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Figure 1. EXAFS data for electrochemically generated 10 mM [Fe-
(CN)6]

4" solution: (a) EXAFS spectrum after background subtraction 
and multiplication by k,2 (b) Fourier transformation of weighted EXAFS 
spectrum. 

increases significantly in absorptivity upon reduction to the Fe(II) 
complex. The energies of the inflection points are K3Fe(CN)6 

solid, 7127.77 (2) eV; 10 mM [Fe(CN)6]3" solution, 7127.60 (7) 
eV; K4Fe(CN)6.2H20 solid, 7126.82 (11) eV; 10 mM IFe(CN)6I

4" 
solution, 7126.98 (4) eV, where the number in parentheses is the 
estimated error in the last digit. Ten EXAFS spectra were re
corded and averaged for each oxidation state. The EXAFS was 
extracted7 from the total absorption spectrum by use of a cubic 
spline routine, and the EXAFS component due to the carbon atoms 
was isolated by Fourier filtering with a window of 1.0-2.0 A in 
distance (.R) space. Phase shift and amplitude parameters, ob
tained empirically from fits to K3Fe(CN)6 or K4Fe(CN)6-2H20 
solids, were used to fit data for the ferricyanide and ferrocyanide 
solutions over a k range of 4-10 A"1. 

The extracted EXAFS (multiplied by k2) is shown in Figure 
la for the ferrocyanide species. The complex EXAFS pattern 
displays a beat phenomenon arising from summation of sine waves 
due to backscattering contributions from carbon and nitrogen 
atoms where the large contribution from the latter results from 
the colinearity effect.8 The Fourier transform of the EXAFS 
data into R space, illustrated in Figure lb, displays two major 
peaks with the first (1-2 A) due to carbon atoms and the second 
(2-3 A) due to nitrogen atoms. 

The results of single-shell fits using parameters from K3Fe(CN)6 

solid are, for Fe(II), d = 1.97 A and Nc = 7.4, for Fe(III), d = 
1.94 A and Nc = 6.8. Since coordination numbers (7VC) normally 
are determined to only 20% accuracy by EXAFS analysis, the 
Ac values are indistinguishable from those of a compound having 
coordination number of 6. On reduction from Fe(III) to Fe(II), 
the Fe-C bond length increases by 0.03 A. This is the first direct 
observation of these bond-length changes9 for the solution species. 
In the past, the evaluation of electron-transfer theories has de
pended on the use of crystallographic bond distances, which can 
vary over a wide range for a single oxidation state due to dif
ferences in counterion and degree of hydration. For the ferri-
cyanide/ferrocyanide system, the variation in crystallographic bond 
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(8) Teo, B. K. J. Am. Chem. Soc. 1981, 103, 3990-4001. 
(9) On the basis of this and other EXAFS studies of single-shell complexes, 

we estimate the error in the difference to be 0.01 A. 

lengths within the Fe(II) species10"15 (10 Fe(II)-C bonds, max 
= 1.956, min = 1.896, mean = 1.914 (17) A) and also for the 
Fe(III) moieties16"20 (16 Fe(III)-C bonds, max = 1.945, min = 
1.910, mean = 1.929 (9) A) obscures the oxidation-state depen
dence in the Fe-C bond distance, so determination of the solu
tion-phase bond lengths is highly desirable. 
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Recently, remarkable progress has been made in the activation 
of carbon-hydrogen bonds by homogeneous metal complexes.1 

Less is known about the activation of simple, unstrained car
bon-carbon bonds by soluble metal species.2 Two factors would 
seem to disfavor C-C activation. The first is accessibility. While 
spherical species such as Fe+ (in the gas phase)3 or H+ (in sup
eracids)4 can react preferentially with hydrocarbon C-C frame
work bonds, nonspherical reactive intermediates (such as CH2) 
normally react with the peripheral C-H bonds. Thus, any ste-
rically demanding species reactive enough to insert into a C-C 
bond will probably be intercepted by C-H bonds.5 The second 

(1) Watson, P. L. J. Am. Chem. Soc. 1983, 105, 6491-6493. Jones, W. 
D.; Feher, F. J. Organometallics 1983, 2, 562-563. Crabtree, R. H.; Mellea, 
M. F.; Mihelcic, J. M.; Quirk, J. M. / . Am. Chem. Soc. 1982, 104, 107-113. 
Janowicz, A. H.; Bergman, R. G. Ibid. 1982, 104, 352-354. Hoyano, J. K.; 
Graham, W. A. G. Ibid. 1982, 104, 3723-3725. Baudry, D.; Ephritikhine, 
M.; Felkin, H. J. Chem. Soc, Chem. Commun. 1980, 1243-1244. Parshall, 
G. W. Catalysis 1977, 1, 335. 

(2) Favero, G.; Morvillo, A.; Turco, A. J. Organomet. Chem. 1983, 241, 
251-257. Ozawa, F.; Iri, K.; A. Chem. Lett. 1982, 1707-1710. Bishop, K. 
C, III Chem. Rev. 1976, 76, 461-486. Hoberg, H.; Herrera, A. Angew. 
Chem., Int. Ed. Engl. 1981, 20, 876-877. Donaldson, W. A.; Hughes, R. P. 
J. Am. Chem. Soc. 1982, 104, 4846-4859. Burton, J. T.; Puddephatt, R. J. 
Organometallics 1983, 2, 1487-1494, 

(3) Burnier, R. C; Byrd, G. D.; Freiser, B. S. J. Am. Chem. Soc. 1981, 
103, 4360-4367; Byrd, G. D.; Burnier, R. C; Freiser, B. S. Ibid. 1982, 104, 
3565-3569. Armentrout, P. B.; Halle, L. F.; Beauchamp, J. L. Ibid. 1981, 
103, 6501-6502. 

(4) Olah, G. A. Angew.Chem., Int. Ed. Engl. 1973, 12, 173-212. 
(5) This may not be an insurmountable problem with metal complexes. 

Since alkyl metal hydrides tend to be less stable than metal dialkyls, conditions 
may exist under which products from rapid reversible C-H activation are 
slowly drained off into metal dialkyls formed essentially irreversibly. 
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problem with C - C activation is thermodynamics. By some es
timates the oxidative addition of carbon-carbon bonds is endo-
thermic by approximately 25 kcal/mol.6 However, other estimates 
for metal-carbon bond strengths would just allow metal insertion 
into unstrained carbon-carbon bonds to be exothermic.7 Metal 
complexes do insert into C - H bonds, and since C - C bonds are 
weaker than C - H bonds, one expects C - C bond insertion to be 
exothermic if a metal-carbon bond is weaker than a metal-hydride 
bond to the same extent that a C - C bond is weaker than a C - H 
bond. One complication with this analysis is the unknown effect 
of differing groups (in this case, carbon vs. hydrogen) on the 
strengths of other l igand-metal bonds in the complex. 

We have looked for examples of directed insertion of metals 
into carbon-carbon bonds which would be analogous to directed 
carbon-hydrogen bond cleavage (the cyclometalation reaction) .8 

In particular we have investigated 8-quinolinyl alkyl ketones (1-3) 
as ligands.9 These have several advantages. Since five is the 
favored cyclometalation ring size, the metal, upon coordination 
to nitrogen in ligands 1-3 will be directed only to an a-ketone 
C - C bond. For C - H activation to compete, 6-membered rings 
would have to be generated. In addition, the a-ketone bond is 
slightly weaker than other carbon-carbon single bonds.10 Thus, 
these ligands should overcome some of the problems with C - C 
bond activation mentioned above. We have shown previously that 
8-quinolinyl acetylenic ketones (4) react with RhCl (PPH 3 ) 3 to 
give acylrhodium(III) acetylides." However, the a-bonds of 
acetylenic ketones are quite reactive, being cleaved by nucleophiles 
such as NaOH. 1 2 The more representative a-ketone carbon-
carbon bonds of ligands 1-3 do not react with N a O H nor do they 
oxidatively add to RhCl(PPh 3 ) 3 . 

In contrast, the ketone I1 3 does react within minutes with a 
suspension of [ (C 2 H 4 J 2 RhCl] 2 in benzene at room temperature 
with loss of C 2 H 4 to give an insoluble chlorine-bridged polymer,14 

which can be solubilized by pyridine to give the acylrhodium(III) 
benzyl complex 615 (Scheme I). Although five-coordinate in 
solution16 6 crystallizes out in the presence of excess pyridine as 

(6) Halpern, J. Ace. Chem. Res. 1982, 15, 238-244. 
(7) Mondal, J. U.; Blake, D. M. Coord. Chem. Rev. 1982, 47, 205-238. 
(8) Omae, I. Chem. Rev. 1979, 79, 287-321. 
(9) Best prepared in a mixed Claisen condensation between ethyl 8-

quinolinate and the appropriate ester followed by decarboxylation. 
(10) Gordon, A. J.; Ford, R. A. "The Chemist's Companion;" Wiley; New 

York, 1972; p 113. The C-C bond dissociation energy of ethane is 88 
kcal/mol, while acetone's is 82 kcal/mol. 

(11) Suggs, J. W.; Cox, S. D. J. Organomet. Chem. 1981, 221, 199-201. 
(12) Craig. J. C; Moyle, M. J. Chem. Soc. 1963, 3712-3718. Claisen, 

L. Ber. Dtsch. Chem. Ges. 1911, 44, 1161-1169. 
(13) All new compounds gave satisfactory C, H, and N elemental analyses. 
(14) Formed in quantitative yield, the measurement of gas evolved shows 

both ethylenes are lost. IR (Nujol) 1650, 1630, 780 cm"1. 
(15) IR (Nujol) CO 1625 cm"1. 1H NMR (CDCl3, 250 mHz, ppm relative 

to Me4Si) 10.28 (d, / = 5 Hz, 1 H, quinoline C-2) 6.5-6.3 (m, 5 H, Ph) 3.81 
(d of d, / = 7.8, 3.6 Hz, 1 H one diastereomeric CH2Ph) 2.83 (d of d, J = 
7.8, 2.8 Hz, 1 H, other CH2Ph); 13C NMR (101 mHz) 22.2 (d, /Rh_c 23.6 
Hz). 

(16) By NMR integration of the bound pyridine vs. quinoline resonances 
and by molecular weight determination by vapor-phase osmometry of 7 
(CHCl3 solution, found 402, calcd 402.7). 

Figure 1. Molecular structure of 6. Hydrogen atoms are at calculated 
positions. Selected distances (A): Rh-Cl 2.545 (1), Rh-Nl 2.042 (3), 
Rh-N2 2.093 (3), Rh-N3 2.221 (3), Rh-ClO 1.949 (4), Rh-CIl 2.103 
(5). 

the six-coordinate species whose structure is shown in Figure I.17 

Given the strong trans influence of the benzyl group ( R h - N 3 is 
0.13 A longer than R h - N 2 ) it is undoubtedly the pyridine trans 
to CH 2Ph that is lost in solution. Another interesting feature of 
the structure is the short rhodium-acyl bond length of 1.949 (4) 
A. Other examples of rhodium(III) acyl bond lengths from highly 
refined structures are in the range 1.97-2.06 A.17 If the rhodi
um-carbon bond in the chelate ring is unusually strong, this would 
provide an additional driving force for carbon-carbon bond 
cleavage in ligands 1-5. 

Carbon-carbon bond cleavage occurs prior to solubilization by 
pyridine since treatment of the chlorine-bridged polymer (as well 
as 6) with a stoichiometric amount of Br2 generates benzyl 
bromide. Both 2 and 3 react with [ (C 2H 4J 2RhCl] 2 in a similar 
manner (at 90 0 C in benzene in a screw-cap vial overnight) to 
give 7 or 8, respectively.19 Bromine gives ethyl or methyl bromide 
from 7 or 8 as with 6. Compound 7 can be made by an alternate 
route from [(C 2 H 4 ) 2 RhCl] 2 , 8-quinolinecarboxaldehyde, and 
pyridine, and 7 made in this way has been subjected to single-
crystal X-ray analysis.20 It appears these complexes arise from 
direct oxidative addition into the a-ketone carbon-carbon bond. 
Reaction of 5 gave a product that had lost no deuterium. If prior 
C - H activation had occurred, the resulting rhodium hydride should 
have been trapped by ethylene20 leading to either ethylation or 
H - D exchange in the ligand. In preliminary experiments with 
a range of 8-quinolinyl ketones and [(C2H4J2RhCl]2 , we have yet 

(17) Compound 6 was recrystallized from CH2Cl2-hexane-pyridine, the 
yellow-orange crystals were assigned to the monoclinic space group P2Jn. 
Unit cell parameters were found to be a = 10.101 (3) A, b = 16.476 (3) A, 
c = 14.179 (2) A, (3 = 93.888 (18)°, Z = 4. 2531 unique reflections were 
measured with Mo Ka radiation on a Nicolet R3m/E diffractometer. The 
structure was solved using the SHEXTL series of programs with the heavy atom 
located with the TRAN subroutine and least-squares refinement with aniso
tropic temperature factors for all non-hydrogen atoms. The final R„ based 
upon F2 was 3.21% with no significant peaks in the final Fourier difference 
map. Hydrogen atoms were included at calculated positions and constrained 
to ride with the appropriate carbon atom. 

(18) McGuiggan, M. F.; Doughty, D. H.; Pignolet, L. H. /. Organomet. 
Chem. 1980,185, 241-249. Bennett, M. A.; Jeffery, J. C; Robertson, G. B. 
Inorg. Chem. 1981, 20, 323-330. 

(19) Both 2 and 3 initially gave insoluble chlorine-bridged polymers, which 
were formed in quantitative yield. Elemental analyses of those solids corre
sponded to one rhodium, one chlorine, and one quinoline ligand. If freshly 
prepared [(C2H4)2RhCl]2 was used, these polymers dissolved upon addition 
of pyridine without a residue to give spectroscopically pure 7 or 8. 7; IR 
(Nujol, cm-1) 1640. 1H NMR 2.1 (m, J = 1,6,2 Hz, one diastereotopic 
CH2), 1.7 (m, J =1,6, 2 Hz, other diastereotopic CH2), 0.3 (t, J = 1 Hz, 
3 H, CH3);

 13C NMR 234 (d, 7Rh_c = 40 Hz, CO), 12.7 (7Rt,_c = 26 Hz, 
CH2), 11.8 (CH3). 8: IR (cm"1) 1642. 1H NMR 0.68 (d, yRh_H = 2.2 Hz, 
3 H, CH3).

 13C NMR 233 (d, 7Rh.c = 39 Hz, CO), -2.2 (d, /Rh_c = 25 Hz, 
CH3). These complexes did not melt below 250 0C but merely darkened upon 
heating. 

(20) Suggs, J. W.; Wovkulich, M. J.; Cox, S. D., manuscript in prepara
tion. 
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to find any that fail to give carbon-carbon bond cleavage products. 
Phosphines (such as PMe 3 or PPh3) and CO cause facile Hg-

and-promoted reductive elimination of 6-8 back to the starting 
ketones.21 This fact explains why RhCl(PPh 3 ) 3 does not react 
with 1-3 and has obvious implications for the selection and design 
of other transition-metal reagents for carbon-carbon bond acti
vation. 
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(21) A mechanistic study of this ligand-promoted reductive elimination 
reaction shows, in the case of PPh3, reductive elimination occurs from a 
five-coordinate complex in which pyridine is replaced by PPh3.
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The photophysics of arylalkyl radicals, notably that of the 
prototype benzyl radical (PhCH2Oi • have been extensively studied. 
Fluorescence lifetimes and quantum yields have been experi
mentally measured in solid matrices at low temperatures and 
theoretical calculations have estimated the energy levels and the 
various decay modes of a variety of substituted benzyl radicals.1"7 

Fluorescence from the closely related diphenylketyl radical has 
also been observed in a glassy matrix8 as well as at room tem
perature.9"1 ' For the ketyl radical the fluorescence lifetime has 
decreased from ~ 2 0 to ~ 2 ns on increasing the temperature from 
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Figure 1. Excitation of diphenylmethyl radicals detected at different 
regions of the spectrum: (a) X = 335 nm, bleaching of the ground state; 
(b) \ = 435 nm, doublet-doublet absorption by the excited state of the 
radical; (c) X = 540 nm, fluorescence of the excited radical. Argon-
saturated solution of 1 mM Ph2CHCl in CH3CN; (d) expansion of (c) 
to show least-squares best fit to exponential decay of the fluorescence. 
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Figure 2. Fluorescence and absorption spectra of the Ph2CH- radical; (a) 
absorption spectrum of the ground state before the laser flash (solid curve 
and solid points); absorption at the end of the laser flash (dotted curve 
and open triangles); fluorescence spectrum of the first excited doublet 
state (dashed line). (b) Doublet-doublet absorption spectrum of 
the first excited state of the radical; calculated assuming AOD = 0 at 
330 nm. Errors for AOD are <± 10%. Spectra obtained following pulse 
radiolysis of 10"3 M Ph2CHCl in CH3CN. 

77 K to room temperatue, indicating a possible photochemical 
reaction of the excited state of the radical at the higher tem
perature.8 While the fluorescence lifetime of the benzyl and its 
analogue radicals at 77 K is in the range of 1.0 ± 0.5 /is, no 
information is available in the literature on their fluorescence 
lifetime at higher temperatures. In fact, information on the 
photochemistry and photophysics of radicals in liquid solutions 
is very scarce. To bridge this gap, we have initiated a systematic 
study of such systems. In the present communication we report 
on the room temperature lifetime, excited-state doublet-doublet 
and fluorescence spectra of the diphenylmethyl radical as well 
as on the photochemistry of its triphenylmethyl homologue. 

The diphenylmethyl and triphenylmethyl radicals were produced 
pulse radiolytically by 40-ns electron pulses ( ~ 5 ^ M of radicals 

© 1984 American Chemical Society 


