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The spectra of more complex aromatic compounds such as 
p-diphenylbenzene can also be clarified by using these new bi-
nuclear complexes. This compound has four sets of equivalent 
protons; however, the NMR spectrum consists of two complex 
multiplets. The spectrum obtained after addition of Yb(fod)3 and 
Ag(fod) is shown in Figure 2b. The silver appears to be bonded 
at the sterically least encumbered position, with the result that 
proton A shifts the farthest. Protons A, B, and C exhibit a pattern 
identical with that observed for the aromatic protons of toluene. 
Protons D on the center ring are not coupled with the other 
protons, and the resonance appears as a singlet. 

These shift reagents are also capable of inducing substantial 
shifts in the NMR spectra of olefins and phosphines. A detailed 
study of other aromatic, olefin, and phosphine-containing com
pounds will be reported in a future publication.13 
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Structure and Dynamic Behavior of Transition-Metal 
Ions in Aqueous Solution: An EXAFS Study of 
Electron-Exchange Reactions1 

Sir: 

The extended X-ray absorption fine structure (EXAFS) phe
nomenon has become a powerful tool for structure determination 
in the immediate vicinity of an atom of identified Z.2"13 In this 
paper, we demonstrate the power of EXAFS for the study of 
kinetics and reaction mechanisms in solution. Of particular 
concern here are the metal-ligand bond distances and the asso
ciated Debye-Waller factors of M(H2O)6"* complexes in aqueous 
solution. Let us consider Fe(H2O)6

2+ and Fe(H2O)6
3+ (Figure 

1); with the bond lengths and Debye-Waller factor information 

( I )A preliminary account of this paper was presented at the 178th Na
tional Meeting of the American Chemical Society, Washington, D.C., Sep
tember 1979. 

(2) Stern, E. A. Phys. Rev. B: Solid State 1974, 10, 3027. Lytle, F. W.; 
Sayers, D. E.; Stern, E. A. Ibid. 1975, 11, 4825. Stem, E. A.; Sayers, D. E.; 
Lytle, F. W. Ibid. 1975, 11, 4836. 

(3) Ashley, C. A.; Doniach, S. Phys. Rev. B: Solid State 1975, 11, 1279. 
(4) Lee, P. A.; Pendry, J. B. Phys. Rev. B: Solid State 1975, 11, 2795. 

Lee P. A.; Beni, G. Ibid. 1977, 15, 2862. 
(5) Eisenberger, P.; Kincaid, B. M. Science (Washington, D.C.) 1978, 200, 

1441. 
(6) Citrin, P. H.; Eisenberger, P.; Kincaid, B. M. Phys. Rev. Lett. 1976, 

36, 1346. Teo, B. K.; Lee, P. A.; Simmons, A. L.; Eisenberger, P.; Kincaid, 
B. M. J. Am. Chem. Soc. 1977, 99, 3854. Lee, P. A.; Teo, B. K.; Simons, 
A. L. Ibid. 1977, 99, 3856. 

(7) Cramer, S. P.; Hodgson, K. O.; Stiefel, E. I.; Newton, W. E. J. Am. 
Chem. Soc. 1978, 100, 2748. 

(8) Martens, G.; Rabe, P.; Schwentner, N.; Werner, A. Phys. Rev. Lett. 
1977,59, 1411. 

(9) Fontaine, A.; Lagarde, P.; Raoux, D.; Fontana, M. P.; Maisano, G.; 
Migliardo, P.; Wanderlingh, F. Phys. Rev. Lett. 1978, 41, 504. 

(10) Eisenberger, P.; Kincaid, B. M. Chem. Phys. Lett. 1975, 36, 134. 
(11) Sandstrom, D. R.; Dodgen, H. W.; Lytle, F. W. J. Chem. Phys. 1977, 

67, 473. 
(12) Maisano, G.; Milgliadro, P.; Wanderlingh, F.; Fontana, M, P. J. 

Chem. Phys. 1978, 68, 5594. 
(13) Morrison, T. L; Reis, A. H., Jr.; Knapp, G. S.; Fradin, F. Y.; Chen, 

H.; Klippert, T. E. J. Am. Chem. Soc. 1978, 100, 2362. 

Figure 1. Simplified pictorial representation of Fe(H2O)6
2+ and Fe-

(H2O)6
3+ electron exchange; the a values are the root-mean-square dis

placement amplitudes; arrows indicate the direction of the breathing 
motion (after Marcus, ref 14). 

Table I. Metal-Oxygen Interatomic Distances 
in M(H2O)6"* (n = 2, 3) 

M 

1 
1 
1 
1 
1 
1 

M"* 

Cr3* 
Cr2+a 

Mn2* 
Fe2* 
Fe3* 
Cu2+" 

solution 

KEXAFS)b 

1.966 
1.984 
2.177 
2.095 
1.990 
1.940 

r(X-ray)c 

1.98 

2.20 
2.12 
2.00 
1.94 (eq) 
2.43 (ax) 

crystal 
KX-ray) 

2.13d 

1.99* 

a In this complex, only the first shell neighbors are considered.32 

b These values were measured with solutions acidified with 0.5-1.5 
M HClO4. In the cases of Cr3* and Fe3*, the solutions were acidi
fied to 3 M or even 6 M HClO4 to avoid dimer formation. Esti
mated errors are within +0.010 A; fc2 and kl weighting gives results 
within this accuracy. c From ref 28-30. d Average from ref 
20-22. e Reference 23. 

obtained directly from ions in solution, we can estimate the pa
rameters relevant to the kinetics of the electron-exchange reaction 
(eq 1). Most theories1*"18 which describe such reactions are based 

[Fe(H2O)6J
2+ + [Fe(H20)6]

3+ -
[Fe(H20)6]

3+ + [Fe(H2O)6I
2+ (1) 

on the Franck-Condon principle: there must be formed a tran
sition state in which the coordination shells of the two reactants 
have adjusted to identical configurations. According to theory," 
the difference between the Fe-O radii of Fe(H2O)6

2+ and Fe-
(H2O)6

3+, r2 - r3, is the most critical parameter. Until now, X-ray 
crystal structure data20 have been employed for estimates of this 

(14) Marcus, R. A. Annu. Rev. Phys. Chem. 1966, 15, 155. 
(15) Hush, N. S. Trans. Faraday Soc. 1961, 57, 557. 
(16) Sutin, N. In "Tunneling in Biological Systems"; Chance, B.; DeVault, 

D. C; Frauenfelder, H.; Marcus, R. A.; Schrieffer, J. R.; Sutin, N., Eds.; 
Academic Press: New York, 1979; and references therein. 

(17) Meyer, T. J. Ace. Chem. Res. 1978, U, 94. 
(18) Basolo, F.; Pearson, R. "Mechanisms of Inorganic Reactions—A 

Study of Metal Complexes in Solution", 2nd ed.; Wiley: New York, 1967. 
(19) See ref 16 and 18 for a summary of the theory of the outer-sphere 

electron-exchange reactions. 
(20) Bauer, W. H. Acta Cryslallogr. 1964, 17, 1167. 
(21) Hamilton, W. C. Acta Crystallogr. 1962, 15, 353. 
(22) Montgomery, H.; Chastain, R. V.; Natt, J. J.; Witowdka, A. M.; 

Lingafelter, E. C. Acta Crystallogr. 1967, 22, 775. 
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Figure 2. (a) X-ray absorption spectrum of Fe(H2O)6
2+, (b) Fourier 

transform of x(k)k}, and (c) the filtered data and the best nonlinear 
least-squares fit for Fe(H2O)6

2+. 

parameter despite the fact that the Fe-OH2 distance varies among 
different Fe2+ complexes in the lattices from 2.12 to 2.15 A. 

The EXAFS, x(fc), of an atom is given2"5 by eq 2, where a is 
the absorption coefficient, u0 is the smoothed absorption of an 
isolated atom, k is the electron wavenumber (k = [2m(E -

U-H0 -N]f(w,k)\ 
X{k) = ^ - ^ = E , , V W V H A sin [2kr{ + 4>{k)] 

Mo kr? 
(2) 

Eo)Y12Ih), E is the photon energy above the ionization threshold, 
E0, N[ is the coordination number, a-2 is the root-mean-square 
deviation of r-„ and X is the electron mean free path. It is apparent 
from eq 2 that with knowledge of the phase <j>(k) and the amplitude 
f(tr,k) of the absorbing and the scattering atoms, rt and C1

2 can 

(23) Hair, N. J.; Beattie, J. K. Inorg. Chem. 1977, 16, 245. 

be extracted from the experimentally obtained x(&)-4'24'25 

K edge spectra were recorded in transmission at the Stanford 
Synchrotron Radiation Laboratory26 for perchlorate solutions of 
Cr3+, Cr2+, Mn2+, Fe2+, Fe3+, and Cu2+. A typical spectrum is 
given27 in Figure 2a. Data were analyzed with the filtered Fourier 
transform and fitting techniques.5"7 Theoretical amplitudes and 
phases were used to fit the data to eq 2 with E0 as a parameter.24'25 

A typical Fourier transform and fit are shown in Figure 2b,c. 
Results, including those from solution X-ray scattering experi
ments28"31 and single-crystal diffraction work,20"23 for Fe(H2O)6""

1" 
are given in Table I. Although it appears from Table I that for 
these ions in solution the EXAFS r values are shghtly smaller than 
those from diffraction measurements, the differences are within 
experimental error.31 It is not clear at present whether or not this 
observation is an indication of a real difference. Cr2+ and Cu2+, 
Jahn-Teller distorted complexes, will be discussed elsewhere.32 

We now return to the relationship connecting the EXAFS 
parameters and the electron-exchange reaction. The rate constant 
for electron exchange, ka, is given16 by eq 3, where AG*, the free 

kT 
kex = — exp[-AG*/RT] (3) 

energy of activation of the reaction, is a sum of several contri
butions (eq 4). Here, vv„ the work required to bring the two 
reactants together, is small, AGtrans* is the free energy of formation 

AG* = wr + AGtram* + AG0* + AG1* (4) 

of the precursor complex of separate reactants, and AG0* and AG1*, 
the free energies required to reorganize the outer- and inner-co
ordination spheres of the reactants, are the dominant terms and 
are related to the Fe2+-OH2 and Fe3+-OH2 distances.16 

The EXAFS r2 and r3 results may be used to evaluate AG1*, 
AG0*, and r*. Following the approximations considered by Sutin,16 

we find that r* = 2.030 A, AG1* = AH* =* 4.7 kcal/mol"1, and 
AG0* = AyV0* =* 6.5 kcal/mol"1. Further, following Sutin's 
calculation of vvr and Gtrans* in eq 4,16 we obtain G* = 14.7 
kcal/mol"1, a value in reasonable agreement with that observed, 
16.6 kcal/mol"1. 

The Debye-Waller factor34 derived from the EXAFS data also 
contains important bonding information. For the ions in solution, 
one may consider contributions to C1 due to static disorder (astat), 
to first shell H2O and solvent H2O exchange (o-exoh), and to thermal 
vibration (crvib). Thus, a,2 = <rstat

2 + <r„cb
2 + avib

2. In the limit 
of spherical screening of the octahedral complex by the solvent, 
<rstal vanishes, and it is reasonable to argue on the basis of the 
crystal data20"23 that in these aqueous solutions <rslat is quite small 
relative to <7vib. Further, the slow ligand-exchange rate18 makes 
<rexch

2 small. Therefore, the dominant contribution to <r{ as observed 
in EXAFS should be the average of all the vibrational M-O 
amplitudes in the respective complex.35 The EXAFS ĉ  values 
are 0.081 ± 0.010 A for Fe(OH)6

2+ and 0.055 ± 0.010 A for 

(24) Teo, B. K.; Lee, P. A. /. Am. Chem. Soc. 1979, 101, 2915. 
(25) This is not always the case for the amplitude. Heald et al. show 

(Phys. Rev. Lett. 1979, 42, 1372) that the ratio of the calculated and measured 
amplitudes is not always a constant scale factor but has certain k dependence, 
depending on the chemical system. 

(26) For a review of synchrotron radiation applications, see: (a) Winick, 
H.; Bienenstock, A. Annu. Rev. Nucl. Part. Sci. 1979, 28, 33. (b) Watson, 
R. E.; Perlman, M. L. Science (Washington, D.C.) 1978, 199, 1295. 

(27) The background must be subtracted and the data normalized to obtain 
the EXAFS curve from the absorption spectrum. It is always helpful to weight 
the curve with k" (n = 1-3) in the Fourier transform technique. For detailed 
discussion, see ref 5 and 24. 

(28) Ohtaki, H.; Yamaguchi, T.; Meada, M. Bull. Chem. Soc. Jpn. 1976, 
«,701. 

(29) Magini, M. J. /. Inorg. Nucl. Chem. 1978, 40, 43. 
(30) BoI, W.; Welzen, T. Chem. Phys. Lett. 1977, 49, 189. 
(31) X-ray scattering measurements of ions in solution is time consuming. 

It normally takes 2 weeks to obtain a data set while an EXAFS spectrum of 
reasonable quality can be obtained in 20 min. 

(32) Sham, T. K.; Hastings, J. B.; Perlman, M. L., to be published. 
(33) d* is normally assumed to be r2 + r3; it has also been estimated by 

theory; see ref 16. 
(34) Eisenberger, P.; Brown, G. S. Solid Stale Commun., in press. 
(35) Cyrin, S. J. "Molecular Vibrations and Mean Square Amplitudes", 

Elsevier: Amsterdam, 1968. 
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Fe(H2O)6
3+. The latter is in good agreement with the X-ray 

scattering results29 for iron(3+) perchlorate solution, ax ~ 0.055(5) 
A. 

One may derive a^ values from the Raman frequencies, v, from 
the relation shown in eq 5, in which p. is the reduced mass. With 

c^vib2 = 
%ir2liv 

coth (JUL) 
\2kTf 

(5) 

the vibrational frequencies for crystals used by Sutin,16 we obtain 
crvib values of 0.0233 and 0.0194 A, corresponding to the totally 
symmetric stretching modes for the Fe-O bonds in Fe(H2O)6

2+ 

and Fe(H2O)6
3+, respectively, at room temperature.35 These a 

values are small compared with the EXAFS <7j values, not a 
surprising result since <J% includes all the vibrational modes. It 
is interesting to note that the r2 - r* and r* - r3 differences, 0.065 
and 0.040 A, respectively are greater than the <xvib values for the 
totally symmetric vibration, indicating that electron transfer re
quires much greater activation energy than the energy present 
on the average in the breathing motions of the complexes at room 
temperature. 
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Proton-Induced Ring Opening of a 
Dimetallacyclopropane-Type ^i-Methylene-rhodium 
Compound. A Straightforward Novel Route to 
Halo(methyl) Complexes1 

Sir: 
Transition-metal methylene complexes containing unsubstituted 

metal-to-metal methylene (CH2) bridges have attracted consid
erable attention since the first examples of this class of compounds 
were reported in 1975.2 Although they meanwhile have been 
thoroughly investigated by spectroscopic methods,3,4 X-ray4a'5'6 

(1) Transition Metal Methylene Complexes, 13. This work is being sup
ported by the Deutsche Forschungsgemeinschaft, the Fonds der Chemischen 
Industrie, the Degussa (Hanau), and the Hoechst Akliengesellschaft. Part 
12: W. A. Herrmann, J. Plank, and D. Riedel, J. Organomet. Chem., 190, 
C 47 (1980). 

(2) W. A. Herrmann, B. Reiter, and H. Biersack, J. Organomet. Chem., 
97, 245 (1975). 

(3) For a recent review, see: W. A. Herrmann, Angew. Chem., Int. Ed. 
Engl, 17, 800 (1978). /^-Methylene transition-metal complexes will be covered 
in full detail in a forthcoming review article; cf.: W. A. Herrmann, Adv. 
Organomet. Chem., in press. 

(4) (a) M. Creswick, I. Bernal, and W. A. Herrmann, J. Organomet. 
Chem., 172, C39 (1979), and references cited therein; (b) K. K. Mayer and 
W. A. Herrmann, ibid., 182, 361 (1979); (c) R. J. Lawson and J. R. Shapley, 
Inorg. Chem., 17, 2963 (1978). 

(5) (a) W. A. Herrmann, C. Kriiger, R. Goddard, and I. Bernal, Angew. 
Chem., Int. Ed. Engl., 16, 334 (1977); (b) / . Organomet. Chem., 140, 73 
(1977). 

(6) (a) M-CH2[Os3(CO)10(M-H)2]: R. B. Calvert, J. R. Shapley, A. J. 
Schultz, J. M. Williams, S. L. Suib, and G. D. Stucky, / . Am. Chem. Soc, 
100, 6240 (1978); A. J. Schultz, J. M. Williams, R. B. Calvert, J. R. Shapley, 
and G. D. Stucky, Inorg. Chem., 18, 319 (1979). For the preparation and 
spectroscopic data of this compound, see also: R. B. Calvert and J. R. Shapley, 
J. Am. Chem. Soc, 99, 5225 (1977); ibid., 100, 6544 (1978). (b) M-CH2-
[(ij5-C5Hs)Rh(CO)]2: T. F. Koetzle, F. Takusagawa, A. Fumagalli, and W. 
A. Herrmann, Inorg. Chem., submitted for publication. 

Table I. Selected Bond Lengths -and Angles of 3b° 

bond lengths, 
pm 

bond angles, 
deg 

Rh(I)- Rh(2) 
Rh(I)-Br0 

Rh(2)-Br° 
Rh(I)-C(I) 
Rh(2)-C(l') 
Rh(2)-C(2)a 

Rh(l)-C(2)a 

Rh(I )-C(4) 
Rh(l)-C(5) 
Rh(l)-C(6) 
Rh(2)-C(7) 
Rh(2)-C(8) 
Rh(2)-C(9) 
C(4)-C(5) 
C(5)-C(6) 
C(6)-C(6') 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(9') 

266.0 (3) 
250.4(13) 
254.1 (6) 
199.5 (20) 
199.3 (20) 
234.1 (48) 
248.6 (54) 
228.8 (32) 
229.5 (21) 
222.3 (16) 
208.4 (38) 
217.8 (38) 
222.4 (25) 
142.4 (29) 
144.5(31) 
145.0 (41) 
123.2(45) 
130.2 (48) 
120.4 (69) 

C(2>Rh(l)-Rh(2) 
C(I)-Rh(I )-Rh(2) 
C(I)-Rh(I)-C(I') 
Rh(I)-C(I)-Rh(2) 
Rh(I)-C(I)-O(I) 
Rh(2)-C(l)-0(1) 
C(5)-C(4)-C(5') 
C(4)-C(5)-C(6) 
C(5)-C(6)-C(6') 
Br-Rh(2)-Rh(l) 
C(l)-Rh(2)-Rh(I) 
C(D-Rh(2)-C(l') 
C(8)-C(7KX8') 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(9') 

102.3(13) 
48.1 (6) 
91.1 (11) 
83.7 (9) 

137.7(15) 
138.6(15) 
104.6 (26) 
111.2(20) 
106.1 (12) 
100.3(1) 
48.2 (6) 
91.3(12) 

108.1 (47) 
108.1 (36) 
107.7 (23) 

a The positions of C(2) and Br are statistically disordered. 

as well as neutron-diffraction techniques,6 Hiickel MO calcula
tions,7 and a representative experimental electron density deter
mination,8 very little is known about their chemistry to date. Both 
photochemically and thermally remarkably stable and also syn
thetically easily available, the dinuclear ^-methylene-rhodium 
complex /u-CH2[(775-C5H5)Rh(CO)]2 (I)

5 represents a neat ex
ample of the dimetallacyclopropane-type compounds structurally 
characterized by a methylene function which bridges a pronounced 
electron-rich metal-metal bond. Recently, we demonstrated that 
strong protic acids such as tetrafluoroboric acid initiate clean 
clusterification of 1, yielding novel trinuclear ju3-methylidine 
derivatives of high thermal stability.9 Bearing the obvious cat
alytic importance of simple, metal-bound hydrocarbon fragments 
and their mechanistic fate in mind,10 we now report, for the first 
time, on the proton-induced ring opening of the three-membered 
Rh-CH2-Rh skeleton of 1 and the molecular structure of the final 
product. 

If the ^-methylene-rhodium complex 1 is allowed to react with 
dry hydrogen halides such as HCl or HBr, brown, slightly air-
sensitive, neutral compounds 3a and 3b, respectively, are quickly 
formed according to eq 1 in near quantitative yields." In a typical 

H H 

/ C \ r* 
Rh Rh 

CO 

4 >H l + > 

"Y 

2a,b 

CH, 

"# -
3a,b 

RiO ( D 

lh) = (t}5-C5H5)Rh(CO) 
X = Cl (a), Br (b) 

(7) P. Hofmann, Angew. Chem., Int. Ed. Engl, 18, 554 (1979); in this 
context, see also: A. R. Pinhas, T. A. Albright, P. Hofmann, and R. Hoff
mann, HeIv. Chim. Acta, 63, 29 (1980). 

(8) D. A. Clemente (C.N.R. Padova/Italy), unpublished work on n-
CHjK^-CjHsJMnCCOhh,2 1978-1980. 

(9) W. A. Herrmann, J. Plank, E. Guggolz, and M. L. Ziegler, Angew. 
Chem., Int. Ed. Engl., in press. 

(10) For a recent review, see: E. L. Muetterties and J. Stein, Chem. Rev., 
79, 479 (1979). 
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