.6(7) 117.0(32) 118.1(11) 120.1(4) 119.7(6)
Cp-Fe-Cp? 1.9 2.5 4.0 8.0 1.0
7(Cp/amide) © 24.6 19.2 14.2 16.0 11.4

2 Cp-Fe-Cp = bent angle.

b 7(Cp/amide) = dihedral angle between the substituted Cp ring plane and the amide plane.

helical turn. For 4, the oligoproline has completed
about 1 1/3 helical turns. In 1-OH and 2, the peptide
has 1/3 and 2/3 of a helical turn completed, respec-
tively. In other words, we have taken snapshots of a
growing polyproline II chain.

The crystal structure of 5 is significantly different
from that of the Fc—Pro,—OR systems.

The ORTEP diagram of 5 is shown in Fig. 2, showing
that the two Pro residues are connected in a cis fashion,
followed by the Phe residue. A strong hydrogen bond
between the Phe amide nitrogen N3 and Ol is typical
for the structural motif of a B-turn (d(N--O)=2.853
A). NOESY-NMR studies in MeCN-d, confirm that
the cis-proline linkage is preserved in solution as indi-
cated by the correlation between a-H of Prol with B-H
of Pro2.

At this point it must be pointed out that polyproline
can exist in two forms, one with all peptide bonds being
cis (polyproline I) and the all-frans form (polyproline
II). Whereas the structure of polyproline II is a left-
handed helix, polyproline I is a more compact all-cis
right-handed helix with a translation of 1.85 A [13].
Importantly, in solution, cis- and trans-polyprolines are
in equilibrium with each other. The position of the
equilibrium will depend on the polarity of the solvent,
as shown by NMR experiments [14]. It was observed
that less polar solvents will shift the equilibrium to
favor cis-polyproline. We were concerned that different
peptide structures may cause possible changes in the
redox properties of the ferrocenoyl group and hence we
had to ascertain the solution structure to ensure that it
will be identical to the solid state structures.

Detailed NMR studies of two of the systems (2 and
3) were conducted in two solvents, CDCl; and MeCN-
ds. We were particularly interested in these solvents
since they are typical for electrochemical measurements
(vide infra). In the following we present in detail the
results of an NMR study for 3 in CDCl;. We have also

Fig. 2. ORTEP diagram for 5. H atoms have been omitted for clarity.
Thermal ellipsoids are at the 30% probability level. Compound 5 has
a cis-proline linkage in contrast to the oligoprolines, resulting in the
formation of a B-turn with a strong Fc—CO--“NHp,,, hydrogen bond
(see text).

carried out similar studies in MeCN-d,, which are
identical to those in CDCIl;. The structural assignment
in solution is complicated by the chemical similarities
among the protons of the three proline rings. The
proton and carbon chemical shifts for 3 were assigned
by analysis of DEPT-135, COSY, TOCSY (Fig. 3),
HSQC (Fig. 4) and HMBC spectra.

The nomenclature used for the discussion of the
assignments of the resonances in 3 is given in Scheme 2
and is identical to that used in the crystallographic
analysis (see Fig. 1). The assignment of peaks is sum-
marized in Table 3.

The assignment of the ferrocenoyl protons and the
benzyl group is straightforward and is similar to other
ferrocenoyl-peptides [17]. H6—10 give rise to a sharp
singlet at 6 4.26 (v,, =15 Hz), which shows a clear
correlation in the HSQC with a signal at 6 69.9 (C6—
10). The broad signal at J 4.33 (v,, = 10 Hz), assigned
to the two meta-protons of the substituted cyclopenta-
dienyl (Cp) ring H3 and H4, correlates with the two
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signals at ¢ 70.5 and 70.4 (C3 and C4). The two
ortho-protons H2 and H5 give rise to two resonances at
0 4.83 (HSQC correlation with ¢ 71.5) and at ¢ 4.73
(HSQC correlation with ¢ 69.9).

The real challenge comes from the fact that all three
proline residues in 3 are virtually indistinguishable by
ordinary 1D NMR spectroscopy due to overlapping
signals. However, all three are separated by an amide
linkage thereby separating the three spin systems. 2D
TOCSY allowed us to identify the three separate spin
systems (see Fig. 3). Most decisively, the long-range 'H,
3C correlations detected in a 2D HMBC experiment
allowed the assignment of the two carbonyl groups of
the ferrocenoyl and ester groups, respectively. The reso-
nance at 6 172.3 exhibits correlations with the benzyl
protons (H27) at 6 5.13 and a CH proton at J 4.62.
Only the ester carbonyl group can give rise to this
correlation pattern and it is therefore unequivocally
assigned to C26. Based on this assignment, we can
attribute the resonance at 0 4.62 to H22, which corre-
lates in the HSQC spectrum with a signal at 6 59.0. As
indicated by the TOCSY, the signal due to H22 is in the
same spin system as the two signals at J 3.79 and 3.60,
which we assign to the two diastereotopic NCH, pro-

PPM e :\ﬁ% e b
4.44 Q 0\ @ ) Fc(2-5)
0
° Pro3
4.6- i G B| o
0 o o é
4.8 o o €2y prol
=4

4.4

4-67 s O 5/15 17/25
- Y = — 7
’ \ : o | 12/20

Fig. 3. Partial NMR spectra of 3 in the region of 5.00—3.65 ppm. (a)
'"H-NMR spectrum showing the assignment of all resonances using
the labeling employed in Scheme 2. (b) 2D TOCSY spectrum showing
the well-separated spin systems of the three proline residues and of
the substituted cyclopentadienyl ring. (c) 2D NOESY spectrum show-
ing cross peaks between HS of the Cp ring and the Hs of the NCH,
group (site 15), between sites 17 and 25 and between sites 12 and 20,
confirming the overall structure to be equivalent to that observed in
the solid state (all-trans-Fc—Pro;—OBzl).
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Fig. 4. 2D HSQC spectrum of 3 (labeling is according to Scheme 2).

tons (H25). Both protons show a clear correlation in
the HSQC with a signal at § 46.8. Likewise, assignment
of the carbonyl resonance at 6 169.6 to C11 is possible
due to its HMBC correlation with two of the protons of
the substituted Cp ring (H5) and to the CH resonance
at 0 4.82, assigned to H12 (HSQC correlation to ¢
59.5). This peak is TOCSY correlated with the NCH,
resonances at 0 3.92 and 3.90 (H15). Having unequivo-
cally assigned two proline rings, we are left with signals
due to the central proline residue. By analogy, we
assign the signal at 6 4.80 to H17 (HSQC correlation to
0 58.0, 135-DEPT negative). This signal is TOCSY
correlated with the two diastereotopic NCH, signals at
0 3.92 and 3.71 (H20).

The NOESY spectrum (Fig. 3) shows several note-
worthy correlations. The Cp proton HS5 and the CH
H15 of the first proline ring show a strong NOE signal.
Furthermore, the CH signals H12 and H17 show NOE
peaks to H20 and H25, respectively. This ‘a-H to 6-H’
correlation pattern is typical for a trans-proline helix
[14]. It is important to point out that NOE cross peaks
for ‘a-H to a-H” CH/CH interactions are not observed,
demonstrating the absence of the all-cis conformer.

It is also interesting to note the absence of any
discernible NOE of H27, which is most likely due to the
lack of any preferred conformation for the benzyl
group. It must be pointed out that in MeCN-d,, we
observed the identical NOESY spectrum with respect to
the oligoproline, indicating that the secondary peptide
structure is identical to that in CDCl,.

To summarize the NMR studies: the solution and
solid state peptide structures are identical. The NOESY
spectra for 2 and 3 show a correlation between a-H and
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Table 3
Peak assignments for Fc—Pro;—OBzl. The atom labels are given in Scheme 2 and are identical to those used in Fig. 1. All shifts (J) are given in
ppm
Site 'H BCa HSQC HMBC NOESY
1 76.5
2 4.83 71.5
3,4 4.33 70.4/5
5 4.73 69.9 5to 15
6-10 4.26 69.9
11 - 169.6 2,5, 12
12 4.82 59.5 12 to 20
13 2.20, 1.97 29.0
14 245,197 25.8
15 3.92, 3.90 48.9 15t0 5
16
17 4.80 58.0 17 to 25
18 2.21, 2.13 28.0
19 2.02, 2.01 25.0
20 3.92, 3.71 47.2 20 to 12
21
22 4.62 59.0
23 2.17, 1.94 28.2
24 2.16, 2.02 25.1
25 3.79, 3.60 46.8 25 to 17
26 - 172.3 22,27
27 5.13, 5.30 67.0 33, 29
28 - 135.9
29-33 7.35 128.7, 128.5, 128.4

a13C resonances given for those carbonyl carbons and quaternary carbon atoms. For all other carbon atoms the HSQC and '3C signal are at

identical chemical shifts.

d0-H of two neighboring proline rings exclusively, as
would be expected for an all-trans arrangement. Al-
though facile solvent-dependent interconversion be-
tween cis- and trans-oligoprolines is well known [14],
we have no evidence to suggest isomerization in our
Fc-oligoprolines in solution. No NOESY cross peaks
corresponding to cis-proline linkages are observed in
CDCl; and in MeCN-d;.

3.3. Electrochemistry

Next, we proceeded to investigate the redox chem-
istry of the ferrocenoyl-peptides 1-OH, 2—4, and 5-OH.
Expectedly, the cyclic voltammograms of 1-OH, 2-4,
and 5 measured in dry acetonitrile using a glassy car-
bon working electrode, show a single quasi-reversible

o)

/

8 7

0 O
2 / é/ /c/ g 28
1 -C 12 6
357711 TN 16 17721 22726
4<>5 1 N N 27
P?o 15 13, 18 25 23
9<< :>76 14 19 24

one-electron oxidation wave. Importantly, the redox
properties of the Fc moiety are dependent on the length
and structure of the oligoproline chain. With growing
proline chain length, the molecule becomes easier to
oxidize (Table 4, Fig. 5).

Whereas Fc—Pro—OR (R = H, Bzl) is reversibly oxi-
dized at 165+ 6 mV (vs. Fc/Fc™), 2 undergoes oxida-
tion at E,, =150+ 7 mV (vs. Fc/Fc™). It is important
to keep in mind that two prolines in 2 are insufficient to
complete a full helical turn. Extending the chain by an
additional proline residue as in 3 and thereby complet-
ing a full helical turn causes the redox potential to shift
to 140 +£ 5 mV (vs. F¢/Fc ™). In 4, further extension of
the chain by an additional proline residue does not
result in a significant change of the redox potential of
the molecule.

32
o 33 31
30

29

Scheme 2. Structure of 3, explaining the labeling pattern used in Figs. 3 and 4.
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Table 4
Electrochemical properties of ferrocenoyl-peptides

Compound E,, (mV)*° E3—ES (mV)
Fc—Pro-OBzl (1) 165+ 6 85
Fc—Pro-OH (1-OH) 170+ 5 83
Fc—Pro,~OBzI (2) 150 + 7 82
Fc-Pro;—OBzl (3) 140+ 5 80
Fc—Pro,~OBzI (4) 140+ 5 80
Fc—Pro,Phe-OBzl (5) 170 +5 81
Fc—Pro,Phe-OH (5-OH) 169+ 6 84

* E, ), vs. internal ferrocene/ferrocenium couple (440 mV vs. SCE in
MeCN with peak separation of 80 mV).
® All measurements were carried out at a scan rate of 100 mV s~ 1.

Whereas the redox potential of the (H;N);Os-moiety
in pyridine-linked (H;N);Os-oligoprolines [5a] is not
influenced by the chain length of the oligoproline as shown
by Isied and coworkers, the redox potentials of 1-OH,
and 2—4 are clearly dependent on the oligoproline chain
length or structure. This difference is most likely related
to the rotational freedom of the (H;N);Os-group about
the Os—N linkage in solution (see Scheme 3).

In contrast, the Fc group is restricted with respect to
rotation about the amide linkage and exists in two
conformations in solution, as confirmed by 2D NOESY
studies in acetonitrile solution which show a cross peak
for both of the ortho-Hs of the substituted Cp ring to
the 8-H of Prol. The energy barrier for rotation about
the amide linkage was estimated to be 35-40 kJ mol —!
[12]. In both conformations the interaction between the
two m-systems of the Cp and the amide groups is
maximized. We do not observe any significant influence
of the benzyl-protecting group on the redox potential of
the Fc-group.

We were surprised to find that 5 is significantly more
difficult to oxidize than 3 (Table 4). Clearly, the Fc-moiety
is able to ‘sense’ the presence of the third amino acid in
the chain. As the redox potentials show, we are able to
differentiate between a proline and a non-proline amino
acid. It is tempting at this point to speculate about the
ability of the Fc-moiety to distinguish between the two
structural motifs present in 1-4 and 5. However, in order
to draw a firm conclusion about the ferrocene’s ability
to recognize structural features, it is clear that we will have
to investigate a larger number of systems.

NH;
HiNu,,, | . NH;3
/'Os' ;
EBNT | TSN D
HN

Scheme 3. Rotational freedom around the Os—py and py-peptide
bond in Isied’s (H;N)s;Os—py—peptides (see Ref. [5a]).
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Fig. 5. Electrochemical properties of Fc—Pro,—OBzl (for details see
Table 4). Potentials were recorded using a glassy carbon electrode in
MeCN vs. the ferrocene/ferrocenium couple as internal standard
using "Bu,NCIO, (0.1 M) as supporting electrolyte.

It is important to emphasize that upon increasing the
peptide chain length, the ferrocenoyl group becomes
easier to oxidize. Due to the helical structures exhibited
by the Fc-oligoprolines 1-4 all carbonyl groups point
towards the carboxy terminus of the peptide chain,
thereby creating a permanent dipole moment with the Fc-
moiety being at the positive end of the dipole [5],m]. An
increase in the length of the peptide should result in an
increased dipole moment. In light of the aforementioned,
the observed drop of redox potentials of the
Fc—Pro,—OBzl series is counterintuitive in that it is
expected that the oxidation should become more difficult
with an increased chain length. The Fc-moiety is at the
positive end of the dipole, yet increasing the oligoproline
chain leads to a relative stabilization of the Fc*. Our
results are different from those reported by Fox who
explains variations in ET rates in much longer helical
Aib-rich peptides in terms of electric field effects created
by the alignment of all carbonyl groups within the peptide
[51,m,15]. This suggests that factors other than electric
field effects caused by the peptide’s dipole are influencing
the redox potentials our Fc—Pro,—OBzl systems. Theoret-
ical studies [12] on model systems containing the Fc group
suggest that the directional character of an oxygen
p-orbital perpendicular to the Cp/amide plane creates a
spatial anisotropy of the electron distribution in the
molecule and may be partly responsible for the observed
electronic effect.

4. Conclusions
In the present study, we have described the facile

synthetic pathway to peptides possessing the redox-active
ferrocenoyl group at the N-terminus of the peptide.
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Structural studies of the Fc-oligoproline 1-OH, 2-4
show that all systems possess a left-handed polyproline
IT helix. Our Fc—Pro,—OR series presents snapshots of
the growing left-handed polyproline II helix. Impor-
tantly, this structure is maintained in acetonitrile solu-
tion. Electrochemical measurements carried out in dry
acetonitrile solution show for the first time that the
redox potential of a redox probe attached to a peptide
chain is influenced by the number of amino acid
residues and its composition. Our results suggest that
the Fc-moiety is able to ‘sense’ the presence of the third
amino acid in the chain. The presence of non-proline
amino acids as in 5, has structural effects, causing a
change in the secondary structure of the peptide, which
may suggest that the Fc-group is in fact sensing a
structural change of the peptide. This may allow us to
develop the ferrocenoyl group as an electrochemical
sensor to probe the local structure in a more complex
peptide or even protein. However, at present our results
are not representative and a more detailed study of a
large number of structurally varied Fc-peptides must be
investigated in order to draw firm conclusions. We will
investigate this effect in detail by synthesizing a series
of structurally diverse Fc-substituted peptides and by
studying their electrochemical behavior in solution and
supported on surfaces.

5. Supplementary material

Crystallographic data for the structural analyses have
been deposited with the Cambridge Crystallographic
Data Centre: CSD-114495 for compound 1, CSD-
114496 for compound 2, CSD-114497 for compound 3,
CSD-114543 for compound 4 and CSD-114544 for
compound 5. Copies of this information may be ob-
tained free of charge from: The Director, CCDC, 12
Union Road, Cambridge CB2 1EZ (fax: + 44-1223-
336-033 or e-mail: deposit@ccdc.cam.ac.uk  or
www:http//www.ccdc.cam.ac.uk).
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