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less concentrated solutions generate P2M018062* as the principal 
product. 

(3) The electrochemical behavior of 1 in CH3CN is the least 
reversible of any polyoxometalate constituted exclusively or 
primarily of type I M 0 6  octahedra (those with one terminal oxo 
group on the do TM ion) that has been reported to date. All redox 
couples from +0.4 to -2.4 V vs Ag/Ag+(AgN03/CH3CN) are 
completely irreversible. 

(4) Treatment of 1 with 1 equiv of OH- in CH3CN reversibly 
generates H , P M o , , O ~ ~ ~ ,  whereas 2 equiv of OH- rapidly produces 
A - P M O ~ O ~ ~ ( O H ) ~ *  and, interestingly, the parent Keggin struc- 
ture, PMo120a3-, in addition to H2PMo110395-. Whereas 1 can 
be reversibly protonated with 1 equiv of H+ in CH3CN to 
H4PMol 1 0 3 9 ~  over a period of several minutes, the latter complex 
decomposes over a period of hours and days to three other com- 
plexes, P2M050236, PMoI2Oa*, and P2M~180626. In the presence 
of 2 equiv of H+, many products observable in the 31P NMR are 
produced rapidly which convert more slowly to PMoI2Oa* in high 
yield. 

( 5 )  Metalation of 1 by several divalent 3dn, n # 0, transi- 
tion-metal (TM) ions to form the corresponding TM-substituted 
polymolybdophosphates, PMO~,(TM)O,~~- ,  can be readily ac- 

complished by using a homogeneous one-phase procedure (ace- 
tonitrile solvent and TM triflate salt) or by a heterogeneous 
two-phase procedure (treatment of 3:2 acetonitriletoluene solution 
of 1 with an aqueous solution of the TM salt). The exception is 
for ZnlI which by either metalation method leads to substantial 
(as high as 50%) decomposition of 1. 

(6) Reversible loss of the terminal axial ligand, L, of PMolI- 
(TM1LL)0395- is observed on drying of the solid in vacuo. Several 
lines of evidence are consistent with the exchange of L, on both 
PMo, I (TM11-L)039S- and the analogous tungsten compounds in 
aprotic media, being thermodynamically controlled. However, 
some kinetic control cannot be ruled out in the complex case of 
PMo, , (COII-L)O~~~- in acetonitrile. 
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Model complexes of reduced rubredoxin, [Fe11(Z-cys-Pro-Leu-cys-Gly-NH-C,H,-p-X)2]2- (X = M e 0  (4), H (5), F (6) and C N  
(7)), were synthesized by a ligand-exchange reaction of [ FelI(S-t-Bu),]*- with Z-Cys(SH)-Prd.m-Cys(SH)-Gly-NH-C6H4-pX. 
These complexes gave positively shifted redox potentials compared to other peptide model complexes such as [ Fe"(Z-eys-Pro- 
Leu-cy~-OMe)~]~-  (2) and [ Fe11(Z-cys-Pro-Leu-cys-Gly-Val-OMe)2]2- (3) in a weakly nonpolar solvent, e.g. 1.2-dimethoxyethane 
(DME). The most positively shifted redox potential at -0.24 V vs SCE was observed for 7 in DME with the strongest elec- 
tron-withdrawing p-substituent. The strength of the NH- - -S hydrogen bonds in 4-7 in DME was in the order X = OMe < H 
< F < CN. The observed aromatic substituent effect is explained by an electronic charge flow from sulfur of the coordinated 
cysteine residue to the benzene ring through an NH- - -S hydrogen bond. 

Introduction 
Rubredoxin (Rd), which possesses an iron atom surrounded 

by four sulfur atoms of cysteine residues, is known to be an 
electron-transfer metalloprotein using a Fe(II)/Fe(III) redox 
couple at  -0.31 V vs SCE (saturated calomel electrode) in aqueous 
solution.'S2 Although many simple alkane- and arenethiolate 
complexes have been synthesized as model complexes of Rd,3-5 
the redox potentials of Fe(II)/Fe(III) of these model complexes, 
for example, [Fe(S-Et),]*-/- having a value of -1.08 V vs SCE 
in CH3CN3 and [Fe(S2-o-xyl)2]2-l- having a value of -0.99 V vs 
SCE in Me2S0,S were substantially more negative than that of 
Rd. 

In our continued study, we have synthesized Fe(I1) complexes 
containing Cys-oligopeptide ligands having the invariant fragments 
of the rubredoxin peptide chain.69 [FeII(Z-cys-Pro-Leu-cys- 
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OMe),]" (2) has a redox potential at  -0.54 V vs SCE in CH3CN, 
which is much more positive than those of simple alkane- or 
arenethiolate complexes. In particular, in a weakly nonpolar 
solvent, e.g. 1 ,Zdimethoxyethane (DME), the redox potential of 
[Fe11(Z-cys-Pro-Leu-cys-Gly-Val-OMe)2]2- (3) is -0.35 V vs SCE, 
which is the nearest value to that of native Rd. This positive shift 
is caused by the formation of NH- - -S hydrogen bonds from N H  
of the neighboring peptide residue to S of the cysteine residue as 
reported in previous paper.'J 

Instead of the conserved valine residue in a sequence Cys- 
Pro-Leu-Cys-Gly-Val, peptides with a para-substituted anilide 
residue, Le., Z-Cys-Pro-Leu-Cys-Gly-NH-C6H4-p-X (X = MeO, 
H, F, CN), were synthesized. The para-substituent effect on the 
redox potential was examined in [Fe(Z-cys-Pro-Leu-cys-Gly- 
NH-C6H4-p-X)2]2- in order to verify the electronic interaction 
through the NH- - -S hydrogen bonds. Without the NH- - -S 
hydrogen bond, the potential will not be susceptible to the 
para-substituent effect. 

Previously, we and Sanders-Loehr and co-workers have reported 
the existence of similar NH- - -S hydrogen bonds indirectly by IR 
or Raman spectroscopy.lOv'l Now, 2H NMR spectra of the 

(9) Nakata, M.; Ueyama, N.; Fuji, M.; Nakamura, A.; Wada, K.; Mat- 
subara, H. Biochim. Biophys. Acta 1984, 788, 306. 

(10) Ueyama, N.; Terakawa, T.; Nakata, M.; Nakamura, A. J .  Am. Chem. 
SOC. 1983, 105, 7098. 

(1 1) Mino, Y.; Loehr, T. M.; Wada, K.; Matsubara, H.; Sanders-Loehr, J. 
Biochemistry 1987, 26, 8059. 

0020-1669/91/ 1330-4026$02.50/0 0 1991 American Chemical Society 



Reduced Rubredoxin Models Inorganic Chemistry, Vol. 30, No. 21, 1991 4027 

N-deuterated peptideFe(I1) complexes of similar structure were 
measured to detect contact-shifted resonances through the path 
N-H- - 4-Fe. The observation of these shifted peaks will also 
provide direct evidence for formation of the NH- - -S hydrogen 
bonds. 
Experimental Section 

Materials. L-Cysteine and all other L-amino acids were purchased 
from Protein Research Foundation, Osaka, Japan, and used without 
further purification. Para-substituted anilines were obtained from Tokyo 
Kasei Co. Ltd and purified by distillation. Z-Cys(Acm)-Pro-Leu-OPac 
was synthesized as described in the previous papers Boc-Cys(Acm)- 
Gly-NH-C6H4-p-X (X = MeO, H, F, CN) were prepared stepwise by 
the MA (mixed anhydride) method as reported in the 
(Et4N),[Fe(S-t-Bu),] was prepared by the same method as reported in 
the previous paper.8 All the solvents were distilled before use. 

Synthesis of Z-Cys(Acm)-Pro-Leu-Cs(Acm)-Gly-~-c6H' (X = H). 
The titled peptide was synthesized by condensation of Z-Cys(Acm)- 
Pro-Leu-OPac with Boc-Cys(Acm)-Gly-NH-C6H5 using the DCC (N,-  
N'-dicyclohexylcarbiimide)/HOBt (I-hydroxybenzotriazole) method. 
To a solution of Z-Cys(Acm)-Pro-Leu-OPac (2.0 g, 3.0 mmol) in 90% 
acetic acid (90 mL) was added zinc powder (10.0 g). The mixture was 
stirred for 1 h at 0 "C and was stirred overnight at room temperature. 
The excess zinc was removed by filtration. The colorless filtrate was 
concentrated in vacuo. The residue was dissolved in water, acidified by 
citric acid, and extracted with ethyl acetate. The solvent was removed 
in vacuo, and a colorless oil, Z-Cys(Acm)-Pro-Leu-OH, was obtained. 
This oil was dissolved in DMF (4 mL), and a mixture of HCKys-  
(Acm)-Gly-NH-C6H5 (3.0 mmol) and triethylamine (0.42 mL, 3.0 
mmol) in DMF (3 mL) was added. After HOBt (609 mg) was added 
the mixture was cooled to -5 "C by using an icesalt bath, and DCC (774 
mg) was added in the solid state. The mixture was stirred at room 
temperature for 4 days and purified by the usual procedures to give the 
desired peptide. The yield was about 20%. Anal. Calcd for C,9H5,- 
N80& (Z-Cys(Acm)-Pro-Leu-Cys(Acm)-Gly-NH-C6H5): C, 55.56, H, 
6.46; N, 13.29; S, 7.61. Found: C, 55.57; H, 6.51; N, 13.10; S, 7.67. 

The other peptides containing para-substituted anilide, Z-Cys- 
(Acm)-Pro-Leu-Cys(Acm)-Gly-NH-C6H4-~X (X = MeO, F, CN), and 
m-substituted anilide, Z-Cys(Acm)-Pro-Leu-Cys(Acm)-Gly-NH- 
C6H4-m-F, were also synthesized by the same method as mentioned 
above. The purity of these peptides was ensured by their 'H NMR 
spectra. For example, the integral ratio of the methylene protons of the 
benzyloxycarbonyl group and the benzene ring protons of anilide was 0.5 
in Z-Cys(Acm)-Pro-Leu-Cys(Acm)-Gly-NH-c6H4-p-X in CDCI,. 

Synthesis of the Silver( I) Complex of Z-Cys-Pro-Leu-Cys-CIy-NH- 
C6H4-p-F. To a solution of Z-Cys(Acm)-Pro-Leu-Cys(Acm)-Gly-NH- 
C6H4-p-F (27.60 mg, 3.20 X lo-' mol) in methanol (2 mL) was added 
a solution of silver trifluoroacetate (35.40 mg, 1.60 X IO-' mol) in 
methanol (2  mL). The mixture was stirred overnight. The solvent was 
removed in vacuo, and the residue was washed with diethyl ether three 
times to afford the title peptide silver complex. Deprotection of S-Acm 
groups was confirmed by 'H NMR. The absence of 'H NMR peaks of 
methyl protons of Acm at 2.1-2.2 ppm in a solution of the complex in 
Me,SO-d, indicates the complete deprotection of the Acm groups. Anal. 
Calcd for Cl,H41N601 IS2A&F, [Z-Cys(Ag)-Pro-Leu-Cys(Ag)-Gly-NH- 
C6H4-p-F][AgOCOCFl]2: c, 32.34 H, 3.01; N, 6.1 I .  Found: C, 32.06; 
H, 3.32; N, 6.00. 

The deprotection of other peptides of Z-Cys(Acm)-Pro-Leu-Cys- 
(Acm)-Gly-NH-C6H4-p-X (X = MeO, H, CN) and Z-Cys(Acm)-Pro- 
Leu-Cys(Acm)-Gly-NH-C6H4-m-F were carried out in the same manner. 

Preparation of SH-Free Peptides. All of the SH-free peptides were 
prepared from the corresponding Ag(1) complexes by purging with hy- 
drogen sulfide. Black precipitates of Ag2S were removed by filtration, 
and the filtrate was concentrated under reduced pressure. The residue 
was washed with degassed diethyl ether to give a colorless solid, which 
was used for the synthesis of Fe(l1) complexes. 

Preparation of NJH Peptides. The deuterated peptides were obtained 
by proton-deuteron exchange of SH-free peptide with methanol-d. SH- 
free peptide (0.05 mmol) was dissolved in CH1O2H (1 mL) and stirred 
for about 15 min at 40 "C. The solvent was removed in vacuo. This 
procedure was repeated three times to give the desired peptide. 

Synthesis of (Et4N)2[Fe(Z-cys-Pro-Leu-cys-Cly-NH-C6H~-p-X)2] 
(4-7). All procedures were carried out under argon atmosphere. Sol- 
vents were degassed after or during purification either by purging with 
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Figure 1. Absorption spectra of (-) [Fe(Z-cys-Pro-Leu-cys-Gly-NH- 
c&-p-F)2]': (6) and (--) [Fe(Z-cys-Pro-Leu-cys-Gly-Val-OMe)z]2- 
(3) in acetonitrile. 

argon or by the freeze-pump-thaw method. PeptidtFe(I1) complexes 
were synthesized by ligand-exchange reaction of Z-Cys(SH)-Pro-Leu- 
Cys(SH)-GIy-NH-C6H,-p-X (5.00 X IO-' mol) in CHICN (3 mL) with 
(Et,N),[Fe(S-t-Bu),] (16.61 mg, 2.47 X IO-' mol) in tetrahydrofuran 
(3 mL). After being stirred for about 20 min at room temperature, the 
reaction mixture was concentrated under reduced pressure and then 
washed with diethyl ether and dried in vacuo to give a light brown 
powder. No 'H NMR signal for the methyl protons of t-butanethiolate 
at 23 ppm indicates a complete exchange of the S-r-Bu ligand with the 
peptide ligand. The Cys-containing Fe(I1) complexes are generally hy- 
groscopic and cannot give good analysis data. Therefore, the 'H NMR 
method is necessary predominantly to check the purity. The ratio of 
methyl protons of the countercation and the phenyl protons of the ben- 
zyloxycarbonyl group was about 2.4 from the intensity of the peaks due 
to methyl and phenyl protons in 'H NMR spectra in CDICN. The 
spectrum also confirms the composition of Fe(I1) complexes of Z-Cys- 
Pro-Leu-Cys-Gly-NH-C6H4-p-X to be ( Et4N)J Fe(Z-cys-Pro-Leu-cys- 
Gly-NH-C6H4-p-X)2] (X = MeO, H, F, CN). 

Synthesis of (Et,N)~Fe(z-cys-Pro-Leu-ep.Cly-NH-C,Hrm- (8). 
This complex was also prepared by the ligand-exchange reaction of 
(Et4N)2[Fe(S-t-Bu)4] (6.23 mg, 9.26 X IOd mol) with Z-Cys(SH)- 
Pro-Leu-Cys(SH)-Gly-NH-C6H4-m-F (2.07 X mol) in T H F  and 
CHICN. Absorption spectrum (acetonitrile): 312 nm (6500), 330 nm 
(sh, 5200). CD spectrum (acetonitrile): 302 nm (-8.4), 324 nm (-8.8), 
338 nm (+8.9). 'H NMR spectrum (at lower field in acetonitrile-dl a t  
30 OC): 260, 247, 226, 200, 146 ppm. Redox potentials in acetonitrile, 
dimethyl sulfoxide and 1,2-dimethoxyethane were -0.36, -0.35, and -0.33 
V vs SCE, respectively. 

Physical Measurements. Absorption spectra were measured on a 
JASCO Ubest-30 spectrophotometer using a I-mm cell. CD spectra 
were recorded on a JASCO 5-40 spectropolarimeter. The 500-MHz 'H 
NMR spectra were measured on a JEOL JNM-GX 500 machine. A 
SGHMG (single-pulse homo-gated decoupling) mode was used for ob- 
serving contact shifted signals a t  lower field. The 61-MHz ,H NMR 
spectra measurements were carried out in CHICN on a JEOL GSX 400 
NMR spectrometer. The 470-MHz 19F-NMR spectra were measured 
on a JEOL JNM-GX 500 NMR spectrometer using a 19F probe. Sample 
concentrations were about 15 mg/mL. Cyclic voltammograms were 
recorded on a YANACO P-1100 instrument with a scan rate of 100 
mV/s. [(n-Bu),N] [C104] (100 mM) was used as a supporting electro- 
lyte. Potentials were calculated vs a saturated calomel electrode (SCE) 
as a reference. 
Results 

UV-Vis and CD Spectra. Absorption and CD spectra of 3 and 
6 in CHICN a t  ambient temperature are shown in Figure 1 and 
Figure 2, respectively. Both 3 and 6 have an absorption maximum 
at 3 12 nm like that of native Rd, which was assigned to be due 
to S- - Fe(I1) charge t ran~fer . '~  The absorption maxima of 4-7 
in CH3CN were observed at  about 3 12 nm, independent of the 
para substituents. On the other hand, 6 has a shoulder at  332 
nm (sh, 4800) similar to Rd with one at  333 nm (6000). But 3 

~~ 
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Table I. Spectral Data for Fe(I1)-Peptide Complexes in CH&N and Rubredoxin in H20 
UV-visa CDb complexes 

[ Fe(Z-cys-Gly-Val-OMe),12- 316 (5300) 320 (-3.5) 341 (1.2) 
[ Fe(Z-cys-Pro-Le~-cys-OMe)~]~- (2)c 314 (5900) 320 (-6.3) 340 (3.3) 
[ Fe( Z-cys-Pr~-Leu-cys-GIy-Val-OMe)~]~- (3)' 312 (4500) 309 (-5.3) 338 (2.8) 
[ Fe(~-cys-Pro-Leu-~ys-Gly-NH-C~H~-p-OMe)~]~- (4) 3 11 (4250) 33 1 (3900) 3 18 (-7.7) 340 (4.2) 
[ Fe( Z-~ys-Pro-Leu-cys-Gly-NH-C~H~)~] 2- (5) 312 (5400) 330 (4400) 307 (-10.0) 323 (-10.1) 339 (5.8) 
[ Fe( Z-cys-Pro- Leu-cys-Gly-N H-C6H4-p-F)2] 2- (6) 312 (5900) 332 (4800) 308 (-10.2) 322 (-9.6) 339 (6.85) 
[Fe(Z-cys-Pr~-Leu-cys-~ly-NH-C~H,-p-CN)~]~~ (7) 312 (5400) 330 (4600) 31 1 (-9.85) 323 (-10.1) 340 (5.8) 
reduced rubredoxind 312 (l0900) 333 (6000) 314 (-36) 334 (1 8) 

'In nm (6, M-' cm-I). * I n  nm (AG M-I cm-I). CReference 8. dReference 2. 
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Figure 2. CD spectra of (-) [Fe(Z-cycPro-Lcu-cys-Gly-NH-c6H~-p- 
F)2]2- 16) and (--) [ Fe(Z-cys-Pro-Leu-cy~-GIy-Val-OMe)~]~- (3) in 
acetonitrile. 

has no such absorption, and the same is true for Fe(I1) oligopeptide 
model complexes without an anilide residue. All of these com- 
plexes with an anilide residue, [Fe( Z-eys-Pro-Leu-cys-Gly-NH- 
C6H4-p-X)2]2-, exhibited such absorptions: X = MeO, 330 nm 
(sh, 3900); X = H, 330 nm (sh, 4400); X = CN, 330 nm (sh, 
4OOO) (Table I). Therefore, these absorption maxima at 330-332 
nm are caused by the presence of an anilide residue. 

A similar distinction can be made by CD spectra as shown in 
Figure 2 and Table I. 6 has CD extrema at 308 (-10.2), 322 
(-9.6), and 339 nm (6.85) while 3 had extrema at 309 (-5.3) and 
338 nm (2.8). Native Rd has ones at 314 (-36) and 334 nm (18) 
in aqueous solution? Two CD troughs were observed in these 
complexes that have an anilide residue except for X = MeO, while 
Rd and the other model complexes without anilide residue have 
only one trough. Thus the additional transition perhaps came from 
the benzene ring of the anilide. Furthermore, in general, 4-7 
exhibited stronger CD extrema than the known Fe(I1)-peptide 
model complexes such as 2 and 3 (Table I). The absorption and 
CD spectra ensure us that 4-7 have a FeS4 core and relatively 
rigid structure around the Cys residues similar to that in the active 
center of Rd.15 

'H NMR and 2H NMR Spectra. Due to the paramagnetic 
properties of a high-spin Fe(I1) core, the IH NMR signals of the 
Cys CH2 protons were found to appear at much lower field side 
just as reported for the native Desulfouibrio gigas Rd.16 

6 gave six resonances at 260,247,230,218,203, and 150 ppm 
in CD$N at 30 OC, which are reasonably assigned to the Cys 
CH2 protons since, for D. gigas Rd, four signals at 236, 227, 192, 
and 150 ppm in D 2 0  at 55 OC were assigned to Cys CH2 protons.I6 
On the other hand, 4-7 gave almost the same 'H NMR spectra 
in CD3CN at 30 OC whenever X was MeO, H, F, or CN. 

Four signals were observed in the 'H NMR spectrum for D. 
gigus rubredoxin. In our model complexes, there are two isomers 
as discussed later which should give eight signals for Cys CHI 

(15) Jenecn, L. H. Iron-Su!fur Proteins; Lovenberg. W . ,  Ed.; Academic 
Press: New York, 1973; Vol. 11, pp 163-194. 
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Figure 3. 61-MHz 2H NMR spectra of [Fe(Z-cys-Pro-Leu-cys-Gly- 
NH-C6H4-p-F)2]2- (6) in acetonitrile at (a) +30 and (b) -30 OC. 

protons in total. The intensity of each signal at 203 or 150 ppm 
was twice that of the other signals (260; 247; 230 or 218 ppm). 
This indicates that both signals at 203 ppm and at 150 ppm are 
in fact two overlapped signals. 

The presence of NH- - -S hydrogen bonds was established by 
the observation of contact-shifted 2H NMR signals in acetonitrile. 
The 2H NMR signals of amide N2H can be observed at almost 
the same chemical shift as 'H NMR signals since the isotope effect 
is very small in magnitude." The strength of hydrogen bond of 
NIH- - -S and N2H- - -S(deuterated) are almost the same because 
the absorption, CD, and 'H NMR spectra at the lower field did 
not change when the peptide amides were deuterated. 

Fe(I1) complexes of an N-deuterated peptide were also syn- 
thesized by the reaction of (Et4N)2[Fe(S-t-Bu)4] with Z-Cys- 
(SH)-Pro-Leu-Cys(SH)-Gly-N2H-C6H4-~X, and 2H NMR 
spectra were measured in CH$N to confirm the formation of 
N2H- - -S hydrogen bonds between S of the cysteine residue and 
N2H of the amide residue. The 61-MHz 2H NMR spectra of 
6 in CH3CN are shown in Figure 3. Contact-shifted signals of 
6 at 41.7, 35.9, 18.6, 9.5, -2.3, and -4.9 ppm at 30 OC (Figure 
3a) were similar to those of 3. The peak due to D 2 0  at 4.7 ppm 
was used as external reference. However, no signal was found 
at about -20 ppm, which was assigned to Val-N2H in 3.8 No 
apparent difference in 2H NMR spectra was observed among those 
of 4-7 just as was observed for the 'H NMR spectra of 4-7. 

In order to locate the anilide N2H signal, the 2H NMR spec- 
trum of 6 was measured at a lower temperature. Signals between 
8.0 and 10.0 ppm in the 2H NMR spectra were considered to be 
due to uncoordinated free peptide. A 2H NMR peak assignable 
to N2H of Gly, which was not involved in the NH- - -S hydrogen 
bond, also appeared in this region. Usually, peptide NH signals 
between 8.0 and 10.0 ppm remain practically unchanged even if 

(17) Swift, T. J. In NMR of Paramognetic Molecules; La Mar. G .  N., 
Horrocks, W. D., Jr., Holm, R. H., Eds.; Academic Press: New York, 
1973; pp 53-83. 
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Tabk It. Redox Potentials of Fe(I1)-Peptide Complexes in CH3CN, MezSO, and DME and up Values 
redox mtential. V vs SCE 

complexes QP CH3CN Me#O DME 
[ Fe(Z-cys-Pro-Leu-cys-OMe)zlz- (2)" -0.54 -0.47 -0.59 
[ Fe( Z-~ys-Pro-Leu-cys-Gly-Val-OMe)~] 2- (3)" 
[ Fe(Z-cys-Pro-Le~-eys-G~y-NH-C~H~-p-~~e)~]~~ (4) 
[ Fe( Z-cys-Pro-Le~-cys-Gly-NH-C~H~)2]~- (5) 
[ Fe(Z-cys-Pro-Le~-cys-Gly-NH-C~H~-p-F)~]~- (6) 
[ Fe(Z-cys-Pro-Leu-~ys-Gly-NH-C~H~-p-CN)~]~- (7) 

Reference 8. 

a 

b 

~ 

-BO -100 -110 -120 -130 
ppn from CFClf 

Figure 4. 470-MHz I9F NMR spectra of (a) Z-Cys(SH)-Pro-Leu- 
Cys-(SH)-Gly-NH-C6H4-p-F, (b) [Fe(Z-cyr-Pro-Leu-cys-Gly-NH- 
C6H4-pF)2]'- (a), (c) Z-Cys(SH)-Pro-Leu-Cy(SH)-Gly-NH-c6H4-m- 
F, and (d) [Fe(Z-cys-Pro-Leu-~ys-Gly.NH-C~H~-m-F)~]~ (8) in aceto- 
nitrile-d, at 30 'c. 

the temperature is lowered. A signal assignable to anilide N2H 
in the 8-10 ppm region shifted from 9.5 ppm at +30 OC to 11.5 
ppm at -30 OC. But such a shift was not observed in the tem- 
perature-variant 2H NMR spectra of 2 and 3. Thus, the signal 
at 9.5 ppm is correctly assigned to the anilide N2H group. 

The small changes in N2H 2H NMR spectra resulted from the 
NH- - -S hydrogen bond counterbalanced by any unisotropic 
magnetic influence by the phenyl ring of anilide. If there is such 
an NH- - -S hydrogen bond without interaction of a phenyl group 
on the Fe-S center, *H NMR signals of the amide N2H should 
be observed with large chemical shift changes. 

I9F NMR Spectra. The I9F NMR spectrum was measured for 
6 in CD$N at 30 OC in order to investigate the influence of Fe(I1) 
ion on the para-substituted F group through the NH- - -S bond. 
6 gave two signals at -122.6 and -122.9 ppm from a reference 
peak of CFC13. These are assigned to the coordinated peptide. 
A peak at -1 19.9 ppm is assignable to the SH-free peptide (un- 
coordinated peptide), Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-NH- 
C6H4-p-F (Figure 4a,b). For comparison, [Fe(Z-cys-Pro-Leu- 
~ys-Gly-NH-cbH~-m-F)~]~- (8) was also synthesized by the same 
reaction as used in the preparation of 6. Two contact-shifted 
signals at -103.5 and -108.3 ppm were observed in 8 while the 
SH-free peptide, Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-NH- 
C6H4-m-F, showed one peak at -1 14.0 ppm (Figure 4c,d). The 
presence of two contact-shifted signals in 6 and 8 may indicate 
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Figure 5. Cyclic voltammograms of (a) [ Fe(Z-cyrr-Pro-Leu-cys-Gly- 
NH-C6H4-p-OMe)z]2- (4), (b) [Fe(Z-cys-Pro-Leu-cys-Gly-NH- 
C6H5)2]'- (S), (c) [Fe(Z-cys-Pro-Le~-cys-Gly-NH-C~H~-p-F~~]~ (6), 
and (d) [ Fe(Z-cys-Pro-Leu-cys-Gly-NH-C6H4-p-CN)2Jz- (7) in DME. 

two isomers existing for these complexes (vide post). 
Electrochemical Properties. The redox potentials of 4-7 were 

obtained by cyclic voltammetry. 7 exhibits a redox couple with 
good reversibility at -0.30, -0.27, and -0.24 V vs SCE in ace- 
tonitrile, dimethyl sulfoxide and 1,2-dimethoxyethane, respectively. 
These values were far more positive than those for 6 and 3 (Table 
11) and also than that for native Rd (-0.31 V vs SCE in aqueous 
solution). The shift is ascribed to the strong electron-withdrawing 
property of the cyano group. The redox potentials were unchanged 
with scanning rates of 50-500 mV/s. Furthermore, the redox 
potentials were positively shifted with each complex in a nonpolar 
solvent. For example, the peptide complexes 4-7 in DME gave 
redox potentials -0.33 V, -0.33 V, -0.31 V and -0.24 V vs SCE, 
respectively (Figure 5), which were more positive than those in 
CH$N and Me2S0 (see Table 11). 

Discussion 
Chelation of Cys-Pro-Leu-Cys-Gly-NH-C6H4-p-X Ligands in 

High-Spin Mononuclear Fe(I1) Complexes. From the UV and 
CD spectra of the Fe(I1) complexes of Z-Cys-Pro-Leu-Cys- 
Gly-NH-C,H,-pX, retention of the FeS4 core during the reactions 
of [Fe(S-t-Bu),12- with the peptide ligand was confirmed. A 
chelating structure was confirmed by the strong CD extrema? 

The blue shift of LMCT band was also observed in 3. 3 did 
not give any absorption near 330 nm although an specific shoulder 
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2 as discussed in the previous paper! The macrocyclic chelation 
by the two Cys thiolate ligands of a Cys( l)-Pro-Leu-Cys(2) 
fragment to Fe(I1) provides for the formation of two strong 
NH- - -S hydrogen bonds, Leu-NH- - -S-Cys( 1) and Cys(2)-NH- 
- -S-Cys( l) ,  which are shielded from solvent. Figure 7 shows the 
proposed structure of [Fe(Z-cys-Pro-Leu-cys-Cly-NH-C6H4-p- 

The formation of an NH- - -S hydrogen bond between anilide 
N H  and cysteinyl S was further established by the I9F NMR 
spectra of 8. I9F signal of the coordinated peptide of 8 shifts to 
lower field compared with the uncoordinated peptide ligand, Le. 
Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-NH-C6H4-m-F, in contrast 
to that of 6, which shifts to higher field compared with Z-Cys- 
(SH)-Pro-Leu-Cys(SH)-Gly-NH-C6H4-p-F. The attenuation of 
the shifts of contact-shifted peaks by distance from the metal atom 
with sign alternation are the behaviors expected for dominant 
contact interactions, assuming *-spin transfer.2’” The ‘H NMR 
signals of m-H and p H  have been reported to be observed at 22.3 
and -23.5 ppm in the IH NMR spectrum of [Fe(SPh),12- in 
acetonitrile-d3 at  27 OC, respectively.’ The peak due to the meta 
proton shifts to lower field and the one due to the para proton 
shifts to higher field. Thus, it is clear from these results that some 
charges flow from the metal center to the benzene ring of anilide 
through the NH- - -S hydrogen bond. 

Redox Potentials of the Fe(I1) Complexes of Peptide with 
Para-Substituted Anilide. The X-ray analysis of C .  pasteurianum 
Rd has suggested that the Cys(39)-Pro-Leu-Cys(42)-Gly-Val 
chelating segment has three NH- - -S hydrogen bonds, Leu- 

A, and Va1(44)-NH---S-Cys(42) (3.88 A).20 The study of the 
Rd model complexes of Z-Cys-X-Y-Cys-OMe has revealed that 
the NH- - -S hydrogen bonds contribute to the positive shift of 
the Fe(II)/Fe(III) redox potential.6 Another type of NH- - -S 
hydrogen bond occurs between Cys(2)-S and Val-NH in the 
complex [Fe(Z-cys( l)-Pro-Leu-~ys(2)-Gly-Val-OMe)~]~- in a 
nonpolar solvent and further contributes to the positive shift.s 
These hydrogen bonds have been considered to be crucial for 
regulating the redox potential of iron-sulfur proteins, not only for 
the 1Fe model complexes but also the 4Fe ones.I0 

The para-substituent effect of the anilide residue can be esti- 
mated by the Hammett constant. The correlation of the redox 
potentials of 4-7 in DME with up values is shown in Figure 6. 
The linear relation is observed between them. 7 has the most 
positively shifted redox potential at  -0.24 V vs SCE in DME. This 
behavior can be explained by the strength of NH- - -S hydrogen 
bonds. It became clear that the stronger the electron-withdrawing 
para substituent of the anilide residue is, the more positive redox 
potential the corresponding complex in DME has. The strength 

Schematic structure of [ Fe(Z-cys-Pro-Leu-cysGly-NH- 
C ~ H I - ~ - X ) ~ ]  ’-. 

X) 21 2-. 

41)-NH---S-Cy~(39) (3.55 A); Cys(42)-NH---S+~(39) (3.71 
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of the NH- - -S hydrogen bonds in 4-7 in a weakly nonpolar solvent 
such as DME is in the order X = OMe < H < F < CN. The 
electron density on the S atom of the peptide ligand was decreased 
by the electron-withdrawing substituent through the NH- - -S 
hydrogen bond and gave a positive shift of the redox potentiak6 
Conclusion 

Form this study, the NH- - -S hydrogen bonds were found to 
play an important role in controlling the redox potentials. The 
observed positively shifted redox potential in native Rd is thus 
also interpreted by the formation of the same types of NH- - -S 
hydrogen bonds. The observation of the charge flow through the 
NH- - -S hydrogen bond makes it possible that the hydrogen bond 
is one of the candidates for a channel for electron transfer in Rd. 

Our model complexes exhibited an absorption maximum around 
330 nm similar to that in native Rd. It has been thought that 
there is some kind of electronic interaction between the coordinated 
sulfur atom and the phenyl  ring^.^^.^^ Further study is required 
in order to assign the absorption maximum and to understand the 

(23) Frey, M.; Sieker, L.; Payan, F.; Haser, R.; Bruschi, M.; Pep ,  G.; 
LeGall, J. J .  Mol. Eiol. 1987, 197, 525. 

(24) Krishnamoorthi, R.; Markley, J. L.; Cusanovich, M. A,; Przysieki, C. 
T. Biochemistry 1986, 25, 50. 

effect of the phenyl rings of tyrosyl and phenylalanyl residues close 
to the Fe ion in Rd. 

Z-Cys(Acm)-Pro-Leu-OH, 821 54-63-0; HCICys- 
(Acm)-GIy-NH-C,H,, 13561 5-70-2; Z-Cys(Acm)-Pro-Leu-Cys- 
(Acm)-Gly-NH-C6H5. 13561 5-71-3; Z-Cys(Acm)-Pro-Leu-Cys- 
(Acm)-Gly-NH-C6H4-p-OMe, 1356 15-72-4; Z-Cys(Acm)-Pro-Leu- 
Cys(Acm)-Gly-NH-C6H4-p-F, 1356 15-73-5; Z-Cys(Acm)-Pro-Leu- 
Cys(Acm)-Gly-NH-C6H4-p-CN, 13561 5-74-6; Z-Cys(Acm)-Pro-Leu- 
Cys(Acm)-Gly-NH-C6H4-m-F, 13561 5-75-7; Z-Cys(SH)-Pro-Leu-Cys- 
(SH)-Gly-NH-C6H4-p-OMe, 13561 5-77-9; Z-Cys(SH)-Pro-Leu-Cys- 
(SH)-Gly-NH-C6HS, 1356 15-78-0; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly- 
NH-C6H4-p-F, 13561 5-76-8; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-NH- 
C,H,-p-CN, 135615-79-1; (Et,N),[Fe(Z-Cys-Pro-Leu-Cys-Gly-NH- 
C6Hd-p-OMe)z], 135619-95-3; (Et4N),[Fe(Z-Cys-Pro-Leu-Cys-Gly- 
NH-C,H,),], 135619-97-5; (Et,N),[Fe(Z-Cys-Pro-Leu-Cys-NH- 
C,H4-p-F)2], 135619-99-7; (Et4N),[Fe(Z-Cys-Pro-Leu-Cys-Gly-NH- 
C,&-p-CN),], 1 35620-01 -8; Z-Cys(SH)-pro-Leu-Cys(SH)-Gly-NH- 
C6H4-m-F, 1356 15-80-4; (Et4N),[ Fe(Z-Cys-Pro-Leu-Cys-GIy-NH- 
C6H4-m-F),], 135638-53-8; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-N2H- 
C6H4-p-OMe, 135615-8 1-5; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-N2H- 
C6HS, 1356 15-82-6; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-N2H-C6H4-p-F, 
1356 15-83-7; Z-Cys(SH)-Pro-Leu-Cys(SH)-Gly-N2H-C6H4-p-CN, 
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The aerobic reaction of N-(2-h~droxyphenyl)salicylaldimine (H,amp) and 2,2'-dihydroxyazobenzene (Hzazp) with manganese(I1) 
or manganese(II1) affords Mn V(amp)2 and Mnlv(azp),, respectively. In a similar reaction, 2-hydroxy-2'-carboxy-5-methylazo- 
benzene (H,azc) furnishes KMn111(azc)z.4H20, which can be oxidized to MnIv(azc), by persulfate. The X-ray structures of 
Mn(amp), and Mn(azp), are reported. Crystal data for Mn(amp),: space group C2/c,  Z = 4, a = 20.163 (12) A, b = 7.921 
(4) A, c = 12.994 (10) A, f l =  97.65 ( 5 ) O ,  and V = 2057 (2) A'. Crystal data for Mn(azp),: space group Pi, Z = 2, a = 7.766 
(5) A, b = 10.377 (5) A, c = 12.964 (5) A, a = 92.80 (3)O, ,9 = 90.33 ( 5 ) O ,  y = 102.92 (4)O, and V =  1016.8 (9) A'. The ligands 
act as meridional tridentate O N 0  donors. The Mn-O distances fall in the range 1.861 (4)-1.893 (6) A. The Mn-N(azomethine) 
length, 1.968 (8) A, is shorter than the average Mn-N(azo) length, 2.007 (10) A. The Mn04Nz coordination spheres deviate 
considerably from octahedral geometry, and this is reflected in the EPR spectra of the complexes: strong and weak signals near 
g = 4 and g = 2, respectively. The manganese(1V)-manganese(II1) reduction potentials of Mn(amp),, Mn(azp),, and Mn(azc), 
in dimethyl sulfoxide are respectively -0.09, +0.15, and 0.31 V vs SCE. In Mn04N2-type salicylaldimine complexes, the potential 
varies with oxygen donors according to the order alcoholate < phenolate < carboxylate. The total shift can be as large as 600 
mV. The trend is correlated with the px"s of the oxygen donor functions. The significance of the results with respect to carboxylate 
binding of PS 11 manganese is noted. 

Introduction 
The coordination environment of the tetramanganese water 

oxidation site of photosystem I1 (PS 11) consists of 0 and N 
donors,probably more of the former.'" The metal oxidation state 
is generally believed to lie in the range 2+ to 4+. Plausible models 
of the tetrametal site span a number of  alternative^.**^-^ Mo- 
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nonuclear manganese(1V) centers have been implicatedIO in the 
S2 state of PS 11. Synthetic monomanganese(1V) species in 
biomimetic 0, N coordination are thus of interest. Authentic 
examples of such complexes are sparse, and structural charac- 
terization has been achieved in only a few c a s e ~ . I l - ~ ~  
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