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Table I. IR and UV/Vis Data for Photolysis of CpMn(CO)3 in the Presence of Either Haloalkane or THF at 195 K. Photoacoustic Data, 
Recorded at 298 K, for the Substitution of CO by Haloalkane or THF According to Scheme I" 

CH2Cl2 

CH2Br2 
n-BuCl 

n-BuBr 

«-C5HnBr 

THF 

CpMn(CO)3 

i-co 
neat* 
1867 
1946 

1867 
(1932) 
1870 

(1932) 
1869 

(1932) 
1845 

(1932) 
2021 
1932 

(cm"1) 
hexanes* 

1877 
1953 

1874 
(1939) 
1876 

(1939) 
1877 

(1939) 
1858 

(1939) 
2026 
1939 

\na* (rel «) 
±5 (nm) (neat) 

393(1.2) 
501(1.0) 

393(1.2) 
493(1.0) 
394(1.9) 
508(1.0) 
392(2.3) 
494(1.0) 
396(1.1) 
507(1.0) 

AH.,5 
(kcal/mol) 
46.7 ± 1.1 

47.1 ± 0.9 
46.9 ± 1.0 

46.7 ± 1.0 

46.6 ± 0.6 

46.2 ± 1.2' 

A#5,3 
(kcal/mol) 
-9.0 ± 1.0 

-12.2 ± 1.2 
-10.5 ± 1.8 

-13.3 ± 1.3 

-13.4 ± 3.2 

-16.1 ± 1.4' 

k2 X 106 

(L/mol-s) 
4.9 ± 2.6 

8.1 ± 2.5 
3.4 ± 0.8 

5.3 ± 1.2 

5.4 ± 2.6 

4.4 ± 0.4C 

AHM1V-S ±2 
(kcal/mol) 

-17 

-20 
-19 

-21 

-21 

-24 

17. 
'Errors are la. 'Values of i»co in parentheses are estimated on the basis of overlap with the lower energy vco band of CpMn(CO)3. 'Reference 

confirms that 3-XR contains two CO ligands and that the halo
alkane ligand is easily substituted. Since oxidative addition of 
a haloalkane to the metal center is likely to be difficult to reverse, 
the haloalkane appears to remain intact and is probably coor
dinated to the metal center through the halogen lone pairs.15 

The energetics of coordination of the haloalkanes to the metal 
center were examined with photoacoustic calorimetry.16"18 

Photolyses of CpMn(CO)3 in heptane solutions of RX (0.2-1.3 
M) initially yield the heptane-solvated intermediate 5 with an 
enthalpy of reaction AJf15 (Scheme I). These values are identical 
within experimental error and agree well with previously reported 
values.17'18 Subsequent substitution of the heptane by haloalkane 
occurs with the bimolecular rate constant k2 and enthalpy of 
reaction AZf53 to give the corresponding 3-XR (Table I). 

In the CpMn(CO)2 system all the haloalkanes studied are 
weaker ligands than is THF. The bromoalkanes are more strongly 
bound to the Mn center than are the corresponding chloroalkanes, 
and although the kinetic data is less definitive, it appears that k2 
values for the bromoalkanes are greater than k2 values for the 
corresponding chloroalkanes. The dihalomethanes are less strongly 
bound to the metal than the corresponding monohaloalkanes, yet 
k2 is greater for the dihalomethanes. The weaker bond is a result 
of the electron-withdrawing character of the second halogen re
ducing the donating ability of the coordinated halogen. However, 

(14) (a) Strohmeier, W.; Muller, F.-J. Chem. Ber. 1967,100, 2812. (b) 
Herberhold, V. M.; Sfiss-Fink, M. Angew. Chem. 1977,89,192. (c) Hotter, 
M.; Hausmann, H.; Schneider, A. Z. Naturforsch., B 1978, 33B, 1559. 

(15) The referees correctly point out that oxidative addition would be 
expected to be accompanied by a large increase in the observed CO stretching 
frequencies. Thus, the similarities between VQ0 for 3-THF and 3-XR suggest 
that oxidative addition does not occur. While the best models for vco values 
are not available to support this argument, i.e., CpMn(CO)2(X)(alkyl) (X = 
Cl or Br), substantially higher CO stretching frequencies are observed for 
CpMn(CO)2(H)(SiCl3) with »co = 1977 and 2028 cm"1. See: Jetz, W.; 
Graham, W. A. G. J. Am. Chem. Soc. 1969, 91, 3375-3376. 

(16) See the following and references cited therein: (a) Marr, K.; Peters, 
K. S. Biochemistry 1991,30,1254-1258. Peters, K. S.; Snyder, G. J. Science 
1988, 241, 1053-1057. (b) Griller, D.; Wayner, D. D. M. Pure Appl. Chem. 
1989,61, 717-724. (c) Nitsch, C; Schatz, G. H.; Braslavsky, S. E. Biochim. 
Biophys. Acta 1989, 975, 88-95. (d) Song, X.; Endicott, J. F. lnorg. Chem. 
1991,30, 2214-2221. (e) Herman, M. S.; Goodman, J. L. J. Am. Chem. Soc. 
1989, 111, 9105-9107. (f) Sorensen, A. A.; Yang, G. K. J. Am. Chem. Soc. 
1991, 113, 7061-7063. (g) Hung, R. R.; Grabowski, J. J. J. Phys. Chem. 
1991, 95, 6073-6075. Hung, R. R.; Grabowski, J. J. J. Am. Chem. Soc. 1992, 
114, 351-353. (h) Caldwell, R. A.; Tang, W.; Schuster, D. I.; Heibel, G. E. 
Photochem. Photobiol. 1991, 53, 159-164. (i) Small, J. R.; Libertini, L. J.; 
Small, E. W. Biophys. Chem. 1992, 42, 29-48. Small, J. R.; Hutchings, J. 
J.; Small, E. W. Proc. SPIE—Int. Soc. Opt. Eng. 1989, 1054, 26-35. (j) 
Burkey, T. J. J. Am. Chem. Soc. 1990, 112, 8329-8333. (k) Leung, W. P.; 
Cho, K. C; Chau, S. K.; Choy, C. L. Chem. Phys. Un. 1987,141, 220-224. 
(1) Renard, M.; Delmelle, M. J. Phys., Colloq. 1983, C6, 383-388. (m) 
Legrange, J.; Cahen, D.; Caplan, S. R. Biophys. J. 1982, 37, 4-6. 

(17) Klassen, J. K.; Yang, G. K. Organometallics 1990, 9, 874-876. 
Klassen, J. K.; Selke, M.; Sorensen, A. A.; Yang, G. K. ACS Symp. Ser. 1990, 
428, 195-204. 

(18) Hester, D. M.; Sun, J.; Harper, A. W.; Yang, G. K. J. Am. Chem. 
Soc. 1992, 114, 5234-5240. 

the second halogen atom increases the number of possible binding 
sites for coordination to the metal center; hence k2 is greater. 

If the strength of the Mn-heptane bond (-A//MlHiept, Scheme 
I) in 5 is known, the enthalpy of the haloalkane-metal bond in 
3-XR (A//Mn-S) can be calculated using eq 1. 

A#Mn.s = AtfSi3 + A//Mn_hept (1) 

From previous studies, A//Mn_hep, is -8 ± 1 kcal/mol.17'18 The 
calculated values of A//Mn_s range from -17 kcal/mol for CH2Cl2 
to -21 kcal/mol for 1-bromobutane and 1-bromopentane. Thus 
the bromoalkanes have overall metal-ligand bond strengths that 
are nearly sufficient to allow isolation of stable intermolecular 
bromoalkane complexes. 
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Intense fundamental and practical interest is focused on the 
factors that control the thermodynamics and kinetics of protein 
folding. Yet, most details, particularly regarding the pathways 
for folding, remain obscure.1 In part, this situation reflects the 
difficulties of initiating folding via rapid (submillisecond) processes. 
To approach this and related problems, we have studied protein 
folding induced by rapid oxidation/reduction techniques. As a 
first step in such studies, we have found that, under limiting 
conditions, unfolding thermodynamics can be estimated using 
electrochemical techniques. As these conditions are modified, 
simple electrochemical methods (e.g., cyclic voltammetry) can 
also provide kinetic information on folding rates and (perhaps) 
intermediates. Cytochrome c is an ideal protein for such inves
tigations. The thermodynamics2,3 and kinetics2,4"6 of cytochrome 
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In this manuscript, an estimate of AG11 for Fe(II) cytochrome c is also made. 
Subsequent experiments have shown this estimate in error due to an auto-
oxidation artifact for the Fe(II) cytochrome c during unfolding, (b) Hickey, 
D. R.; Berghuis, A. M.; Lafond, G.; Jaeger, J. A.; Cardillo, T. S.; McLendon, 
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Figure 1. Cyclic voltammetry of horse heart Fe(III) cytochrome c at a 
4,4'-dithiodipyridine-modified gold electrode: 2.0 mM Nrpurged cyto
chrome c in 0.1 M pH 6.0 Kphos at 23 0C; scan rate, 25 mV/s: (a) no 
guanidine, (b) 3.5 M guanidine, and (c) 7.0 M guanidine. The cathodic 
feature at -100 mV and anodic feature at +470 mV are electrode arti
facts, due to an impurity in "ultrapure" gdn and gold (oxide) surface 
effects. 

c folding have been extensively studied. Reduced Fe(II) cyto
chrome c appears, by a variety of criteria, to be far more stable 
toward unfolding than is oxidized Fe(III) cytochrome c.1 

However, the magnitude of this difference remains rather un
certain.3 

As outlined below, combining electrochemical data with an 
appropriate thermodynamic cycle provides a quite precise measure 
of this differential stability. The direct electrochemistry of cy
tochrome c is well developed for the folded state,8a'b though no 
report has appeared of the direct redox potential of the unfolded 
state of cytochrome c.8c 

Following literature protocols8 using a ASA'S bipyridine 
modified gold electrode,8b cyclic voltammetry of folded oxidized 
horse heart cytochrome c yields a nearly reversible redox response 
with E" = +286 mV vs SHE (see Figure la). As guanidine-HCl 
(Gdn) is added, this formal potential of folded cytochrome c shifts 
to +264 mV, remaining constant at that value from 0.5-3 M Gdn. 
This shift reflects the stabilization of the Fe(III) potential by Cl-

binding.9 With increasing Gdn concentration, the voltammetric 
peaks for native cytochrome c disappear, and a new cathodic peak 

(3) In a recent elegant experiment, Roder has examined the unfolding of 
reduced Fe(II) cytochrome c using NMR methods: Abani, K. B.; Elove, G. 
A.; Roder, H. J. Cell. Biochem. 1991,15G, 188. He estimates a denaturation 
midpoint of C 2 = 5.35 M, but (properly) suggests it is difficult to estimate 
AG°U, due to the long extrapolation required. If such a (linear) estimation 
were made using ADl/2 = 3.3 M and M = 3 kcal/M/M Gdn, AAGM1 = 10 
kcal/mol. 

(4) Roder, H.; Elove, G. A.; Englander, S. W. Nature 1988, 335, 700-704. 
(5) Nail, B. T.; Zuniga, E. H.; White, T. B.; Wood, L. C; Ramdas, L. 

Biochemistry 1989, 28, 9834-9839. 
(6) Tsong, T. Y. Biochemistry 1975, 14, 1542-1547. 
(7) (a) Jeng, M-F.; Englander, W.; Elove, G. A.; Wand, A. J.; Roder, H. 

Biochemistry 1990, 29, 10433-10436. (b) Moore, G. R.; Williams, R. J. L. 
Eur. J. Biochem. 1980, 103, 523-532. 

(8) (a) Guo, L.-H.; Hill, H. A. O. In Advances in Inorganic Chemistry; 
Sykes, A. G., Ed.; Academic Press: San Diego, CA, 1990; Vol. 36, pp 
341-375. (b) Burrows, A. L.; Guo, L.-H.; Hill, H. A. O.; McLendon, G.; 
Sherman, F. Eur. J. Biochem. 1991, 202, 543-549. (c) Some earlier work 
has provided spectroscopic information (but not thermodynamics) for unfolded 
cytochrome c: Hildebrandt, P.; Stockburger, M. Biochemistry 1989, 28, 
6710-6721. Hinnen, C; Niki, H. J. Electroanal. Chem. 1989, 264, 157-165. 
In addition, some potentiometric data for (partially) urea unfolded cytochrome 
c are available (Myer, Y. P.; Saturno, A. F.; Verma, B. C; Pande, A. J. Biol. 
Chem. 1979, 254, 11 202-11 207. However, the observed potentiometric values 
are quite sensitive to the (unknown) levels of folded protein, while direct 
electrochemistry, which independently senses each species, is not. 

(9) Gopal, D.; Wilson, G. S.; Earl, R. A.; Cusanovich, M. A. J. Biol. 
Chem. 1988, 263, 11 652-11 656. 

is observed (E"' = -167 mV), which becomes reversible when the 
concentration Gdn > 6 M (Figure lb,c). Although relatively large 
peak separations are observed (Ais™ ^ 100 mV), peak current 
scales linearly with (scan rate)'/2. Tnus, under these conditions, 
the electrochemical response of the unfolded state is quasi-re
versible and diffusion controlled. The relatively low potential for 
unfolded cytochrome c is consistent with coordination of a single 
histidine and a water molecule or nitrogenous base, to the heme,10'11 

which is likely to be highly solvent exposed. The peak currents 
observed for horse cytochrome c in the sequence in Figure 1 
provide estimates of the concentrations of Gdn which induce 
unfolding of the Fe(III) cytochrome c (Dl/2** 2.5 M) and Fe(II) 
cytochrome c (Z)1/2« 5 M). These estimates agree well with the 
literature.2'3 More importantly, the measured redox potentials 
provide a high precision measurement of the difference in stability 
between oxidized and reduced cytochrome c, which is not plagued 
by the uncertainties attendant with long extrapolations of solution 
conditions. Consider the following thermodynamic cycle: 

A G ' 
Fe(III)CVt c (folded) ^ = 

AG'(F) 

Fe(ll)cy1 c (folded) 

Fe(III)CVt c(unfolded) 

AGV 

Fe(II) cyt c (unfolded) 

Clearly, the difference AG"1 - AG" = AAG11 is simply given by 
AGr

(F) - AGJ11) = -0.239nF(AE°) = -10 kcal/mol for horse heart 
cytochrome c.n This large stabilization reflects, in part, the large 
increase in methionine bond strength which accompanies reduction. 
The estimated AAG11 value in fact agrees quite well with values 
obtained by (linear) extrapolation methods.3 The electrochemical 
approach thus reinforces and extends conventional spectroscopic 
approaches to protein folding thermodynamics. 

Finally, we briefly consider the kinetic implications of these 
initial experiments. Note that, from Figure 1, there exists a region 
between 3 and 5 M [Gdn] where the reduced protein is stable 
toward unfolding while the oxidized protein is not. Thus, in this 
range, when the unfolded, oxidized protein is reduced (£app ~ 
-200 mV), one observes the corresponding reoxidation peak not 
at the potential for unfolded protein (E ~ -200 mV) but at that 
for the folded protein (E ~ 300 mV). This refolding peak is most 
pronounced in Figure lb, where the Gdn concentration is well 
above Dl/2 for oxidized cytochrome c, but well below Z>1/2 for 
reduced cytochrome c. Clearly, folding has occurred during the 
time of the reverse sweep (ca. 2 s). A small return wave (~ 10% 
of the cathodic peak) is observed, independent of scan rate. This 
species is logically assigned to the known, slow-refolding com
ponent observed in kinetic studies,56 which appears to arise from 
the (slowly equilibrating) cw-proline isomers of unfolded cyto
chrome c. In principle, the rate of the folding process might be 
monitored by varying the sweep rate. Up to a scan rate of 1 V/s, 
the folding process remains unresolvably fast (i.e., T < 100 ms). 
Faster scans are precluded by the relatively slow interfacial charge 
transfer of cytochrome c. Thus, other kinetic techniques (e.g., 
ring disk voltammetry) are more appropriate to obtain millisecond 
resolution, and such studies are in progress. 
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(10) The corresponding potential for the cytochrome c heme octapeptide 
is -0.22 vs SHE. See: Harbury, H. A.; Loach, P. A. / . Biol. Chem. I960, 
235, 3640-3645. McLendon, G.; Smith, M. Inorg. Chem. 1982, 21, 847. 

( H ) A recent paper by Barker and Mauk has employed a similar approach 
to analyze the energetics of the alkaline isomerization in cytochrome c: 
Barker, P.; Mauk, A. G. / . Am. Chem. Soc. 1992, 114, 3619-3624. 

(12) Similar experiments were carried out for yeast iso-1 cytochrome c. 
Although the formal potentials for folded horse heart and yeast cytochrome 
c differ, their unfolded formal potentials are experimentally identical. Thus, 
for yeast cytochrome c, a value of AAGU = -10.7 kcal/mol is obtained. 


