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Introduction 

The principal physiological functions of that class of iron-
sulfur proteins known as ferredoxins (Fd) is electron transfer, 
wherein these proteins serve as components of electron-
transport chains coupled to a wide variety of "ferredoxin-
dependent" oxidoreductases.2 In this function many ferre­
doxins appear to operate through the Fdox/Fdred couple 

[Fe4S4(S-CyS)4]2- (Fd0x) + t~ 

^ [Fe4S4(S-CyS)4]3" (Fdred) (1) 

in the case of proteins containing 4-Fe sites. Required infor­
mation for an ultimately satisfactory interpretation of the 
functional operation of ferredoxins is accurate values of po­
tentials and electron exchange rates and identification of those 
factors, intrinsic and extrinsic to the redox site, which signif­
icantly influence these quantities. One set of such factors which 
is expected to affect both equilibrium and kinetic aspects of 
protein behavior are the structures of the oxidized and reduced 
forms. Although the structures of Peptococcus aerogenes Fd0x

3 

and the reduced "high-potential" protein from Chromatium2bc 

(HPred), which contain isoelectronic 4-Fe sites, are rather well 
defined from protein crystallography, no structure of a Fdred 
protein is available. Further, no electron-exchange rates for 
Fd0x/Fdred are available other than certain estimated values 
(vide infra). Our approach to elucidation of the operation of 
Fd 4-Fe redox sites utilizes well-characterized synthetic ana­
logues of these sites.4'5 

Extensive physicochemical investigations of the oxidized 
cubane-type clusters [Fe 4S 4 (SR) 4 ] 2 - 4 - 1° and their one-
electron reduction products, [Fe 4S 4 (SR) 4 ] 3 - , 1 1 - 1 5 have 
demonstrated that these species are analogues of the 4-Fe 
clusters in Fd0x and HPred, and Fdred, respectively. Recently, 
related selenium-containing clusters [Fe4X4(YPh)4]2 - (X, Y 
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= S, Se), have been prepared in this16 and another laborato­
ry,17 and their reduced forms generated in solution.16 Among 
the characterized features of oxidized and reduced clusters are 
their structures and 1H NMR spectral properties. The 
structures of [Fe4S4(SPh)4]"2 - ,7 [Fe 4 S 4 (SPh) 4 ] 3 - , 1 3 

[Fe4S4(SCH2Ph)4]2",6 [Fe4S4(SCH2Ph)4]3 - ,1 5 and [Fe4-
Se 4 (SPh) 4 ] 2 - 16 are of particular pertinence to the present 
investigation and are summarized in Figure 1. In compre­
hensive studies of crystalline and solution-state properties of 
clusters, it has been demonstrated that the process 

[Fe 4S 4 (SR) 4 ] 2 - ^ IFe 4S 4 (SR) 4 ] 3 - (2) 
—e— 

(I, compressed Did) (H, elongated Z)2^) 

schematically depicted in Figure 1, represents the essential 
Fe4S4 core structural change accompanying electron transfer 
between oxidized and reduced clusters when extrinsic struc­
tural constraints are minimized.13-14 The rather small struc­
tural differences between the two oxidation states suggest high 
electron self-exchange rates. In order to define exchange rates 
of clusters, measurements have been conducted for the pairs 
[Fe4S4(S-P-C6H4Me)4]2 - '3", [Fe 4 S 4 (SCH 2 Ph) 4 ] 2 - ' 3 - , and 
[Fe4Se4(S-P-CeH4Me)4]2 --3 - in acetonitrile solution. Em­
ployment of NMR line shape analysis used for the kinetic 
measurements is facilitated by the large differences in 1H 
chemical shifts, predominantly effected by isotropic contact 
interactions,8-1012 between the oxidized and reduced clusters. 
The results of this investigation, together with earlier mea­
surements of comparative Fdox,red/ [Fe 4 S 4 (SR) 4 ] 2 - - 3 - po­
tentials18 and the demonstration of process 2,13-14 contribute 
to an emerging picture of the intrinsic operation of 4-Fe clus­
ters in electron transfer, i.e., in the absence of modulating in­
fluences of protein structure. 
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Abstract: The electron self-exchange kinetics for the systems [Fe4S4(SR)4]2- '3- (R = CH2Ph,p-C6H4Me) and [Fe4Se4(S-p-
06H4Me)4]2- '3- have been determined by general line shape analysis of exchange-broadened 1H NMR spectra in acetonitrile 
solution. Reactions are second order, first order each in oxidized and reduced clusters, and at 300-304 K rate constants fall in 
the interval 106-107 M - 1 s -1, placing them among the faster inorganic self-exchange systems. For the [Fe4S4(S-p-
06H4Me)4]2- '3- electron exchange £3oiK(obsd) = 2.8 X 1O-6 M - 1 s - 1 with activation parameters AH* = 3.6 kcal/mol and 
AS* = — 17 eu. The structural reorganization energy of Fe4S4 cores upon passing from a compressed tetragonal to an elongat­
ed tetragonal geometry via a proposed Ta transition state in an outer-sphere process is estimated to be A<7*re0rg ~ 1-4 kcal/ 
mol. The rate constants are the best current estimates of the intrinsic values for the [Fe4S4(S-Cys)4] redox sites of ferredoxins 
in the couple Fdox/Fdred, for which [Fe4S4(SR)4]2- and [Fe4S4(SR)4]3- serve as synthetic analogues of the sites of oxidized 
and reduced proteins, respectively. The "slow" electron self-exchange rates on the NMR time scale between oxidized and re­
duced forms of proteins containing one 4-Fe site can now be primarily attributed to kinetically retarding steric influences of 
protein structure rather than intrinsically slow reactions of the sites themselves. 
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Experimental Section 

Preparation of Compounds. (Et4N)2[Fe4S4(SCH2Ph)4],6 (Et4-
N) 3 [Fe 4 S 4 (SCH 2 Ph) 4 ] , " (Me4N)2[Fe4S4(S-P-C6H4Me)4],8 and 
(Me4N)3[Fe4S4(S-P-C6H4Me)4]1 2 were prepared as previously de­
scribed. Preparation and purification of new compounds were con­
ducted under a pure dinitrogen atmosphere. 

(Me4N)JFe4Se4(S-P-C6H4Me)4]. This compound was obtained from 
the reaction of ferric chloride, sodium p-tolylthiolate, and selenium 
powder in methanol following the convenient procedure of Christou 
et al.17 for the preparation of [Fe4Se4(SPh)4]2 - . The crude product 
was purified by recrystallization from acetonitrile (Xmax 462 nm, fM 
17 000 in acetonitrile). Anal. Calcd for C36H52Fe4N2S4Se4: C, 36.64; 
H, 4.44; Fe, 18.93; N, 2.37; S, 10.87; Se, 26.76. Found: C, 37.07; H, 
4.43; Fe, 18.40; N, 2.31; S, 10.79; Se, 26.02. 

(Me4N)S[Fe4Se4(S-P-C6H4Me)4]. This compound was prepared by 
reduction of (Me4N)2[Fe4Se4(S-P-C6H4Me)4] with sodium ace-
naphthelenide in hexamethylphosphoramide using the procedure 
described elsewhere,"'14 and purified by recrystallization from ace­
tonitrile (Xmax 410 nm (eM 15 600), 268 (50 800)). Anal. Calcd for 
C4 0H6 4Fe4N3S4Se4 : C, 38.30; H, 5.14; Fe, 17.81; N, 3.35; S, 10.22; 
Se, 25.18. Found: C, 38.36; H, 5.05; Fe, 17.69; N, 3.22; S, 10.13; Se, 
25.09. 

Preparation of Samples. Solutions of cluster salts for NMR inves­
tigation were prepared under an argon atmosphere in 99.0% aceto­
nitrile-^ (Wilmad Glass Co.) containing 0.5 vol % Me4Si, and sealed 
in N M R tubes under dynamic vacuum. Prior to use the solvent was 
dried over and distilled from calcium hydride, degassed under high 
vacuum, treated with excess (Et4N)3[Fe4S4(SCH2Ph)4] (in order to 
remove oxidizing impurities), and vacuum distilled in a closed transfer 
tube. All solutions were used immediately after preparation. 

1H NMR Spectra. The 100-MHz spectra were recorded on in­
strumentation previously described.'2 Typical spectra were made by 
1000-5000 acquisitions of 16 384 bits. Data were stored on a Diablo 
Model 31 magnetic disk system. The 360-MHz spectra were obtained 
on a Briiker HXS-360 spectrometer with an Oxford Instruments 
magnet and a Nicolet 1180 computer. Owing to the higher spec­
trometer sensitivity only 200 acquisitions were necessary per sample. 
Data were stored on a Diablo Model 44 magnetic disk system. For 
kinetic analyses the acquired data were digitized to 122.07 Hz/1024 
bits for [Fe4X4(S-P-C6H4Me)4]2- '3- (X = S, Se) at 100 MHz and 
488.28 Hz/1024 bits for [Fe 4 S 4 (S-P-C 6 H 4 Me) 4 ] 2 " ' 3 - and 
[Fe 4 S 4 (SCH 2 Ph) 4 ] 2 - ' 3 - at 360 and 100 MHz, respectively. Vari­
able-temperature measurements were monitored by a Briiker tem­
perature control unit. 

NMR Data Processing. The rate analysis program D N M R used in 
this study was developed by D. Dalrymple of the Nicolet Technology 
Corp.19 for use on the Nicolet 1180 computer. DNMR is a modified 
curve-fitting program that calculates a theoretical spectrum using a 
general line shape function for an AB system without spin coupling, 
derived from Bloch equations modified by Gutowsky and Holm,20 but 
with the inclusion of transverse relaxation times:21'22 
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and g(w) = the transverse component of the resultant magnetic mo­
ment perpendicular to the rotating field Hu which is proportional to 
the absorption intensity; 5a> = difference of the intrinsic chemical 
shifts of sites A and B in the absence of exchange; AOJ = the frequency 
shift from the applied W] of the two sites; A'A, A'B = mole fractions 
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Figure 1. Structures of [Fe4S4(SPh)4]2-'3-, [Fe4S4(SCH2Ph)4]2 , and 
[Fe4Se4(SPh)4]2- in the solid state, showing idealized core symmetry axes 
and mean values of Fe-SR and sets of longer (dark lines) and shorter 
Fe-S(Se) bond distances. Also shown is a simplified depiction of core 
structural changes accompanying electron transfer in solution.13'14 

of sites A, B; 7"2A, 7~2B = transverse relaxation times of sites A, B in 
the absence of exchange; TA, TB = mean lifetime for sites A, B; O)] = 
applied rf field; Mo = the equilibrium magnetization in the z direc­
tion. 

Solute mole fractions were evaluated from the equation 

U = N2-f2- + N3-f3. (8) 

in which/ a v , / 2 - , and / 3 _ are the chemical shifts of the exchange-
averaged resonance, pure [Fe4X4(SR)4]2", and pure [Fe4X4(SR)4]3 -

(X = S, Se), respectively. These results when checked were found to 
be within 1% of values calculated from solute weights. Transverse 
relaxation times ( T 2

- 1 = 7TAv1Z2)
 a n ( * t n e exact chemical-shift dif­

ferences between sites A and B were evaluated from line widths 
(Ai>]/2) and chemical shifts of pure solutions of [Fe 4 X 4 (SR) 4 ] 2 - ' 3 - . 
The following resonances and data {Ai/]/2, Hz; 5, ppm from Me4Si) 
were employed in the kinetic analyses (data refer to 100-MHz spectra 
unless otherwise noted): [Fe4S4(S-P-C6H4Me)4]2- , /M-H, 7.21, 8.05 
(10.9, 8.05 (at 360 MHz)); [Fe4S4-(S-p-C6H4CH3)4]3 - , m-H, 9.26, 
10.40 (15.6, 10.40 (at 360 MHz)); [Fe4Se4(S-p-C6H4Me)4]2-, m-H, 
6.65, 8.19; [Fe 4 Se 4 (S-P-C 6 H 4 Me) 4 ] 3 - , m-H, 9.85, 11.62; 
[Fe4S4(SCH2Ph)4]2 - , CH2 , 47.9, 13.8; [Fe4S4(SCH2Ph)4]3 - , CH2 , 
94.6, 35.5. Values of 5 and Av\/2 were found to be independent of 
concentration except for apparent line widths of the extremely easily 
oxidized [Fe 4 S 4 (SR) 4 ] 3 - clusters, which were found to increase 
markedly at low concentrations. This behavior, which is illustrated 
in Figure 2 for one case, is likely due to oxidizing impurities in the 
solvent. Line-width variations with concentration could be reduced 
but not eliminated by solvent pretreatment with reduced cluster 
compounds. Consequently, exchange studies in each system were 
conducted in the fast exchange regime at [Fe 4 X 4 (SR) 4 ] 3 - concen­
trations (ca. 0.005-0.015 M) where the intrinsic line widths were 
essentially constant. These values were insignificantly different from 
those measured in saturated solutions of reduced clusters. Concen­
trations of [Fe 4X 4(SR) 4] - 2 were varied over a range up to ca. 20-fold 
larger or smaller than those of the reduced clusters. During data 
processing Mo and r were varied until the root mean square deviations 
between experimental exchange-broadened resonances and calculated 
line shapes were minimized. One result of the curve-fitting procedure 
is presented in Figure 3 as an example. As a check on the general line 
shape analysis procedure, exchange rates in one system were also 
evaluated using line-width determinations from a Lorentzian curve-
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Me4N 

10.0 

Figure 2. Dependence of m-H line widths of [Fe4S4(S-P-C6H4Me)4]3-

on concentration in CD3CN solutions at 27 0C and 100 MHz. The solvent 
was pretreated with (Et4N)3[Fe4S4(SCH2Ph)4] prior to use. 

-1153 9 -1103.6 -10534 -1003.2 -953.0 -902.8 -852.5 H2 

Figure 3. Comparison of experimental (left) and calculated (right) line 
shapes of the m-H resonance in the system [Fe4S4(S-P-C6H4Me)4]2- '3-

in acetonitrile solution at 300 K (/V3- = 0.804). The line-shape maxima 
are offset 20 Hz for display purposes. 

fitting routine on the Nicolet 1180 computer. This method has been 
fully described elsewhere.24 

Results and Discussion 
Spectra of Oxidized and Reduced Clusters. Previous 1H 

NMR studies of [Fe4S4(SR)4]2- 8^10'12 and [Fe4S4(SR)4]
3- ,2 

complexes, in which oxidized and reduced clusters were ex­
amined separately, have shown that both species exhibit 
well-resolved spectra. These species are paramagnetic at am­
bient temperatures25 and display resonances well shifted from 
those of diamagnetic RSH or RS - references by isotropic 
magnetic interactions. Analysis of these spectra has demon­
strated that the isotropic shifts, (A/////n)iso = (A//n/#o)obsd 
— (A/////0)dia, arise predominantly or exclusively from elec­
tron-nuclear hyperfine contact interactions.8'12 The spectra 
of [Fe4Se4(S-P-QH4Me)4]2-'3-, set out in Figure 4, together 
with the tabulated isotropic shifts of [Fe4Se4(SPh)4]2-,17 are 
consistent with dominant contact shifts resulting from RS -*• 
Fe4Se4 core antiparallel spin transfer. Shifts of o-H and/>-H 
are upfield (positive), the m-H shifts are downfield (negative), 
and the sign of the shifts reverses upon p-H/p-Me substitu­
tion. The same behavior has been observed for the anal-

[Fe4Se4(SHQhCH3)J 

P-CH, 

Solvent 

TMS 

-1166 -986 -318 

Me4N* 
2-

[Fe4Se4I S ̂ > C H 3 ) „ ] ^ H 

J 
0 +O.I8ppm 

Solvent 

-8.19 -550-427 -307 

TMS 

0 ppm 

Figure 4. 1H FT NMR spectra (360 MHz) of Me4N+ salts of 
[Fe4Se4(S-P-C6H4Me)4]2- (lower) and [Fe4Se4(S-p-C6H4Me)4]3_ 

(upper) in CD3CN solutions at ~23 0C. Signal assignments are indi­
cated. 

Table I. Isotropic Shifts of Oxidized and Reduced Clusters in CD3CN 
Solution 

cluster 

[Fe4S4(S-P-C6H4Me)4]2-

[Fe4Se4(S-P-C6H4Me)4]2-'' 

[Fe4S4(S-P-C6H4Me)4]3-

[Fe4Se4(S-P-C6H4Me)4]3-

[Fe4S4(SCH2Ph)4]2-

[Fe4S4(SCH2Ph)4]3-

position 

o-H 
m-H 
p-Me 
o-H 
m-H 
p-Me 
o-H 
m-H 
p-Me 
o-H 
m-H 
p-Me 
CH2 

CH2 

(Atf/tf0)iso, 
ppm 

+ 1.28 
-0.91 
-1.63 
+ 1.60 
-1.09 
-1.99 
+4.75 
-3.25 
-5.20 
+ 7.38 
-4.56 
-7.58 

-10.2h 

-30.8 

a 

ref 

8, 12 

this work 

12 

this work 

8, 12 
12 

" Values at 299-300 K unless otherwise noted; (AH/H0),SO = 
(A////y0)obsd - (AH/H0)dia (see ref 8 and 12). * 295 K. c Shifts of 
[Fe4Se4(SPh)4]2 - in Me2SCW6:17 o-H, +1.98; m-H, -1 .15 ; p-H, 
+2.49 ppm (30 0 C). 

ogous [Fe4S4(SR)4]2 -3 clusters; isotropic shifts of 
[Fe4X4(SR)4]2-'3- species are compared in Table I. The larger 
shifts of [Fe4Se4(SR)4]2- vs. [Fe4S4(SR)4]2- are consistent 
with the larger magnetic moment of the former25 (/ut = 2.47 
/UB, R = Ph, 299 K16), a property that presumably applies to 
the corresponding reduced clusters as well. A notable feature 
of the spectrum of [Fe4Se4(S-^-C6H4Me)4]

3- when examined 
at 360 MHz is observation of the broad o-H signal at +0.18 
ppm. This signal was not resolved in the spectrum of the cor­
responding Fe4S4 complex at 100 MHz.12 Remeasurement of 
the latter at 360 MHz located the o-H resonance at —2.35 
ppm, resulting in a correction (Table I) of the previously es­
timated12 isotropic shift. 

Electron Exchange Kinetics. The rates of the electron self-
exchange reaction 

*[Fe4X4(SR)4]2- + [Fe4X4(SR)4]3-

- "[Fe4X4(SR)4]3- + [Fe4X4(SR)4]2- (9) 

were determined for three pairs of oxidized and reduced 
clusters, [Fe4S4(S-P-C6H4Me)4]2-'3-, [Fe4S4(SCH2-
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Table II. Electron Self-Exchange Kinetic Data for [Fe4X4(SR)4]2--3- and Fe-S Proteins 

species T, K k,M- ref 

[Fe4S4(SCH2Ph)4]2--3-

[Fe4S4(S-P-C6H4Me)4]2--3-

[Fe4Se4(S-P-C6H4Me)4]
2--3" 

C. pasleurianum Rd0x,red 
spinach Fd0x,re(j 
Chromatium HPox,red 

300 
301 

300 
304 
298 
298 
298 

2.4 ±0.2 X 106*rf 

2.8 X 0.3 X I0 6 ' ' d 

AC*298K = 8.7kcal/mol 
AH = 3.6 kcal/mol 
AS = -17 eu 

5.8 ±0.6 X \Qibd 

9.7 X 0.9 X 10 6 A J 

10 8 -10 9 e - / 
1.7 X 10"3 e-z 
1.3 X 10-2f-£ 

a 
a 

41 
42 
43 

" This work. hiC Determined at *100 MHz, r360 MHz. d Acetonitrile solution. e Aqueous buffer, f Uncorrected for reagent electrostatic 
effects. Estimated activation parameters: AH* ~ 0 kcal/mol, AS* ~ —18 eu. •? Electrostatics-corrected value for reaction with Fe(EDTA) 
reagent. 

M (2-) 
Figure 5. Plot of 1 /73- vs. the concentration of the oxidized cluster for the 
system [Fe4S4(S-P-C6H4Me)4]

2--3" in acetonitrile solution at 28 CC. The 
concentration of the reduced cluster is 5.91 mM. Line shapes measured 
at 360 MHz were used. 

Ph) 4 ] 2 - - 3 - , and [Fe4Se4(S-P-CeH4Me)4]2 - '3 - , in acetonitrile 
solution by use of the general line shape analysis procedure. 
At the concentrations employed all systems exhibited ex­
change-broadened resonances (e.g., Figure 3) whose chemical 
shifts followed eq 8. Variation of the concentrations of reduced 
cluster, [3—], and oxidized cluster, [2—], indicated that all 
systems obeyed the second-order kinetics 

(10) 

Here 1 / T 3 - = k[2-] and 1 / T 2 - = * [ 3 - ] . A plot of 1/V3-vs. 
[2—] illustrating second-order behavior is shown in Figure 5. 
In such plots the data points were analyzed by eq 3 and fit using 
a linear least-squares analysis; rate constants, summarized in 
Table II, were evaluated from slopes. For the system 
[Fe4S4(SCH2Ph)4]2 --3 - the rate constant was also evaluated 
by a Lorentzian curve-fitting procedure. The result, k = 2.1 

- d [ 3 - ] / d * = * [ 3 - ] [ 2 - ] 

X 106 M - 1 s - 1 , is in good agreement with that (A: = 2.4 X 106 

M - 1 s - ' ) obtained from the general line shape method. 
Activation parameters were determined for one system, 

[Fe4S4(S-P-C6H4Me)4]2 --3 - , whose rate constant was eval­
uated from spectra determined at 360 MHz. Parameters were 
evaluated from eq 11, a plot of which is shown in Figure 6, and 
are collected in Table II. These values give a calculated rate 
constant of 2.9 X 1 0 6 M - 1 s - 1 at 301 K. 

, kBT 
k = —— exp 

AS* AH* 

R RT 
( H ) 

A. Rate Constants. Values of the second-order rate constants 
for the three reactions (9) occur in the interval 106-107 M - 1 

s - 1 at 300—304 K, marking them to be among the faster in­
organic electron self-exchange systems currently characterized. 
Systems with k ^ 106 M - 1 s - 1 are uncommon; examples in-

Figure 6. Temperature dependence of the electron exchange rate constants 
of the system [Fe4S4(S-P-C6H4Me)4]

2"-3- in acetonitrile solution over 
the interval 260-300 K. 

elude [Fe(phen)3]2+-3+,26 [M(bpy)3]2+-3+ (M = Fe, Ru),26-27 

Cu(Il,III)-peptide complexes,28 and [Fe(S2CNMe2)3]°-+.29 

A tabulation of self-exchange rate constants of a number of 
other inorganic complexes is available elsewhere.30 

The rate constants in Table II for the reactions (9) vary at 
the extremes by a factor of only 4, suggesting that these reac­
tions take place by essentially the same mechanism. Inasmuch 
as separate experiments have shown that RS/R 'S and S/Se 
exchange between clusters is slower than electron transfer, the 
reactions proceed by an outer-sphere pathway. Variation of 
cluster atom X = S, Se in [Fe4X4(S-P-C6H4Me)4]2 --3" gave 
rate constants which differ by a factor of 1.7, showing little if 
any effect of the larger radial extension of Se orbitals in the 
electron-exchange process. Similarly, limited variation of 
substituent R = Ph, CH2Ph with X = S afforded rate constants 
measured under the same conditions which differ by a factor 
of only 2.4. Such differences are too small for meaningful in­
terpretation 

B. Activation Parameters. The values of AG*, AH*, and 
AS* in Table II for the system [Fe4S4(S-P-C6H4Me)4]2"-3" 
are quite similar to those for [Fe(phen)3]2 +-3 + and 
[M(bpy)3]2 +-3 + (M = Fe, Ru) determined in acetonitrile so­
lution.26 In particular, AS* values ( -15 to —22 eu) for the 
latter three systems, whose fast electron exchange reactions 
(A; ~ 106— 107 M - 1 s - 1) unquestionably involve a bimolecular 
outer-sphere mechanism, are closely comparable to AS* = 
—17 eu found for cluster electron exchange. 

Factors affecting electron-exchange rates of inorganic 
systems have been delineated.31-32 Among these, small values 
of the "inner shell" reorganization energy AG* rcorg =* 
AE*rsorg appear to be consistently associated with relatively 
fast self-exchange rates (k 5; 102 M - ' s - 1)-3 3 This energy, 
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which is that required to adjust reactants to identical nuclear 
configurations upon the event of electron transfer, can be es­
timated for reaction 9. From the results summarized in Figure 
I the principal structural change as a consequence of electron 
transfer, process 2, is elongation and compression of the Fe4S4 
core along the 4 axis. This process has been shown to apply in 
solution even if the core structure of a reduced cluster is not 
tetragonal in the solid state;13'14 cores of all oxidized clusters 
exhibit a nearly uniform compressed tetragonal structure. For 
[Fe4S4(SPh)4]2- '3- the mean Fe-S bond distances approxi­
mately parallel to the 4 axis are altered by 0.087 A, whereas 
those roughly perpendicular to this axis change by only 0.010 
A. The free energy of core reorganization is approximated 
by 

AG*reorg = 2k2-(ri- ~ r±)2 + 2k3-(r3- - ' * ) 2 (12) 

in which the k and r values are Fe-S stretching force constants 
and mean bond distances of the four bonds approximately 
parallel to the 4 axis, respectively, and r* is the corresponding 
bond distance in the transition state. From (dAG*re0rg/c>''*) 
= 0, r± = (k2-r2- + ki-ri-)/(k2- + k3-). Using v^s = 343 
and 341 cm -1 for [Fe4S4(SPh)4]2- and [Fe4S4(SPh)4]3",34 

respectively, and the bond distances for these clusters in Figure 
1, r* = 2.31 A and AG*reor„ = 1.5 kcal/mol. While this cal­
culation is obviously crude,35 the results imply only a small 
contribution to the total free energy of activation from core 
structural rearrangement36 in attaining the transition state, 
which has been proposed to involve clusters with essentially 
cubic (7^) core geometry.13 

Ferredoxin Electron Self-Exchange. A. Intrinsic Rates. As 
discussed elsewhere,4,5 a significant advantage of properly 
constructed analogues of protein sites is that their properties 
are those intrinsic to the site; i.e., they are unmodified by ex­
trinsic influences of protein structure and environment. With 
the analogues [Fe4S4(SR)4]2--3-, ideally R = w-alkyl in order 
to simulate closely cysteinate binding in [Fe4S4(S-CyS)4] 
protein sites. Some properties, e.g., structures of oxidized 
clusters6-7'37 (Figure 1), are rather insensitive to the nature of 
R, whereas others such as redox potentials9,38 are not. Un­
fortunately, the extreme oxidative instability of reduced 
clusters with R = n-alkyl (£ , / 2 < -1.3 V vs. SCE in DMF38) 
has thus far prevented their isolation in analytical purity.14 For 
this reason the present kinetic studies have been performed 
with certain of those clusters (R = CH2Ph, /J-CgH4Me) iso-
lable in pure form in both oxidized and reduced states. Accu­
rate models constructed from crystallographic coordinates6'7 

reveal that with R = CH2Ph the phenyl ring may closely ap­
proach the Fe4S4 core in conformations edgewise or nearly 
parallel (separation ~2.5 A) to a Fe2S2 face. No such close 
approaches are possible with R = Ph, which, however, lacks 
a potentially insulating methylene group. These factors, to­
gether with the demonstration of unpaired spin derealization 
over phenyl rings in [Fe4S4(SR)4]2- '3- (R = CH2Ph, Ph, 
C^H4Me),8'12 may act to accelerate electron transfer relative 
to the R = n-alkyl case.39 Hence, the rate constants in Table 
II may not be the actual intrinsic values of protein sites. These 
are, however, the best available estimates of these values and 
are treated as such in the following discussion. 

B. Protein Rates. No electron self-exchange rates of Fe-S 
proteins have been directly measured. The estimates in Table 
II are based on experimental cross reaction rates and appli­
cation of relative Marcus theory,30'41'43 and must be cautiously 
interpreted owing to their dependence on the inorganic redox 
partner in the cross reactions. They do suggest the redox site 
kinetic accessibility order rubredoxin (Rd) > spinach Fd ~ 
HP, consistent with the positions of the 1-Fe Rd site near the 
protein surface442 and the 4-Fe site of HP buried in the protein 
interior.44b Reorganization energies of the [Fe(S-Cys)4]1-'2-

site in Rd may now be estimated from protein EXAFS45a and 

analogue structural results45b and the resonance Raman 
spectrum of Rdox.

45c From eq 12 AG*re0rg £ 1.3 kcal/mol if 
k\- =* k2~. 

None of the rate-constant estimates in Table II involves the 
Fdox/Fdred couple (1). This is the operative couple in Bacillus 
polymyxa Fd I (mol wt ~9000), half-reduced solutions of 
which are reported to exhibit NMR spectra that are super­
positions of those of the oxidized and reduced proteins.46 In 
contrast, partially reduced clostridial-type ferredoxins, which 
contain two 4-Fe sites separated by ~12 A3a in monomeric 
proteins of molecular weights ~6200 and utilize couple (1), 
give exchange-averaged 1H47 and 13C48 NMR spectra. For B. 
polymyxa Fd I slow exchange system we very crudely estimate 
k 55 103 M - 1 s -1 as an upper limit. Based on the analogue rate 
constants of 106-107 M - 1 s -1 it is highly unlikely that de­
creased rate of protein self-exchange arises from intrinsically 
slow reactions of the sites themselves. The rate decrease of 
5; 103 M - ' s~' compared to the analogues is more reasonably 
interpreted as a rough measure of kinetically retarding steric 
influences of protein structure in the transition state and 
whatever effects this structure may have on the mechanism of 
electron transfer.49 As suggested earlier,46'47b the slow-ex­
change spectrum of B. polymyxa Fd I and the exchange-av­
eraged spectra of clostridial-type Fd's may indicate a compo­
nent of intramolecular electron exchange in the latter proteins. 
If anything, the very fast exchange rates determined in this 
work enhance the possibility of intramolecular exchange,50 

particularly upon noting that certain cysteinate sulfur atoms 
of different sites in P. aerogenes Fd0x can approach each other 
more closely than 12 A.3a However, the position of the 4-Fe 
site in B. polymyxa Fd I is unknown, the two sites in P. aero­
genes Fd0x are not deeply buried within the protein structure,3" 
and the necessary measurements of concentration dependence 
of NMR spectra required to sort out inter- vs. intramolecular 
exchange effects on line shapes have not been reported. 
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Abstract: Alkenes and alkynes undergo a facile hydroboration reaction with 6-SB9H11. Alkenes give 9-R-6-SB9H10 products 
where R = alkyl. Those alkenes investigated were ethylene, 1-octene, cyclohexene, cyclopentadiene, styrene, and 1-methyl-1-
cyclohexene. Alkynes give 9-R'-6-SB9Hi0 products where R' = alkenyl. In the case of acetylene a double hydroboration occurs 
to give 9,9'-CH3CH-(6-SB9Hio)2- Those alkynes investigated were acetylene, diphenylacetylene, phenylacetylene, and 3-hex-
yne. Attachment of the organic moiety to the 9 position of the 6-SB9Hiocage was established by 11B NMR. The 13C and 1H 
NMR spectra and mass spectra were also consistent with hydroboration. Oxidation of the organothiaboranes by alkaline per­
oxide gave the expected ketone or alcohol for most cases. The observation of rra/«-2-methylcyclohexanol after oxidation of the 
1-methyl-1-cyclohexene hydroboration product indicates that the hydroboration is a regiospecific anti-Markownikoff syn ad­
dition. A possible mechanism is discussed. Pyrolysis (400-450 0C) of the nido 9-R-6-SB9H10 molecules gives the correspond­
ing closo derivative as a mixture of 2-, 6-, and 10-R-l -SB9H8 isomers. The interaction of aldehydes and ketones with 6-SB9H11 
is more complex and involves degradative hydroboration. 

Introduction 

A facile and clean hydroboration reaction for a nonpyro-
phoric, polyhedral borane was not demonstrated until our re­
cent report concerning the reactions of 6-SB9H11.1 For in­
stance, it is necessary to subject a mixture of the pyrophoric 
pentaborane(9) and an olefin to 150 0 C in order to form 2-
alkyl-B5H8 species (alkyl = «-Bu, sec-Bu, /-Bu, Et).2 Penta-

borane(ll) hydroborates ethylene,3 but the reaction is not 
clean and B5Hn is even more difficult to prepare and handle 
than B4H10 or B5H9. The reactions of B5Hi 1 and B4Hi0 with 
acetylenes lead to complex product mixes which include car-
baboranes4 (i.e., some carbon is incorporated into the cage). 
In contrast, the hydroboration described here involves the 
easily handled and readily prepared 6-thia-n/rfo-decabo-
rane(l 1). 
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