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with the Pb placed equidistant from the carbon atoms should 
not exist since the acceptor 6p orbital of Pb(I1) would not 
belong to the same symmetry species as the donor r orbitals 
of the olefin. No such complexes are known, and we have 
not yet succeeded in synthesizing them with either Sn(1I) or 
Pb(I1). On the other hand, such a complex should be possi- 
ble with the Pb(I1) placed equidistant between carbons 2 
and 3 of butadiene. Experiments are currently underway 
to prepare such compounds. 

In this structure Pb-Cl bonds are weakened to form the 
fourth Al-C1 bond in NCl,. On this basis one would ex- 
pect anhydrous PbClz to behave as a moderating cocatalyst 
in AlCl,-catalyzed alkyl halide Friedel-Crafts reactions but 
have little effect in AlC13-catalyzed acyl halide reactions. 

(34) If the aromatic-metal interaction is considered alone the 
binding can be considered in terms of charge-transfer theory; see 
R. S. Mulliken. J.  Amer. Chem. SOC., 74, 811 (1952). 

Unfortunately, there is no direct experimental data on this 
point either way.35 

Acknowledgment. We gratefully acknowledge financial 
support from National Science Foundation Grant No. GP- 
28480. 

Regristy No. n-C,H6Pb(L41Cl,),C6H6, 52003-1 1-9. 

Supplementary Material Available. A listing of structure factors 
will appear following these pages in the microfilm edition of this 
volume of the journal. Photocopies of the supplementary material 
from this paper only or microfiche (105 X 148 mm, 24X reduction, 
negatives) containing all of the supplementary material for the papers 
in this issue may be obtained from the Journals Department, 
American Chemical Society, 1155 16th St., N.W., Washington, D. C. 
20036. Remit check or money order for $4.00 for photocopy or 
$2.00 for microfiche, referring to code number INORG-74-2429. 

(35)  G. A. Olah, “Freidel Crafts and Related Reaction,” Vol. 1 ,  
G. A. Olah, Ed., Interscience, New York, N. Y., 1963,  p 259.  

Contribution from the Chemistry Department, 
Nuclear Research Centre Negev, Beer Sheva, Israel 

~ ~ i ~ ~ ~ ~ b o n  Bonds in Aqueous Solutions. A Pulse Radiolytic Study 

H. COHEN and D. MEYERSTEIN* 

Received February 12, 1974 AIC40096K 

The specific rates of reaction of 16 aliphatic radicals with Cr(H,O),’* were determined. The absorption spectra due to the 
chromium-carbon bonds in the products of these reactions were measured. The specific rates of aquation of these com- 
plexes as a function of pH were determined. The effects of the structure of the aliphatic radicals on these spectra and 
specific rates of reactions are discussed in detail. It is shown that chromium induces water elimination when a 6-hydroxyl 
group is present. 

The products of reaction of a series of carbon free radicals 
with several transition metal complexes in their lower oxida- 
tion states were shown to contain carbon-to-metal bonds.’ 
The specific rates of reaction of several aliphatic radicals with 
C T ( H ~ O ) ~ * +  in aqueous solutions were recently measured, 
using the pulse radiolytic technique.2 It was suggested that 
a major factor in determining the specific rate of this reaction 
is the probability of locating the unpaired electron on a given 
carbon atom. It seemed of interest to check this conclusion 
by measuring the specific rates of reaction of a larger series 
of free radicals with Cr(H20)62+. 

Further it seemed that the pulse radiolytic technique might 
permit observation of the uv spectra of such chromium-carbon 
compounds Cr111(H20)5RH. Because of the experimental 
techniques used in other studies,lbqf the spectra of only 
relatively stable compounds were reported, and for most of 
them, only at h >a00 nm. We hoped that measurement of a 
large series of such compounds would help in elucidating the 
origin of the bands due to the chromium-carbon bonds. 

Finally, it seemed of interest to study the kinetics of the 

(1) (a) F. A. L. Anet and E. Leblanc, J. Amev. Chem. SOC., 79,  
2649 (1957);  (b) J. K. Kochi and D. D. Davis. ibid., 86, 5264 (1964); 
(c) J. K. Kochi and D. Buchanan, ibid., 87, 853 (1965);  (d) R. G. 
Coombes, M.  D. Johnson, and N. Winterton. J.  Chem. SOC. A ,  7029 
(1965); (e) R. G. Coombes and M.  D. Johnson, ibid., 177 (1966); 
(f)  W. Schmidt. J .  H. Swinehart. and H. Taube, J. Amer. Chem. SOC., 
93 ,  1117 (1971);  ( 9 )  T. S. Roche and J .  F. Endicott, ibid., 94,  8622 
(1972);  (h) J .  Halpern and J .  P. Maher, ibid., 87, 5361 (1965); (i) H.  
E. DeLa Mare, J .  K. Kochi, and F. F. Rust, ibid., 85 ,  1437 (1963). 

320 (1972) .  
(2) H. Cohen and D. Meyerstein, 1. Chem. SOC., Chem. Commun., 

cleavage reaction of the chromium-carbon bonds. The data 
available suggest that the mechanism of this reaction is 
heterolytic or homolytic for different chromium-carbon 
 compound^.^^.^ ,3 

Experimental Section 
Materials. All organic solutes used were reagent grade chemicals, 

supplied by Fluka, Merck, or Hopkin Williams, and were used without 
further purifications. The perchloric acid used, 70% HC10, Pro- 
analysis, was supplied by Merck. All the water used was triply 
distilled. 

Chromium(I1) perchlorate solutions were prepared by dissolution 
of Spectrograde chromium metal, Johnson Matthey, in 1.0 M HC10, 
under an argon atmosphere. When solutions at pH >2 were required, 
excess chromium metal was introduced into 0.2 M HC10,. These 
solutions were diluted after no further hydrogen evolution was ob- 
served. The pH’s of the latter solutions were measured under an 
argon atmosphere. The vessel used is shown in Figure 1. The argon 
used was bubbled through a washing bottle containing a concentrated 
Cr(C10,), solution before it entered the reaction vessel. The argon 
was bubbled through the 5/20 ground joint A into the solution while 
stopcock B was closed and stopcock C was open. The solutions thus 
prepared contained (2-100) X 
Craq3+ as determined by the epr technique. 

100-ml all-glass syringes (joined to the preparation vessel at the 
ground joint A) by applying argon pressure through stopcock B 
while stopcock C was closed. Portions of 5-20 ml of these chro- 
mium(I1) solutions were transferred into another 100-ml syringe 
containing a deaerated argon-saturated solution of the required 
organic solute and perchloric acid. These solutions were transferred 
into the irradiation cells. 

M Craq2+ and less than 5% of 

Procedure. The chromium(I1) solutions were transferred into 

(3)  A. R. Schmidt and T. W. Swaddle, J .  Chem. SOC. A ,  1927 
(1 970) .  
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Figure 1. The vessel used for Cr(H,O),*+ preparations. 

Irradiations. The pulse radiolytic experiments were carried out 
using 0.1-1.0-psec, 5-MeV, 200-mA pulses from the linear electron 
accelerator at the Hebrew University of Jerusalem. The dose per 
pulse was (1-10) X 10,' eV 1;'. The irradiation cell was 4 cm long, 
the analyzing light passing three times through the cell. The experi- 
mental setup in Jerusalem and the method used for evaluating the 
results have been described elsewhere in detail.4-6 

The absorption spectra of all the Crm(H,O), RH compounds 
were measured by the pulse radiolytic technique. The absolute 
molar absorption coefficients were determined by assuming that 
the yield of the Crm(H,O), RH formed is equal to the Fe(CN), 3- 

yield formed by an identical pulse in 1 X 
saturated with N,O. The latter yield was determined by measuring 
the absorption at 420 nm where e420 e ( ~ ~ )  3- is 1000 M-' cm-'. 

The rates of formation of the Crg(H, Oj, RH compounds were 
measured at different wavelengths, chosen so that the difference in 
the molar absorption coefficients between the product and the 
radical would be as big as possible. The kinetics of decomposition 
of the chromium-carbon compounds were measured by the pulse 
radiolytic technique only for those compounds which have a half- 
life shorter than 50 sec. 

The y irradiations were carried out using a "Co source with a 
dose rate of 2300 radslmin. The solutions were irradiated in a 4 
cm long spectrophotometric Suprasil cell filled under argon atmo- 
sphere. An identical cell filled with the same solution was used as 
reference. The spectra of the products with half-lives longer than 5 
min were thus determined by using a Cary 17 spectrophotometer. 
The location of the maxima by this method is more accurate than 
by the pulse radiolytic technique. However, the absolute absorption 
coefficients cannot be determined by this technique because of the 
partial decomposition of the compounds before the start of the 
measurements. 

The specific rates of decomposition of the products with a half- 
Jfe longer than 1 min were also determined by using the Cary 17. 

Epr Measurements. Samples irradiated by a total dose of (0.6- 
2) X 10" eV 1:' were transferred under argon into an epr flat quartz 
cell. The measurements were carried out in an X-band Varian 4500 
epr spectrophotometer. 

Analysis. The concentration of Crag2+ in the different solutions 
was determined by atomic absorption. A Perkin-Elmer Model 303 
spectrophotometer was used. Because of the effect of the organic 
solutes on the results, standard amounts of CrW3+ were added to 
portions of each solution. Thus the accuracy of the determinations 
was kept at i5%. 

Temperature. All the experiments were carried out at room 
temperature 22 i 2". 

Results 
Spectroscopic Data. Argon-saturated solutions containing 

0.15-1.OM organic solute, 0.1-1 .0MHC104, and (1-15) X 
M Craq2+ were irradiated by a short electron pulse from 

the linear accelerator. For all the solutes studied the forma- 
tion of a product, with an absorption spectrum in the 250- 
450-nm spectral range, was observed within several micro- 
seconds after the pulse. 

MK,Fe(CN), solutions 

(4) D. Meyerstein and W. A. Mulac, J.  Phys. Chem., 7 2 ,  784 (1968). 
(5) Internal report of the accelerator laboratory, Hebrew Universi- 

(6) H. Cohen and D. Meyerstein, J.  Amer. Chem. SOC., 93, 4179 
ty, Jerusalem, 1968. 

(1971). 
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Figure 2. Absorption spectra of some chromium-carbon com- 
pounds: (a) spectrum of (H,0),CrCH(CH3)OCH,CH,2'; 0 ,  ob- 
tained by irradiation in a 6oCo 7 source; A, obtained by pulse radiol- 
ysis; (b) 0 ,  spectrum of (H20),CrCH(CH3)OH2+ obtained by the 
pulse radiolytic method; A, spectrum of (H, O),CrCH(OH)CO, H2' 
obtained by the pulse radiolytic method; (c) 0 ,  spectrum of (H2- 
O),CrCONH, '+ obtained by pulse radiolysis; A, spectrum of (H2- 
O),CrCH,N(CH,)CONH, ,+ obtained by pulse radiolysis. 

The spectra for all the compounds studied are composed of 
two absorption bands. The first has its maximum, A',,,, in 
the 250-310-nm range with a relatively high molar absorption 
coefficient (450 < elmax < 4000M-' cm-'). The second 
band is much weaker (90 < e2max < 700 M-' cm-'), with a 
maximum in the 390-410-nm range. The second band 
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Table I. Spectral Data for Chromium-Carbon Compounds, (H, O), CrmRHa 

H. Cohen and D. Meyerstein 

Organic soluted :RHe h',,,, nm elmax,M-' cm-' hZma,, nm e Z m a x M - '  cm-' 
CH,OH :CH, OHfgh 282' 2400 392' 570 
CH;CH,OH 
(CH,),CHOH 
CH,CH, OCH, CH, 

CH2 -CH, 
/ \ 

0 0 
\ f 
CH, -CH, 

CH,COBH 
CH, (0H)COOH 
CH,CH(OH)COOH 
CH,CH,COOH 
CH, (COOH), 

HCONH, 
(CHz OH), 

HCON(CH,), 

CB,?HOH~,~ 

CH,CHOCH,CH, f , h  
(CH;j,COHf8j 

CH, -CH, f ,h  
I \ 

0 0 
\ I 
CH-CH, 

:CH,COOH~.~  
:CH(OH)COOH~~ 
CH,C(OH)COOH~,~ 
CH ,CHCOOH~~ 
:CH(COOH), f 
CH, CH(OH), f~ 

:CONH..g 
0 g  

// 
:CH,N(CH,) C, 

296' 
311' 
291c 

<300 

273' 
300 
305 
283' 
290' 

<270 
275 

270 

2800 
2500 
2200 

>I400 

>960b 
1650 
1500 
2260 
>450b 

>2500 
2300 

3700 

3 w  
407' 
390' 

390 

395' 
410 
385 
395' 
400' 
395 
390 

400 

690 
700 
490 

270 

>90b 
180 
230 
160 

300 
210 

300 

>95b 

H 
(CH3)sCOH :CH,C(CH,), OHfsh 4270 >2100b 410 >170b 

310' >530b 410' >170b 
(CH,),CCOOH :CH,C(CH,), COOHfSh <270 >2200b 410 >310b 

256' >1400b 393' >300b 

a All solutions were saturated with Ar and contained 0.15-1 M organic solute, (1-15) X M CrW2+, and 0.001-1.5 M HC10,. Measure- 
ments were made a t  22 i 2". The maximal standard deviation in the molar absorption coefficients is ?15%. hmax was determined by the 
pulse radiolytic technique, with an accuracy +.io nm. b Lower limit for the molar absorption coefficients which could be greater by a factor 
of 2 (see Discussion). C Determined by measuring with a Cary 17 spectrophotometer; accuracy i 2  nm. d Organic solute used from which the 
radicals .RH are formed by H abstraction reactions (see Discussion). e The identity of the radicals formed by hydrogen abstraction from the 
organic solutes is known from the literature. References for the identifications are given in the footnotes. f The site of H abstraction by OH 
radicals was calculated from the relative reactivities of the different H atoms in the molecule (ref 8). g Reference 9. h Only one radical is 
possible. i Reference 10. j Reference 11. k It has been shown that the rate of hydrogen abstraction by H atoms from CH,C(R,)(R,)(R,) 
is nearly independent of the substitution on the p carbon (see ref 11). This rate is <3 X l o 5  for all methyl groups. The specific rates of 
hydrogen abstraction from these compounds by H atoms are >6 X lo6 ,  indicating abstraction from the oi position. See Appendix. 

appears in most cases only as a shoulder on the first band 
(Figure 2), and the measurement of A,, is therefore less 
accurate. 

The absorption spectrum was measured for all the solutes 
studied by the pulse radiolytic technique. Thus the absorp- 
tion maxima were determined with an accuracy of k10 nm. 
The large error limit results from (a) the wide entrance 1.7- 
nm and exit 1 .O-nm slits of the Bausch and Lomb mono- 
chromator used in order to obtain a high light intensity in 
the uv range and (b) experimental errors. The optical density 
was measured in 10- and 5-nm intervals near the maxima. 
The accuracy in the molar absorption coefficients is +15%; 
the error limit here is mainly attributed to the uncertainty 
in the exact yield of the radicals which are the precursors of 
our products. The yields are relatively accurately known 
only for dilute solutions.' 

In order to  obtain better spectroscopic data, the absorp- 
tion spectra of all the products with half-lives longer than 5 
min were measured also on a Cary 17 spectrophotometer. 
For all these solutions very good agreement between the 
spectra measured by both techniques was found (see for 
example Figure 2a). The absorption maxima obtained by 
the Cary 17 have an error limit of F2 nm. All the spectro- 
scopic data are summarized in Table I.*-" Some typical 
spectra are shown in Figure 2 .  For the solutions containing 
tert-butyl alcohol or trimethylacetic acid, the absorption 
spectra of the products changed with time. Therefore two 

(7) M. Matheson and L. M. Dorfman, "Pulse Radiolysis," Massa- 

(8) M. Anbar, D. Meyerstein, and P. Neta, J.  Chem. SOC. B, 742 

(9) E. Hayon, T. Ibata, N. N. Lichtin, and M. Simic, J. Amer. 

chusetts Institute of Technology Press, Cambridge, Mass., 1969. 

(1966). 

sets of spectral data are given for these compounds, one for 
the relatively short-lived intermediate and one for the long- 
lived product. 

QCH2CH3 can be compared with those earlier reported.lf 
The locations of A',, are identical in both studies. The 
agreement for the molar absorption coefficients is poorer. 
We find E',= 490 * 75 IM-' cm-' as compared with E',, 
>360 M-' cm-' . It is believed that the difference is the 
result of partial decomposition of the product during the 
separation on the cation-exchange column.'f All the other 
spectral data reported are new. 

rates of reaction of the aliphatic radicals with Cr(H2Q)62+, 
k 5 ,  were measured by following the formation of the absorp- 
tion due to chromium-carbon bonds. In all cases pseudo- 
first-order reactions were observed. At least ten solutions 
with different Cr(H20)62+ concentrations from three different 
Cr(H2Q)62+ preparations were used for the determination of 
each rate constant, The results are summarized in Tables 
1112-19 and 111. No dependence of the rate constants on 
H,Of concentration was observed. 

The spectroscopic data obtained for Cri11(H2Q)5CH(CH3)- 

Kinetics of Formation of @r"I(H20), 

(12) H. Zeldes and R. Livingston, J.  Chem. Phys., 45,  1?46 (1966). 
(13) T. Shiga, A. B. Boukhors, and P. Douzou, J. Phys. Chem., 1 1 ,  

(14) K. Eiben and R. W. Fessenden,J. Phys. Chem., 75, 1186 
3559 (1967). 

(1971). 

Chem..Soc., 92 ,  3898 (1970). 
(10) C. Lifshitz and 6. Stein, J.  Chem. SOC., 3706 (1962). 
(11) M. Anbar and D. Meyerstein, J. Phys. Chem., 68,  3184 (1964). (1963). 

' 

SOC. B, 849 (1966). 
(15) A. L. Buley, R. 0. C. Norman, and R. J .  Pritchett, J. Chem. 

(16) A. J .  Dobbs, B. C. Gilbert, and R. 0. C. Norman, J. Chem. 
SOC. A ,  125 (1971). 

(1971). 

(1 9 66). 

(17) G. P. Laroff and R. W. Fessenden, J. Chem. Phys., 55, 5000 

(18) R. Livingston and H. Zeldes,J. Amer. Chem. Soc., 88, 4333 

(19) W. T. Dixon and R. 0. C. Norman, J. Chem. SOC., 31 19 
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Table 11. Specific Rates of Reaction for the Formation and Decomposition of (H,0),CrRH2+ Compoundsa 
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*RH k,,M-' sec-' k'h, sec-' k2h, M-' sec-' aHa 
.CH,OH 1.6 X lo8 7 x 1 0 - ~  b 3.2 x 10-4 b 17.6 

19.0 
15.4 *CH(OH)CH, OHC 1.5 X lo8 

CH,CHOH 7.9 x 107 1.9 x 1 0 - ~  1 . 2 ~  1 0 - ~  15.4 

CH,CHOCH, CH, 3.4 x io7  $5 x 1 0 - ~  3.8 x i o - ,  13.8 
diox. 1.0 x lo8 $2 x 10-2 f 4.8 X lo - '  17.2 
CH,COOH 2.5 X 10' 2.6 x 10-5 $1.6 X lo-' 21.8 
CH(0H)COOH 1.4 X l o 8  1 .o $0.1 14.1Ie 
CH,C(OH)COOH 9.2 X 10' 4.7 x 10, 2.8 X 10' 
CH3CHCOOH 1.1 x 10' 2.0 x 10-3 4 3 x  10-4 20.18 
-CH(COOH), 6.0 x 107 1.8 x 10-4 5.3 x 10-4 20.44 
CH,C(CH3), OH 1.0 x lo8 1.0 x 10, f 1.1 x 103 21.3 

.CH,C(CH,),COOH 1.1 x lo8 1.8 X 10' f 6.0 X 10' 

1.8fgg 2.2 x 10, g *CH,CHOC 3.5 x lo8 

(CH;),COH 5.1 x 107 3.3 x 1 0 - ~  4.7 x 1 0 - ~  

1.4 x 10-4 

7.8 x 10-4 

3.9 x 10-4 

1.8 x 10-4 

a All solutions were saturated with argon and contained 0.15-1 Morganic solute, (1-15) X MCrw2+, and 0.1-1 M HCl0,. The organic 
radicals which reacted with the Crw2+ to  form the chromium-carbon compounds were generated either by the pulse radiolytic technique or 
by 7 irradiation in a "Co source. Rates of hydrolysis were determined by following the disappearance of the absorption of the chromium- 
carbon compounds at AImax. The organic solutes used are identical with those in Table I. The sources for the identification of the radicals 
are given in Table I. b Values taken from ref If. C Organic solute is ethylene glycol. For identification of the radical see Appendix. 
d Hyperfine constants for the epr splitting by the a hydrogens; values taken from ref 12-19. e Value for the dianion. f Values measured at 
4.5 > pH > 3.0. g The :RH group in the complex is believed to be :CH,CH(OH), ; see Appendix. 

0.66 
0.83 
1.2 

0.25 
0.33 

Kinetics of Hydrolysis of CrUr(HzO),RH. The kinetics 
of the disappearance of the absorption due to the chro- 
mium-carbon bonds was always first order. For most of the 
reactions it was found that the observed rate constant kh&d 
depends on the H30 t  concentration in the manner 

(see for example Figure 3). Therefore, we have measured 
kh&d at different H30+ concentrations and calculated, from 
the results, k'h and k2h. The results are summarized in 
Tables I1 and 111. 

It should be noted that the disappearance of the absorp- 
tion caused by the products in solutions containing tert-butyl 
alcohol or trimethylacetic acid indicated two separate steps, 
each obeying a first-order law. Therefore two sets of data are 
included in Table 11 for these compounds. 

(=O)NHz and (Hz0)sCr111CH2N(CH3)CH0 also obeyed a 
first-order rate law, but another dependence on the H30C 
concentration added to the solution was observed. These 
data are summarized in Table 111. 

No effect of Cr(Hz0)62+ concentration (which was changed 
by a factor of more than 5) on khobsd was observed for any of 
the reactions studied. 

The disappearance of the absorption due to (H20)5Cr111C- 

Epr Data. Argon-saturated solutions containing 1 .OM CH3- 
C02H, 1 .OM HC104, and approximately 1 .O X 
(Hz0)62+ were irradiated by about 1 X lozo eV I.-'. When 
the epr spectra of these solutions were measured immediately 
after the pulse, a small signal due to Craq3' was observed. 
However, with time, the intensity of this signal increased 
considerably. The specific rate of the increase of this signal 
was identical (within the limited experimental accuracy) 
with kh&sd obtained by the spectrophotometric method, 

Discussion 

and dilute solutions7 may be summarized by 

H,O -& OH, H, em-, H, o,, H,O+, OH- 

The yields of these primary products in dilute aqueous solu- 
tions are known. They are GoH = 2.65, C, = 0.60, Gead = 
2.65, &, = 0.45, and GHzO, = 0.75, where "G value" is the 
number of product molecules formed per 100 eV absorbed 
by the solution. In concentrated solutions, the yield of the 
radicals produced is often somewhat lar er whereas the yield 

M Cr- 

khobsd = 2.6 x lo-' Sec-l. 

The primary processes occurring during radiolysis of water 

(15 
Y e- 

of the "molecular" products is smaller. P 
In acidic solutions the hydrated electrons react as 

em- + H,O+ -+ H k ,  = 2 x loLo M-' sec-' 

Both hydrogen atoms and hydroxyl radicals react with 
saturated aliphatic solutes' according to 
RH, + H/OH +- RH. + H,/H,O (3) 

The major site of attack is usually CY to a functional group 
such as hydroxyl, carboxyl, or etheric 0xygen.8.'~-'~ The 
specific rates of reaction of aliphatic solutes with OH radicals 
exceed 1 X lo' M-l  sec-';' and with H atoms, they are 
higher than 1 X 10' M-' sec-'?' Therefore under our 
experimental conditions all primary radicals were transformed 
into aliphatic radicals by means of reaction 3. Only for the 
solutions of tert-butyl alcohol, trimethylacetic acid, acetic 
acid, and malonic acid, which react most slowly with Ha:* 

(2) 

( 2 0 )  M. Anbar and P. Neta, Int. J. App l .  Radiat. Isotop., 18, 493 
(1967). 
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molar absorption coefficients to be observed by the technique 
used, c g . ,  (CH,),CO). The Craq2+ concentrations were chosen 
so that more than 95% of the radicals formed react as 

RH. t Cr(H,0),2' -+ (H,O),CrmRH 

and not by dimerizatjon or disproportionation 
2RH. 4 BRRH or RH, -k R 

complexes containing a u carbon-to-metal bond by the follow- 
ing criteria. (a> All the products have similar absorption 
spectra composed of two bands. The band with the maxi- 
mum at 390-410 nm is typical for chromium-carbon CJ 

bondslf (a third very weak band around 550-600 nrnlf was 
observed for the relatively stable products by long irradiation 
in the y source). (b) The specific rates of decomposition of 
most products are many orders of magnitude greater than 
those for common ligand-exchange reactions of C K ( ~ I I ) . ~ ~  

All the products studied which contain a chromium-carbon 
bond have an absorption spectrum consisting of three bands 
within the spectral range studied. The data gathered in this 
study concern only the two bands in the near-uv region 
because the band in the visible region is too weals to be 
studied effectively by the pulse radiolytic technique. 

The two bands (Table I> are due to  different types of 
transitions. This conclusion is drawn from the effect of 
the nature of -RH on the location of the absorption maxima 
of (HzO)5CrM2'. Thus A',, is strongly affected by the 

pounds studied or AIrn, = 102 i 10 kcal/mol. On the other 
hand we have 390 nm < AZma < 410 nm or = 71.4 :i 
1.8 kcal/mol for the same compounds. 

substituted benzylchromium complexes have been attributed 
to charge-transfer transitions from the ligan 
mium.Ib The large effect of the nature of 
suggests that this band results from a charge-transfer transi- 
tion. This assignment is in agreement with the relatively 
high molar absorption coefficients for this band. This 
assignment is also in accord with the observation that both 
electron-withdrawing groups (e.g., Br,23 I,23 COzH) 
and electron-donating groups, e.g., CH3, cause a red shift 
of Alma.  Thus for all the compounds studied A',= > 
X',,(Cr(H20)5CH32+).24 It is reasonable that the optical 
electronegativity of all the CH2R groups will be lower than 
that of CH3. Thus A',, increases, as expected, along the 
following series: (1) CH3, CH,Cl, CI-lCI,, CM2Br, CHBr,, 
and CH21;23 (2) CH,OH, CHOH(CH3), and CQIT(CH,),; 
(3) CH2C02B and CWCH3(C02H); (4) CHzCQ2H and CH- 
(COzH),; (5) CHzC02H, CHzQH, CHOH(CQ,H), and 
COHCH3(COzH). It is suggested that the bands around 
360 nm for the substituted benzyl comp1exeslb and around 
320 nm for the substituted pyridinornethyl complexesId 
occur because of charge-transfer transitions. The optical 
electronegativities of these ligands are expected t o  be lower 
than those of the saturated aliphatic ligands. 

It is of interest to note that X1,, for all the alkyl com- 
pounds studied is similar to a',= for Cr(NH3)512+,25 290 

(5  ) 

(6) 

The products of reaction 5 were identified as chromium 

Absorption spectra due to ~ ~ r ~ ~ ~ ~ ~ ~ ~ r  

: 256 nm <X',, < 310 nm for the com- 

The uv absorption bands of ( 

I 
0 0.2 0.4 0.6 mUM 0.8 1.0 

3.0 I 

Figure 3. pH dependence of the rate of decomposition of chro- 
mium-carbon compounds: (a) (B,O),CrC(OH)(CH,)COOH~+; (b) 
(H,O),CrCH,CH(OH), . The full dots represent conditions where 

* CH,CHO reacted with Crwz+, whereas the open circles represent 
conditions where CH(OH)CH, OH reacted with Crwz+. 

did a major part of the latter disappear through" 

H + Crw2+ products (4 ) 

and not by means of reaction 3. If this is the case, the 
reported molar absorption coefficients in the presence of 
these solutes should be considered lower limits. (The correct 
values might be larger by a factor of 2 . )  We could not check 
this point by a further increase in the concentration of the 
organic solute because an increase might affect the primary 
radical yields. 

The structure of the organic radicals formed by reaction 3 
is known, mainly from epr  measurement^.^^'^-^^ The disap- 
pearance reactions of these radicals in the absence of Craq2+ 
were found to obey second-order kinetics with specific rates 
approaching the diffusion-controlled limit. The products of 
these dimerization or disproportionation reactions do not 
absorb in the spectral range studied (or they have too small 

(21)  H. Cohen and U. Meyerstein, J. Chem. SOC., Dalton Trans., 
in press. 

(22) F .  Basolo and R. G. Pearson, "Mechanism of Inorganic 

(23) D. Dodd and M. D. Johnson, J. Chem. SOC. A ,  34 (1968). 
(24) M.  Acdon, K. Woolmington, and A. Pernick, Inoup. Chem.. 

(25)  M. Linhard and M.  Weigel, Z .  Anorg. Allg. Chem., 266 ,  4 

Reactions," Wiley, New York, N. Y., 1967. 

10, 2812 (1971). 

(1 95 1) .  
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nm, and to A',,, expected for Cr(H20)512+. The uv spectrum 
of the latter compound features a shoulder at 306 nm with 
E 21 15 M-' cm-' and a peak at 260 nm with E 5740 

M - 1  cm-l,26 Furthermore X' for bis(ethy1enediamine)- 
chromium alkyl compounds in ethanol is also around 300 

negativities for most of the alkyl derivatives studied are 
somewhat larger than those of I-. The latter conclusion is 
in agreement with other observations." 

The location of the peak of the second band, X2,=, is 
only slightly affected by the nature of -RH, and the molar 
absorption coefficients of most of the compounds studied 
are relatively low. (The coefficients caused by the second 
band are considerably smaller than those observed because 
of the partial overlap with the intense uv band, Figure 2 . )  
We assign this band to a d-d transition. The intensity of 
this band is much higher than those of most d-d transitions. 
This observation might be explained by the relatively large 
covalent nature of the chromium-carbon bond or by the 
interaction between the d-d transition and the charge- 
transfer state. The corresponding transition is not observed 
for the benzylchromium'b and pyridinomethylchromium 
complexes.ld This could be explained by the large red 
shift of the charge-transfer band which thus overlaps the 
weaker d-d bands. 

Specific Rates of Reaction of Aliphatic Radicals with 
Cr(H20)62+. The reactions of the aliphatic radicals with 
Cr(H20)62+, reaction 5 ,  might be considered formally as a 
redox process. In these reactions the organic radical oxidizes 
the metal cation. This is evident because reaction 5 is fol- 
lowed by the hydrolysis reaction 
(H,O),CrmRH + H,O t H,O'--* Cr(H,0),3' t RH, + H,O 

Thus many of the radicals which are known to be strong 
reducing agents?' e.g., CHOHCH20H, CH20H, CH3CHOH, 

CH3, and 

Thus the spectra suggest that the optical electro- 

( 7 )  

(CH3)2COH, CH(OH)C02H, CH3C(OH)C02H, CH3CHOCH2- 

,CH, -CH, 
\ 

\ I 
.CH-CH, 

0 0 (diox.) 

react as oxidizing agents in reaction 5 .  The polarographic 
half-wave potentials for the reduction of several of these 
radicals have been reported.29a From the latter it would 
seem that none of the radicals should be capable of oxidizing 
Cr(H20)62+. It must therefore be concluded that the mea- 
sured polarographic half-wave potentials stem from large 
overpotentials. The mechanism of oxidation of transition 
metal complexes by aliphatic radicals seems to be similar 
in its nature to the oxidation of several cations by hydrogen 
atoms 
Mnt + H --z (M-H)n' ( 8 )  

which is followed by 

(M-H)n' + H,O' --+ M("")+ + H, (9) 

Inorganic Chemistry, Vol. 13, No. 10, 1974 2439 

The latter reaction has been reported for Fe(H20)62+?0 
Tiaq3+,3' and Cr(H20)62+?1 

(26) T. W. Swaddle and E. L. King,Znorg. Chem., 4, 532 (1965). 
(27) J. K. Kochi and J. W. Powers, J. Amer. Chem. SOC., 92, 137 

(28) C. K. Jorgensen,Progr. Inorg. Chem., 12, 101 (1970). 
(29) (a) J. Lilie, G. Beck, and A. Henglein, Ber. Bunsenges. Phys. 

Chem., 7 5 ,  458 (1971); (b) H. Cohen and D. Meyerstein, J. Amer. 
Chem. SOC., 94, 6944 (1972). 

(1 970). 

The oxidation of transition metal complexes by aliphatic 
radicals has been demonstrated for a series of aquo ions. The 
order of reactivity has been shown to follow the redox prop- 
erties of these cations: Craq2+ > Tiaq3+ > Feaq2"." Further- 
more similar reactions were demonstrated for C O ( C N ) ~ ~ -  lh 

and for a series of other cobalt complexes used as models for 
vitamin However the effect of the detailed structure 
of the radicals on the specific rates of these reactions has not 
been studied. Three major factors might influence these 
specific reaction rates with a given cation. (a) Steric hin- 
drance by groups bound to the reacting carbon atom might 
lower the specific rates of reaction. (b) Reaction 5 might 
be considered a combination of two radicals to form a u 
bond. Its specific rate of reaction is therefore expected 
to vary directly with the probability that the unpaired electron 
will be located on the reacting carbon. (c) Because the u 
bond that is formed contains an eg electron of the chro- 
mium atom, the location of the unpaired electron in a non- 
bonding p orbital rather than in a resonance-stabilized rr 
system would favor reaction because of symmetry considera- 
tions. 

We shall now analyze the contribution of each of these 
factors to the measured specific rates of reaction, Tables I1 
and 111. Such an analysis seems justified because the specific 
rates of reactions, although high, are not diffusion controlled. 
Therefore structural effects on the reaction rates are expected 
to be significant, though rather small. 

The results indicate that steric factors have only a minor 
effect if any, on the specific rates of reaction of these organic 
radicals with Cr(H20)62+. Thus it is found that ~ C H O H C H ,  oH 

kCH, CHOH whereas steric factors would require the reverse 
order of reactivities for these examples. However, because it 
is difficult to envisage factors involving electronic configura- 
tions (see below) which will cause k.CH, co, H ,  k.CH,OH > 
k CH,C(OH)(CH,), ~H,c(co,H)(CH,), it is possible that steric 
hindrance affects the latter specific rates of reaction. 

The results clearly point out that substitution of an a 
hydrogen by the electron-donating methyl group decreases 
the specific rates of reaction, k, ,  whereas substitution by the 
electron-withdrawing group, CH20R, increases these rates. 
Thus the order of reactivities is as follows: (1) .CH20H > 
COzH, (3) CH(OH)C02H > .C(CH3)(OH)C02H, and (4) 
diox- > CH3CHOCH2CH3. It has been suggested3' that 
electron-donating groups decrease the probability that the 
unpaired electron is located on the reacting carbon atom by 
increasing the spin density on the cr-hydroxyl or carbonyl 
groups. Electron-withdrawing groups are expected to induce 
the opposite effect. The present data are therefore in 
agreement with our earlier conclusions? based on only a few 
rate constants, that a major factor influencing the specific 
rates of reaction of Cr(H20)62+ with aliphatic radicals is the 
probability of locating the unpaired electron on the reacting 
carbon atom. However the suggested simple correlation of 
the specific rates of reaction with the value of the hyperfine 
constants for the epr splitting by the 01 hydrogens, aH,, does 

- k.CH,OH, kdiox.> kCH,qHOCH,CH3 1 and kCH,c(OH)CO,H > 

'CH(CH3)OH 3 C(CH3)20H, (2) ,CHiC02H > CH(CH3)- 

(30) (a) G. Czapski, J. Jortner, and G. Stein, J. Phys. Chem., 65, 
960 (1961); (b) H. A. Schwarz, ibid., 67, 2827 (1963); (c) G. G. 
Jayson, J .  P. Keene, D. A. Stirling, and A. J .  Swallow, Tram. Faraday 
SOC., 2453 (1969). 

(31) D. Behar, A. Samuni, and R. W. Fessenden, submitted for 
publication in J. Phys. Chem. (We thank Dr. A. Samuni for com- 
municating his results prior t o  publication.) 

(32) (a) D. Asmus, A. Henglein, A. Wigger, and G. Beck, Ber. 
Bunsenges. Phys. Chem., 7 0 ,  756 (1966); (b) M. Simic, P. Neta, and 
E. Hayon, J. Phys. Chem., 73, 3794 (1969); 73, 4214 (1969). 



2440 Inorganic Chemistry, Vol. 13, No. 10, 1974 

not hold for the present data. (Thus the latter splittings for 
,CH2C02H and .CH(C02H), are 21.8 and 20.44 G, respective- 
ly; these values are considerably higher than those observed 
for all the alcohol and ether radicals? Table 11.) This observa- 
tion is not too astonishing because it is well known that the 
electron spin densities on the a carbon are not linearly cor- 
related to the a-hydrogen splittings. Therefore the only 
correlations that can be expected between the epr splittings 
and the measured specific rate constants are those within a 
given group of very similar radicals, e.g., a-alcohol, a-ether, 
and a-carboxyl radicals. These expectations are in agreement 
with the experimental results (Table 11). 

The results are inconclusive with respect to  the effect of 
a-carboxyl and a-hydroxyl groups on the reactivity of 
aliphatic radicals toward Cr(H20)62+. This question could 
be answered by measuring the rate of reaction of methyl 
radicals with CT(H~O)~'+. The solubility of methane is too 
low for measuring this rate under our experimental condi- 
tions. We hoped that the specific rates of .CH2C(CH3)20H 
and CH2C(CH&C02H would be similar to those of methyl 
radicals. The observed rates are lower than those for .CH2- 
COzH and .CH20H, the reverse of the order expected from 
the probabilities of location of the unpaired electron on the 
carbon atom. This observation might be explained, as stated 
above: by steric factors. 

The correlation between the probability of the unpaired 
electron being located on the reacting carbon atom and the 
specific rate of reaction of the radical could be explained by 
arguing that (a) the reactivity of the radicals is correlated 
to the spin density on the carbon atom or (b) a lower spin 
density on the carbon atom indicates a larger n character of 
the orbital in which the unpaired electron is located29b thus 
decreasing the reactivity toward CT(H~O)~'+ (where the 
reacting electron is in an eg orbital) because of poor overlap. 
Due to the expected parallelism between these effects it is 
impossible to study their relative importance by measuring 
the specific rates of reaction of a series of radicals with a 
given metal cation. Similar reactions with Tiaq3* and Fe- 
(H20)62+ have been reported r e ~ e n t l y . ~ '  Because of the 
low reactivities of these cations toward aliphatic radicals, 
the pulse radiolytic technique is not applicable for measuring 
the absolute rates of these reactions. However it was shown 
that ~.cH(co,H), + Tiaq3+ > ~ . C H , C O , H +  Tiaq3+ and the results 
also indicate that k . C H p  H+Fe(H,0),2+ > 
k .CH(CO,H) ,  +Fe(~,0),2+~31' Thus it seems that this pair of 
radicals has the same order of reactivities toward C r ( H ~ 0 ) 6 ~ +  
and Fe(Hz0)62+ and the opposite order toward Tiaq3+. The 
electronic configurations of these three cations are t22 e%', 
t2g4eg2, and tZgl ,  respectively. It is reasonable to  assume 
that an eg electron participates in the reactions with Cr(H2- 
0)6'+ and F ~ ( H z O ) ~ ~ +  whereas a tZg electron participates in 
the reactions with Tiaq3+. Therefore, though the experimental 
data are limited, it is tempting to argue that the symmetry 
character of the orbital in which the unpaired electron is 
located affects the rates of oxidation of transition metal 
cations by aliphatic radicals. Thus we speculate that for a 
series of similar radicals the reactivity toward cations with a 
reactive eg electron is expected to decrease with an increase 
in the n character of the orbital in which the unpaired electron 
is located. The opposite order is expected toward cations 
with a reactive tzg electron. The measurement of the specific 
rates of reaction of a series of radicals with other transition 
metal complexes should clarify this point. 

Mechanism of Hydrolysis of the Chromium-Carbon Bonds. 
In principle there exist three basic mechanisms for the c1ea.v- 
age of chromium-carbon bonds: (a) a homolytic process 

H. Cohen and D. Meyerstein 

yielding a Cr(II> derivative. (b) a heterolytic process leaving 
the metal in the formal Cr(II1) oxidation state, and (c) a 
heterolytic process leaving the metal in the formal Cr(1) 
oxidation state. The last mechanism has been suggested 
for the cleavage of some cobalt-carbon bonds.33 However 
this mechanism seems highly unlikely for aquochromium 
cations and has not been observed for any of the chromium- 
carbon compounds so far studied. The homolytic mechanism 
has been reported for the aquation of the pentaaquopyridino- 
methylchromiuni complex in acidic solutions.'e33 The 
reported mechanism of aquation of all other chromium- 
carbon compounds is the heterolytic process1C3f 

The distinction between the homolytic and heterolytic 
mechanisms is based on two types of experimental data. (a) 
A homolytic mechanism requires a rate law which is second 
order in the chromium-carbon compound and minus second 
order in Cr(Hz0)62+,34 On the other hand a heterolytic 
mechanism requires a rate law which is first order in the 
chromium-carbon compound and independent of the Cr- 
(PB20)62i concentration. All the compounds described in 
the present study obeyed a rate law of the latter kind. (b) 
The products of a homolytic decomposition process are 
expected to contain dimers of the organic radical, HRRH, 
whereas in the heterolytic process the only organic products 
expected are the reduced organic radicals RF.12. In the present 
study we did not analyze the products because of the very 
low concentrations obt,ained by the radiolytic  technique^.^' 
However it has been shown for CrCHzOH2+ and CrCH32+,1f*24 
that the only products are CH30H and CH4, respectively. 
(It is known that both .CH20H and .CH3 radicals, as well as 
most other radicals studied, disappear via a dimerization reac- 
tion.) There is no reason to assume that the aquation of the 
other compounds studied proceeds by a different mechanism. 
Therefore because the rate laws observed indicate a heterolytic 
process, we conclude that that is the mechanism of aquation 
of the @ r W 2 *  compounds studied in acidic solutions. 

It should be pointed out that no correlation is found 
between the specific rates of reactions of the radicals with 
Cr(H20)62+ and the specific rates of hydrolysis of the prod- 
ucts. Thus, for example, the specific rates of reaction of 
.CH20H and .@H(OH)C02H with Cr(H20)62+ are identical 
within the error limit ~ whereas the specific rates of hydrolysis 
of the corresponding complexes differ by more than three 
orders of magnitude. 

When we compare the simplest ligands studied, it is seen 

(33) G. Costa, J.  Puve A p p l .  Chem., 384, 335 (1972). 
(34) For a homolytic mechanism 

k2 
2R. --+ products 

under the experimental conditions, where k-, [Cr"] >> k ,  [ R.], the 
observed rate law should be 

-d[CrR2+] k,k,' [CrR2+J2 -----=2-- 
dt k-,' [Cr2+]2 

(35) In order to eliminate the possibility of reaction of free 
radicals with the chromium-carbon compounds the concentration 
of the latter has to be maintained below 5% of the initial Craq2+ and 
organic solute concentrations. 
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that the specific rates of hydrolysis decrease along the series 
:CH20H > :CH31f > :CH2C02H > :CH(CH3)0CH2CH3. The 
relatively high reactivity of the :CH20H complex has been 
attributed to  the hydroxyl group, which enables through 
hydrogen bonding the formation of the activated complex 
I.lf The low reactivity of the diethyl ether ligand has been 

Inorganic Chemistry, Vol. 13, No. 10, 1974 2441 

I 

attributed to the lack of a hydroxyl group and to steric 
factors.lf The low reactivity of the :CH2CO2H ligand seems 
to be ascribed with its electron-withdrawing properties and 
the larger distance between its oxygen atoms and the reac- 
tive chromium-carbon bond; thus, a water molecule bound 
by hydrogen bonds to the carboxylic group is too far from 
the metal-carbon bond. The stabilizing effect of electron- 
withdrawing groups is in agreement with the relative stability 
of (Hz0)5CrCH2XZ+ and (H20)5CrCHX22+, where X is a 
halogen atom.23 It has also been shown that when methyl, 
an electron-donating roup, is the substituent, the rate of 
hydrolysis increases." This finding, which is in accord with 
our results, can be seen by comparing the couples :CH(CH3)- 
C02H, :CH2C02H and :CH(OH)C02H, :C(CH3)(0H)C02H. 
These effects of electron-withdrawing and electron-donating 
groups are consistent with the suggestion'f that the mech- 
anism of aquation requires a proton to  be associated with 
the bound carbon prior to the dissociation to the carbon- 
metal bond ,36 

However it is evident from the results that other factors 
have large effects on the rate of hydrolysis. Thus a CH20R 
group is an electron-withdrawing substituent, but it causes 
an enormous enhancement of the rates of aquation. (Com- 
pare :CH(CH3)OCH2CH3'f with diox:). Similar high rates 
of hydrolysis are observed for the derivatives of &-hydroxy 
acids and of :CHzCH(OH)z. Thus the rates of aquation of 
the complexes of :CH(OH)C02H and :C(CH3)(0H)C02H are 
much higher than those of :CH20H, :CH2C02H and :CH- 
(CH3)OH, :CH(CH3)C02H, respectively. It is suggested 
that the specific rates of aquation of the ligands with two 
functional groups containing oxygen atoms (e.g., OH, C 0 2 -  
H, or OR) result from hydration of the ligand in the transi- 
tion state. For all these ligands the distance between the 
oxygen atoms in the two groups is such that it could stabilize 
an H 2 0  or H30* group bound to both groups by hydrogen 
bonds. It is therefore of interest to note that both the 
H30+ -dependent and H30' -independent rate constants 
are enhanced for these complexes. For :CH(C02H)? as a 

(36) After this paper had been submitted for publication, J .  H. 
Espenson and D. A. Williams, J.  Amer. Chem. SOC., 94, 1008 (1974), 
reported that the products of the cleavage reaction of alkylchromium 
cations with bromine are C T ( H ~ O ) ~ ~ *  and alkyl bromides. They 
interpreted these results in terms of an SEZ mechanism with an  open 
transition state 

Br-Br 
I /  I I /  I 

-0- - -C( 
/ I  I /I / \ 

or -Cr- - -C- - -Br-Br 

It is plausible that the hydrolysis reactions reported in the present 
study proceed via a similar mechanism. The effects of electron- 
donating or withdrawing substituents on the carbon atom, as well 
as of hydration of the ligand for this mechanism, are expected to 
be similar to those discussed in the text. 

ligand where the oxygen-oxygen distance is larger, no such 
enhancement of the specific rates of aquation is observed. 
It has been suggested that the low rates of aquation of the 
diethyl ether derivative stem from steric factors and its 
hydrophobic character.lf The high rate for the dioxane 
derivative suggests that the steric effects are less significant 
than those caused by the hydration of the ligand. 

The high rates of aquation of the complexes of :C(=O)- 
NH2 and :CH2N(CH3)C(=O)H might be explained both by 
strong hydration and by the electron-donating properties 
of the adjacent nitrogen atom. The complicated dependence 
of the rates on the [H30+] added (Table 111) is believed to be 
due to the equilibrium 

(H,O),CrCONH,*+ + H,O+", (H,0),CrCONH33f + H,O 

and 

(12) 

02* 
// 

\ 
(H,O),CrCH,N(CH,)C + H 3 0 +  2 

H 
03+ 

// 

\ 
(H,O),CrCH,NH(CH,)C + H,O 

H 

In conclusion, it seems that of the several factors influencing 
the specific rates of aquation of the C X ( H ~ O ) ~ R H ~ '  com- 
plexes, a major factor is apparently the degree of hydration of 
the ligand. In this respect the hydrogen bonding of H30+ to 
the ligand is included in the term "hydration." A second 
important factor seems to be the nature of substituents on 
the carbon atom bound to the chromium. For ligands with 
similar hydration, electron-withdrawing substituents decrease 
the specific rates of aquation and electron-donating sub- 
stituents enhance them. Finally steric factors could have 
some effect on the specific rates, but these effects seem to 
be minor, relative to the other factors. 

Rearrangements in the ChromiumCarbon Compounds. 
For the complex (H20)5CrCHzC(CH3)20H2+ two separate 
first-order processes were observed after the formation of 
the complex. In this complex an OH group exists in a 0 
position to the chromium carbon bond. It is known that 
chromium catalyzes an HX elimination reaction when X is a 
good leaving group, e.g., Br-.37 The hydroxyl group 1s also 
such a group and the observation that (Hz0)5CrCH(OH)- 
CHzOH is transformed into (HZO)~C~CH~CH(OH)~  with 
k 2 5 X lo5 sec-' at pH <4.0 (appendix) is in accord with 
the mechanism 

(H20) ,p= 7 H;O' Wio),Ym 7 
I 1  I 1  

H OH H OH: 

HO -C -c-H T--J HO-C-C-H -+ 

(H,O)s~;m ,H - HO (H,O),Crm I 
HO-CL:"C + HO-C-C 

I \ I I \  
H H H H H  

(13) 
OH- ' 

This mechanism has been proposed for the parallel reaction 
with a vitamin B12 Co(II1) analogs3' It is suggested that the 
first reaction observed for the (Hz0)5CrCH2C(OH)(CH3)221 
complex is shown in eq 14. 

(37) (a) D. M.  Singleton and J.  K. Kochi, J .  Amer. Chem. SOC., 
89, 6547 (1967); (b) J. K. Kochi and D. M. Singleton, ibid., 90, 
1582 (1968). 

1686 (1973). 
(38) R. B. Silverman and D. Dolphin, J.  Amer. Chem. SOC., 95, 
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Table IV. Specific Rates of Reaction of Radicals Produced from 
Ethylene Glycol with Cr(H20)62+ a 

10-sk.RHtCr(H2 Q),", r ~ , o + i .  M M-' sec 

THj O+ (H,O),T* ( 7 3  

H-6-C-CH, & H-C-C-CH, 4 
1 1  I 1  

H OH H OH,' 

(H,0)5,C{m,CH, (H20),Crm \ ,CH3 

/c=c\ Or 

H-C-C (14) 

H L & 2 C  4 
I \ 

H CH, H CH, 
(H20)5Crm CH, 

\ / /  

I \  

H CH, 

This mechanism is in accord with the strong H30+ catalysis 
observed. We cannot prove which of the two products is 
formed though we prefer the vinylic product because the uv 
absorption peak is shifted to  the red (Alma 310 nm), which 
indicates a low optical electronegativity and a parallel mech- 
anjsm with the ethylene glycol compound. The product 
must contain a chromium-carbon bond because the absorp- 
tion spectrum around 400 nm is not affected by this reac- 
tion. It is reasonable to  assume that similar products are 
formed also in all other chromium-catalyzed trans f l  elimina- 
tions.37,39 

The mechanism of decomposition of the (H20)&CH2- 
(C82H)(CH3)2 involves also two consecutive reactions 
(Table 11). However the spectrum of the product of the 
first reaction in this case is similar to  that of the :CH3 com- 
p l e ~ . ~ ~  Furthermore the rate of this reaction is independent 
of [H3Q'], and decarboxylation is not expected because 
CQ2H is not a good leaving group and because the product 
of such a reaction has to be identical with that of the latter 
case. One plausible reaction causing the observed optical 
change might be 

CO,H '+ FH3 '+ 
I 

I I 
CH3 

(H,Q),CrCH,C---CH, + (H,O),Cr-CH,-C-CH, + 

\,---+ 0 
H, 0 (15) 

It is clear that other similar reactions must be discovered 
before the latter mechanism can be proved or disproved. 
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The radical CH(QH)CH20H is known to lose a water 
molecule via an acid-catalyzed process4' 

K16 k HOCK,~HOH + H+ e +H2 OCH,CHOH -% *CH, CHO + 
H,O+ (16) 

(39) After this paper had been submitted for publication K. M. 
Bansal, A. Henglein, E. Janata, and R. M. Sellers, Be?. Bunsenges. 
Phys Chem., 77, 1139 (1973), reported that the reduction of 
.CH, C(CH,), OH radicals b y  polarographicy or by Nit produces 
CH2=Z(CH3), . It has been pointed out that this process is acid 
catalyzed. These findings corroborate the proposed reaction mech- 
anism. 

(1971);  (b) K. M. Bansal, M. Gratzel, A. Henglein, and E. Janata, 
J Phys. Chem., 47, 16 (1973) .  

(40) (a) C. E. Burchill and K. M. Perron, Can. J .  Chem., 49, 2382 

1.1 x IO-, b 1.5 
6.5 X 2.4 
6.5 X lo-' 3.1 
0.45 3.5 
I .o 3 .s 

a All solutions were saturated with AI and contained 0.1-1 M 
ethylene glycol, (1.0-1.5) X MCrWzt, and 10m4-1 M HC10,. 
Measurements were made at 22 i 2". Standard deviation i s  i15%. 

Saturated with N, 0. 

Figure 4. Absorption spectra of the chromium-carbon compounds 
formed in the presence of ethylene glycol under different condi- 
tions: 0 ,  conditions where the reacting radical is .CH(OH)CH,OH; 
3 ,  conditions where the reacting radical is CH,CHO. 

where K I 6  = 1.8 X lo-' M-' and k16 = 8.6 X IO5 sec-' .40b 

Qne expects therefore that in solutions containing low Craq2* 
concentrations and high acid concentrations the observed 
chromium-carbon compound would be (H20)5CrCH2CH0, 
whereas in neutral solutions or acidic solutions with high 
era:+ concentrations (M2Q)sCrCH(QH)CH2QH should be 
formed. lndeed it was found that the specific rate of reae- 
tion of the radical with Craqz'. depends on the pH (Table 
IV), thus indicating that two different radicals react with 
Cra:" under these conditions. However the absorption 
spectra of the chromium-carbon compounds formed under 
both conditions are identical (Figure 4). Furthermore the 
rate law for the hydrolysis reaction is independent of the 
reacting radical with k'h = 1.8 sec-' and k2h = 2.2 x IO' 
M-' sec-l . This is demonstrated Figure 3b, with the full 
dots representing conditions where CH2CHQ reacted with 
Craq2* and the circles representing conditions where .CH(OH)- 
CHZOH reacted with Craq2+. (The nature of the reacting 
species was determined from [H30+], [Craq2+], the measured 
rates of reaction of *CH(QH)CH20H with Craq2+, K 1 6 ,  and 
k16.) We must conclude that the same chromium-carbon 
compound is obtained under all conditions and therefore 
that the reaction 

(H? 01, CrCH(OH)CH, OH2+ -% (H,O),CrCH,CHO*+ t H 2 0  (13) 

has a specific rate o f k l a  > 5 X lo5 sec-' even at pIH <4.0 
(otherwise we should have observed the transition between 
the two compounds). As Cr(H20)53+ is a strong electro- 
phile, it is reasonable to assume that (H20)5CrCH2CHQ2f 
exists in aqueous solutions in the form of (H20)5CrCH2CH. 

k 

Registry No. CH,OH, 259743-5 ;  CH,CHO, 4400-01-5; CR- 
(OH)CH,OH, 325066-6; CH(OH)CH,, 234846-1 ; C(CH,),OH, 
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5131-95-3; .CH(CH,)OCH,CH,, 2229-06-3; .diox, 459847-4; CH,- 
CO,H, 288746-9; CH(OH)CO,H, 3293-65-0; C(CH,)(OH)CO,H, 
1 55 52 -92-8 ; .CH(CH,)CO, H, 1 5 67 1 -304  ; CH(C0 H), , 3247-02-7 ; 
CH,C(CH,),OH, 5723-74-0; CH2C(CH,)2COzH, 26299-74-1; C- 
(O)NH,, 2858-51-7; CH,N(CH,)CHO, 17526-066; Cr(H,O), '+, 
20574-26-9; (H,O),CrCH,OH'+, 32108-95-5; (H,O),CrCH(OH)- 
CH,'+, 32108-944; (H,O),CrC(CH,),OHZ+, 32108-93-3; (H,O),- 

CrCH(CH,)OCH,CH, '+, 32108-97-7; (H,O),Cr(diox)'+, 5 1965-43-6; 
(HzO),CrCH,CO,Ha+, 52032-356; (H,0),CrCH(OH)C0,H2+, 52109- 
46-3; (H,0),CrC(CH3)(OH)C0,Hz+, 5 196544-7; (H,O),CrCH(CH,)- 
CO,HZ+, 5196545-8; (H,O),CrCH(CO,H),Z+, 5196546-9; (H,O),- 
CrCH,CH(OH),z+, 51965-47-0; (H,O),CrC(O)NH, '+, 51965-48-1; 
(H,O),CrCH,N(CH ,)CHO'+, 5 196549-2; (H,O),CrCH,C(CH,) '- 
OH2+, 51965-50-5; (H,O),CrCH,C(CH,),COzH'+, 51965-51-6. 
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The electrochemical reduction of the ethylenediaminetetraacetatochromate(III), 1,2diaminocyclohexane-N,N,N ',N '-tetra- 
acetatochromate(III), and hexacyanochromate(II1) ions in the presence of nitrite ion have been studied by polarography 
and controlled-potential electrolysis. In each case, a chromium-nitrosyl complex was formed which was identified by  di- 
rect synthesis. An interpretation of the unusual current-time behavior observed during the cpe is given and a mechanism 
of formation of the nitrosyls during electrolysis is proposed. 

Introduction 
Polarographic reduction of a reducible species in the pres- 

ence of an electroinactive oxidant produces an increase in 
the observed limiting current provided the oxidant is kineti- 
cally capable of reacting with the reduced form at a suffi- 
ciently rapid rate. The experimental evaluation of such 
"catalytic" waves can lead to the extraction of reaction or- 
ders and rate constants in favorable cases? This investiga- 
tion was initiated to study the catalytic behavior produced 
by NO, ions on the polarography of Cr(II1) complexes as 
a convenient method of studying the oxidation of Cr(I1) 
complexes. 

Chromium(I1) and chromium(I1) complexes as reducing 
agents have been the subject of numerous kinetic, mechanis- 
tic, and stoichiometric investigations. Typical studies are 
those involving the reduction of coordination compounds4 
and organic  compound^.^ The reactions of Cr(I1) and its 
complexes with oxy anions such as nitrate or nitrite have 
been less thoroughly studied but some results have been re- 
ported. Lingane and Pecsok' have reported a method for 
the determination of NO; by Cr(I1) which is most effective 
with titanium salts as catalysts. The terminal reduction 
product is NH3. Ardon and Herman7 have reported the 
preparation of CrN02+ by reduction of NO; and NO with 
Cr(I1). Armor and Buchbinder' have studied the reaction 
between Cr(1I) and nitric oxide in detail. Several polaro- 
graphic investigations of the catalytic behavior of nitrate ion 
on the reduction waves of Cr(II1) complexes have been re- 
ported and analytical methods have been developed utilizing 

(1) Taken in part from the Ph.D dissertation of J .  M. V., 1973. 
(2) To whom correspondence should be addressed. 
(3) R .  L. Birke and W. F. Marzluff, Jr., J. Amer. Chem. Soc.. 91, 

(4) R. G. Linck, MTP (Med. Tech. Publ. Co. )  Int.  Rev. Sei.: 

(5) For example, J .  K. Kochi, and J .  W. Powers, J. Amer. Chem. 

(6) J .  J .  Lingane and R .  L. Pecsok, Anal. Chem., 21, 622 (1949). 
(7) M. Ardon and J .  I.  Herman, J.  Chem. SOC. A ,  507 (1962). 
( 8 )  J .  N. Armor and M. Buchbinder, Inorg. Chem., 12, 1086 

3481 (1969). 

Inorg. Chem., Ser. One, 9 ,  303 (1972). 

Soc., 92 ,  137 (1970). 

(1973). 

chromium(II1) complexes of ethylenediaminetetraacetic 
acid: glycine," and other amino acids." Very little work 
was found in which nitrite had been studied. 

Preliminary investigation of the effect of NO; on the po- 
larographic reductions of a series of chromium(II1) complex- 
es showed that the catalytic wave enhancement of the reduc- 
tion wave of the chromium(II1) complex with ethylene- 
diaminetetraacetic acid was significantly larger than the effect 
reported for nitrate. This work was then formulated to 
study the effect of NO; on the ethylenediaminetetraaceta- 
tochromate(II1) ion via polarography and controlled-poten- 
tial electrolysis and expanded to include the complexes trans- 
1,2-diaminocyclohexane-N,N,N',N'-tetraacetatochromate(III) 
(CrCyDTA) and hexacyanochromate(II1) ion. 

Experimental Section 

(III), [CrH(EDTA)H,O], was prepared according to  the method of 
Hamm." The pure product was identified by comparison with the 
reported visible s p e c t ~ u r n ' ~  and polarographic data.' 1,2-Diamino- 
cyclohexanetetraacetatoaquochromate(II1) ion, Cr(CyDTA)-, was 
prepared in aqueous solution by heating a mixture of Cr(ClO,), and 
CyDTA. The slight excess of Cr(II1) was removed by  ion exchange 
with a sodium countetion. The visible spectrum of the final product 
agreed well with the reported s p e ~ t r u m . ' ~  Pentaaquonitrosylchro- 
mium(1) ion, CT(NO)(H,O), '+, was prepared in solution by the ni- 
trite reoxidation of electrochemically reduced chromium(II1) per- 
chlorate. The reddish brown product was separated on an Amber- 
lite 1R-120, 20-50 mesh, cation-exchange resin in the acid form. 
The product was eluted with 0.75 M HC10, and its visible spectrum 
was identical with the literature spectrum.' The in situ preparation 
of Cr(N0)EDTA and Cr(N0)CyDTA was accomplished by  mixing of 
CrNOZ+with the appropriate ligand followed by  neutralization with 
Na,CO,. The reaction was complete in several minutes at  room 
temperature when EDTA was the ligand but  much slower with Cy- 

Reagents. Hydrogen ethylenediaminetetraacetatoaquochromate- 

(9) N. Tanaka and T. Ito, Bull. Chem. SOC. Jap., 39, 1043 
( 1 966). 

(10) R .  E. Hamm and C. D. Withrow, Anal. Chem., 21 ,  1913 
(1955). 

( 1  1) H. Hamaguchi, J .  Hashernoto, and N. Fukushi, Nippon 
Kagaku Zasshi, 79,  1482 (1958); Chem. Abstr.,  5 3 ,  7362 (1959). 

(12) R .  E. Hamm, J. Amer. Chem. Soc., 1 5 ,  5670 (1953). 
( 1  3) C. Furlani, G. Morpurgo, and G. Sartaro, 2. Anorg. Allg. 

Chem., 303, l ( 1 9 6 0 ) .  
(14) A. R.  Selmer-Olson, Anal. Chim. Acta, 26 ,  482 (1962). 


