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test. An advantage of this approach is that the ar- 
rangements of atoms can be determined regardless of 
the stereogenicities of the atoms involved. Control of 
the tether allows systematic variation of the possible 

concentration and fTouPs may be used to probe 
the available modes of a readion. It is to be noted that 
the conclusions which can be drawn from this approach 
are independent of the yield of the rearranged product. 

Acc. Chem. Res. 1992,25, 222-227 

We hope that this Account may help to stimulate ap- 
plications of this approach to other atoms and other 
kinds of reactions. 
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Compounds with a bond between chromium and 
carbon are now reasonably common. Here we consider 
species containing trivalent chromium, which tend 
therefore to involve u donor ligands rather than T ac- 
ceptors. Their general formula is R,,CrL,; this includes 
such species as R3Cr(THF)3, (H20)5CrR2+, RCr- 
(THF')&l,, RCr(acac),(NCa5), etc. Only for the family 
with the general formula (H20)5CrR2+ have reaction 
mechanisms been explored systematically, and in this 
Account I summarize these results. Earlier work was 
reviewed about a decade and the chemistry of 
other series such as [ ( T ~ - C ~ M ~ ~ ) C ~ R C ~ ~ ] ~  has been re- 
viewed with particular attention to applications as po- 
lymerization cataly~ts .~ For mechanistic studies the 
existence of a single alkyl group is highly advantageous 
since it is difficult to deconvolute the sequential and 
similar reactions of a species like R3Cr(THF)3. 

Structures and Trans Effects. As yet, not one 
member of the (H20)5CrR2+ series has been isolated as 
a pure solid, or in a form suitable for crystallography. 
By coating the chromium with other ligands, however, 
so as to reduce hydrogen bonding to the solvent, crystal 
structures have been obtained4* for derivatives, in- 
cluding truns-RCr(acac),(NC&) with R = CHC12 and 
CH2Cl and [trun~-RCrL(H~O)](C10~)~ with L = 
1,4,8,12-tetraazacyclopentadecane (1) and R = 4- 
BrC6H4CH2 (2,3). The crystallographic data substan- 
tiated the structures inferred from chemical and spec- 
troscopic data (but not, of course, from NMR owing to 
paramagnetism). 

A notable feature of the structures is the elongated 
bond between chromium and its trans ligand, compared 
to that in species lacking the chromium-carbon bond. 
For example, the complexes tr~ns-ClCH,Cr(acac)~B 
have trans distances as follows: d c r ~  = 220.1 pm (B = 
NC5H5), dCa = 213.4 pm (B = H,O), and dcr0 = 215.6 
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pm (B = CH30H).4*5 In comparison, dcd values are 210, 
196.5, and 197.5-209.0 pm for mer-Cr(CF3C02)3- 
(NC5H5)3,7 tr~ns-[CrCl~(CH~OH)~]+,8 and various other 
CrOH2  compound^.^ 

The discovery of the elongated trans distances con- 
firms the kinetic measurements. The reactivity of 
(H20)5CrR2+ and other metal-alkyl complexes, includ- 
ing organocobaloximes, toward ligands entering into the 

(1) Espenson, J. H. Adv. Inorg. Bioinorg. Mech. 1982, 1, 1. 
(2) Espenson, J. H. Prog. Inorg. Chem. 1983,30, 189. 
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(6) Shi, S.; Espenson, J. H.; Bakac, A. J.  Am. Chem. SOC. 1990,112, 

( 7 )  Dikareva, L. M.; htayshkiva, A. S.; Porai-Kochita, M. A.; Zevirov, 

(8) Hardcaatle, K. I.; Skovlin, D. 0.; Eidawad, A.-H. J. Chem. SOC., 

Chem. 1987,26, 2542. 

1841. 
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Scheme I 

Rx + Cr(I1) - Cr“X + Re 

R. + Cr(1Ij-W CPR 

trans position is i n c r e a ~ e d . ~ ~ ~ ’ ~  Compared to their 
purely inorganic counterparts, the organometallic 
species are much more labile, often by a factor of lo5. 
More specifically, the half-times for addition of one 
thiocyanate ion (at 25.0 OC, 0.200 M H+, and 0.100 M 
NCS-) are 42, 128, and 9.3 X lo6 s for 
(H20)5CrCHzC12+,9 (Hz0)5CrCHC1z2+,9 and Cr- 
(HzO)63+.15 This is a kinetic phenomenon, not a 
thermodynamic one, since the binding constants for 
thiocyanate ion by these three chromium complexes are 
(per molecule of replaceable water) 10.4, 12.7, and 12 
L mol-’, respectively. 

(H20)&rR2+ + NCS- G trun~-[Cr(H~o)~(NCs)R]~+ 
(1) 

Experiments have also been carried out to show that 
only one of the water molecules in (Hz0)5CrCHzC12+ is 
subject to rapid replacement. This was showng by using 
CH30H as the entering ligand; even at very high mole 
fractions only one methanol was found to replace water 
within a few minutes, compared to four or five metha- 
nols that would become coordinated were the cis pos- 
itions also equilibrated. The substitution inertness of 
ligands cis to the R group, too, is supported by the 
structural data, in that the cis Cr-0 distances in 
C1CH2Cr(acac)2B are “normal”. 

Chromium-Carbon Bond Formation. Virtually 
every one of the (Hz0)5CrR2+ ions is formed by a 
“colligation” l6 process, eq 2. Flash photolysis for alkyl 
radicals and pulse radiolysis for other aliphatic radicals 
give rate constants in the range 107.5-108.z L mol-’ 
s-’.’~-~O The values vary relatively little over a wide 
range of R groups. 

Cr(H2o)s2+ + R’ -+ (H20)5CrR2+ + H20 (2) 

The reactions by which R’ is generated, allowing re- 
action 2 to occur, are quite varied. Among the methods 
used are chemical reaction, photolysis, and radiolysis. 
One radical source is an alkyl halide, but in the case of 
Cr(Hz0)62+ itself, reaction is limited to “activated” 
molecules such as benzyl halides and polyhalo- 
allcar~es.~l-~~ Simple alkyl halides, even iodides, fail to 

(9) Bushey, W. R.; Ekpenson, J. H. Znorg. Chem. 1977,16,2772. 
(10) Bakac, A.; Espenson, J. H.; Miller, L. P. Znorg. Chem. 1982,21, 

(11) Azran, J.; Cohen, H.; Meyerstein, D. J.  Coord. Chem. 1977,6,244. 
(12) Malik, S. K.; Schmidt, W.; Spreer, L. D. Znorg. Chem. 1974,13, 

2986. 
(13) Sisley, M. J.; Jordan, R. B. Znorg. Chem. 1987,26,273,2833; 1988, 

27, 4483. 
(14) Bresciani-Parker, N.; Forcolin, M.; Mardli, Z. G.; Randaccio, L.; 

Summers, M. F.; Toscano, P. A. Coord. Chem. Reu. 1985, 63, 1-125. 
(15) Postmus, C.; King, E. L. J.  Phys. Chem. 1955,59, 1216. 
(16) Ingold, C. K. Structure and M e c h n i s m  in Organic Chemistry, 

2nd Ed.; Cornell Univ. Press: Ithaca, NY, 1961; p 5. 
(17) Bakac, A.; Espenson, J. H. Znorg. Chem. 1989, 28, 3901. 
(18) Blau, R. J.; Espenson, J. H.; Bakac, A. Znorg. Chem. 1984, 23, 

1557. 

3526. 
(19) Espenson, J. H.; Connolly, P.; Meyerstein, D.; Cohen, H. Znorg. 

(20) Cohen, H.; Meyeratein, D. Znorg. Chem. 1974,13, 2434. 
(21) Anet, F. A. L.; LeBlanc, E. J.  Am. Chem. SOC. 1957, 79, 2649. 

Chem. 1983,22, 1009. 
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Scheme I1 

RC(CH, ),OOH (H20)5CrR2* 

I t 
Cr,qZ+, H+ 1 CraqZ+ 

Scheme I11 

Cr(H,O)? (H,O),CrRZ+ 

I + 
I hv(UV) 

I 
* B r - + R *  RBr t 

Cr(H,0),3* + e’,q 

Scheme IV 

HZO, (H,0),CrR2+ 

Crwz+, H+ Cr,qZ+ 1 
I 

RH t 
Cr(H,O)? + HO c H z O  + R 

Scheme V 
CrCH,O),S‘ + (H,0),CrCH,C12* 

A 

HSO+ 

I 
CrZ+ t 

(H20),CrCIz* + I(H,0),Cr~HC123- I(H,O),CrCH(CI)Cr(OH,),’+) 

react with Cr(HzO):+ in aqueous solution when com- 
plexing ligands are absent. One can bring about this 
reaction in other solvents (e.g., CrS04 in aqueous di- 
methylformamide or dimethyl sulfoxide). Also, addition 
of a ligand such as ethylenediaminez5 or a saturated 
tetraammacrocycle such as 1% leads to ready reaction.% 
This results in RCr(en)?+ and [RCrL(HZO)l2+. The 
effect of solvent and ligands is a thermodynamic and 
kinetic one. The CrL63+/2+ potential becomes more 
negative when water is replaced. This adds to the 
driving force of the first step in Scheme I. Also, the 
reorganizational barrier between the two oxidation 
states appears to be less as more powerfully donating 
ligands are added, which provides a kinetic advantage. 
The alkyl and aralkyl halide reactions occur with two 
Cr(I1)’s consumed per mole of halide, one to form the 
Cr(II1) halide, the other, an organometallic complex. 
This mechanism, which was validated in early 
~ ~ r k , ~ ~ - ~ ~ * ~ * ~ ~  is shown in Scheme I. It features an in- 
ner-sphere halogen atom abstraction reaction as ita first 
and rate-controlling step. The isolation of the Crl*’X 
product confirms the inner-sphere nature of this reac- 

(22) Kochi, J. K.; Davis, D. D. J. Am. Chem. SOC. 1964, 86, 5264. 
(23) Castro, C. E.; Kray, W. C., Jr. J.  Am. Chem. Soe. 1966,88,4447. 
(24) Funke, L. A.; Espenson, J. H. Znorg. Chem. 1981,20,897. 
(25) (a) Kochi, J. K.; M o d l o ,  P. E. J. Am. Chem. SOC. 1966,88,4094. 

(b) Kochi, J. K.; Powers, J. W. J.  Am. Chem. SOC. 1970, 92, 137. 
(26) Samuels, G. J.; Espenson, J. H. Znorg. Chem. 1979, 18, 2587. 
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Scheme VI 

(H,0),CrR2+ + H,O k 2 -  - Cr(H20)61++R* 
k-2 

R - + S k ,  RS 

tion, since for both thermodynamic and kinetic reasons 
C P  and X- would not combine under these conditions. 

The ions (H20)5CrR2+ in which R is a simple alkyl 
group can be prepared from hydroperoxides (Scheme 
II)n-30 and by UV photolysis (Scheme II?X31 Still an- 
other route is a so-called modified Fenton reaction 
(Scheme IV), in which the reaction between Cr2+ and 
H202 is conducted in the presence of hydrocarbon RH 
or (CH3)2S0. This utilizes the reactive HO' interme- 
diate. Complexes with a-OH, -OR, and -C02H sub- 
stituents can thus be prepared from alcohols, ethers, 
and carboxylic acids, as can the cyclopentyl and methyl 
c ~ m p l e x e s . ' ~ ~ ~ ~  Appropriate variants have allowed 
the preparation of bimetallic c o m p l e x e ~ ~ ~ - ~ ~  such as 
(H20)5CrCH2CNCo(NH3)53+, (H20)5Cr=OC(NH2)- 
CH2Cr(OH2)t+, and [ (HzO)5CrCH2C&4]204+. Related 
to this is the chlorine atom abstraction from CrCHCl?+ 
by Cr2+ which yields CrCH2C12+, probably via 
CrCHClbr4+ (Scheme 

The long-lived CrR2+ derivatives can be purified and 
concentrated by chromatography on a cation-exchange 
resin. Shorter-lived species are often used as prepared. 
All of the (H20)5CrR2+ complexes are orange in color 
because of a fairly intense absorption near 390-405 nm, 
relatively insensitive to the nature of R. The molar 
absorptivities of this band are usually 200-400 L mor1 
cm-', indicating some charge-transfer character to what 
is otherwise a weaker d-d band in the inorganic ana- 
logues (H20)5CrX2+. A strong charge-transfer band at 
270-290 nm (E 2-4 X lo3 L mol-' cm-') is also noted. 
There is a weak d-d band at longer wavelengths, 
520-570 mm (E 10-40 L mol-' cm-'), typical of aqua- 
chromium(II1) complexes. 

Homolysis. One of the mwt important of the CrR2' 
reactions is unimolecular homolysis, the reverse of the 
process in eq 2 by which it is formed. The chromium- 
carbon bond is moderately strong, however, and hom- 
olysis is an uphill reaction that occurs only upon ad- 
dition of a scavenger for either of the fragments, Cr2+ 
or R'. In conf i i t i on  of this mechanistic aasignment, 
the fhborder rate constant remains independent of the 

(27) Ardon, M.; Woolmington, K.; Pernick, A. Inorg. Chem. 1971,10, 

(28) Schmidt, W.; Swinehart, J. H.; Taube, H. J. Am. Chem. SOC. 1971, 
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(32) Gold, V.; Wood, D. L. J.  Chem. SOC., Dalton Trans. 1981,2462A. 
(33) Kirker, G. W.; Bakac, A.; Ekpenson, J. H. J. Am. Chem. SOC. 1982, 
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(35) Marty, W.; Enpenson, J. H. Inorg. Chem. 1979,18,1246. 
(36) Pohl, M. C.; Ekpenson, J. H. Inorg. Chem. 1980,19,235. 
(37) (a) Sharma, P.; Jordan, R. B. Inorg. Chem. 1988,27, 168. (b) 
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Scheme VI1 
RHg+ + Crag"+ HgR, + Cr,," 

f 

J \ 
Cr,:* + RH Cr,t+ + RH 

nature of the scavenger as well as its mncentration.B~3~a 
Also, when the reaction is conducted with added C P ,  
the rate is retarded. In the presence of a radical sca- 
venger, a competition for R' occurs, in accord with 
Scheme VI and the associated rate l a ~ . ~ l - ~  The two 
terms in the denominator of the rate law show the re- 
tardation effect of added Cr2+. In other words, this 
confirms that homolysis and colliiation are the reverse 
of one another. In particular this shows that C P  is the 
immediate product of the first step, which is thus con- 
firmed to be a homolytic reaction. 

The temperature dependence of k2 affords activation 
parameters for the homolysis of different CrR2+ com- 
plexes. Values of AH*2 are large, 100-140 kJ mol-', 
reflecting the strength of the chromium-carbon bond. 
The value of AH* is a kinetic measure of the chromi- 
um-carbon bond enthalpy. Values of ASs are large and 
positive, 80-150 J mol-' K-l. This reflects a contribu- 
tion from the separation of two entities from one and 
(probably more important) the introduction of the al- 
iphatic free radical into the aqueous medium. 

The rates of homolysis vary sharply with the nature 
of R. Aralkyl and secondary complexes are the most 
labile: typical values of k2 are 2.6 X s-' (R = 
PhCH2) and 1.8 X s-' (CH(CH3),). Primary alkyl 
complexes do not homolyze to any appreciable extent. 
Another series reflecting this trend consists of R = 

s-l), and CH20H (3.7 X s-'). This trend in 
reactivity is largely a reflection of the change in the 
Cr-C dissociation enthalpy along the series. 

The general reactions in Scheme VI can be used to 
evaluate k3 for reactions of a given radical with various 
substrates. This application has been termed the 
"method of stored free radicals". This requires that k2 
and k-2 be known, which is usually the case in that k2  
can be obtained for a given CrR2+ complex from studies 
with the most reactive scavengers, and k-2, the colliga- 
tion rate constant, can be measured directly by flash 
photolysis or pulse radiolysis. This method has been 
used to evaluate k3 for a wide range of substrates that 
have values in the range 103 < k3 < 1O'O L mol-l s-'. The 
fasbreacting members, those with k3 1 lo7 L mol-' 8, 
are independently dealt with by pulse radiolysis or flash 

C(CH3)ZOH (k2 = 1.3 X lo-' S-'), CH(CH3)OH (8.5 X 

(39) Noh, R. S.; Ekpenaon, J. H. J. Am. Chem. SOC. 1975,97,3392. 
(40) Bakac, A.; Ekpenaon, J. H. J.  Am. Chem. SOC. 1984,106, 5197. 
(41) Shimura, M.; Eepenaon, J. H. Inorg. Chem. 1983,22,334. 
(42) Chen, J.-T.; Espenson, J. H. Znorg. Chem. 1983,22, 1651. 
(43) Muralidharan, 5.; Eepenaon, J. H. Inorg. Chem. 1984,23, 636. 
(44) Espenson, J. H.; Bruhn, 5. L.; Bakac, A. Inorg. Chem. 1984,23, 

(45) Bakac, A.; Butkovic, V.; Ekpenaon, J. H.; Marcec, R.; Orhanovic, 

(46) Bakac, A.; Butkovic, V.; Espenson, J. H.; Lovric, J.; Orhanovic, 

3668. 
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photolysis, and the stored free radical method is used 
only as a matter of convenience or to check a directly- 
determined value. Actually, this method becomes im- 
portant when k3 lies in the range 103-107 L mol-' s-l, 
which is below the usual limit for pulse radiolysis or 
flash photolysis. In those techniques, the radiation 
produces the radicals all at once, in a burst. Unless the 
substrate reacts rapidly (k3 > lo7 L mol-' s-l, usually), 
the radical is wasted on the R' + R' self-reactions 
(dimerization or disproportionation). With the "stored 
free radicals", however, [R']s is always 80 low, by virtue 
of the competing reactions -2 and 3 in Scheme VI, that 
self-reactions are unimportant. The most studied rad- 
icals are those with a-OH or -OR groups, such as 'C- 

Heterolysis. The (H20)5CrR2+ complexes react 
readily with electrophiles. Reagents and products are 
shown in Scheme V11.33*47-51 It should be noted that 
X2 gives RX and X-, not (H20)5CrX2+. The failure of 
CrX2+ to form, Craq3+ and X- resulting instead, shows 
that a four-centered transition state is not effective. 
The rate constants for all the electrophiles drop off 
sharply with substitution on the a carbon. For an il- 
lustration of this, consider one series: The rate con- 
stants for Hg2+ reactions with different (H20)5CrR2+ 
complexes are 1.0 X lo7 L mol-'s-l (R = CH3), 1.4 X 
io5 L mo1-l s-' (CZH5), 3.5 x io4 L mol-' s-' (n-C3H7), 
and 1.56 X loo L mol-' s-l (i-C3H7).47 This trend in- 
dicates direct attack of the electrophile on the a-C atom. 

These data suggest that the reactions occur with in- 
version of configuration at carbon. Not one of these 
reactions has been studied stereochemically, however, 
and I believe none can be. That is, no chiral CrR2+ 
complex can be prepared since each is made from a free 
radical. One might argue that the formation of CrR2+ 
from C P  + RCo(dmgH),0H2 offers such a possibility 
since these cobalt complexes are known in chiral form, 
e.g., with R = sec-butyl and 2-octyl. It is in just these 
cases, with bulky R groups, that alkyl transfer to 
chromium becomes so slow that CrR2+ decomposition 
by homolysis or reaction with H20 would prevent 
product to accumulate. Were PhCHDCo(dmgH)20H2 
made in chiral form, a chiral CrCHDPh2+ ion could be 
made momentarily, but it seems likely to racemize 
rapidly by virtue of homolysis.39 

In any event, the kinetic inference that inversion at 
carbon occurs in the Hg2+ reaction is supported by 
comparing the rates of reactions between RCo- 
(dmgH)20H2 complexes and Hg2'. These reactions are 
unequivocally known to proceed with The 
pattern of rates with varying R is the same for cobalt 
and chromium. The kinetic parallel is complete, as it 
also is for the reactions of Br2 with CrR2+.4"51 

The proton is much less reactive than other electro- 
philes, as shown by the data for (H20)5CrCH32+.28133 
The rate constants for different electrophiles are as 
follows: Hg2+, 1.0 X lo7 L mol-' s-l; Br2, 2.1 X lo6 L 
mol-' s-l; 12, 8.5 X lo4 L mol-l s-l;.CH3Hg+, 1.0 X lo4 

(CH3)ZOH and 'CH(CH3)OC2Hb41-46 

(47) Lealie, J. P., II; Espenson, J. H. J. Am. Chem. SOC. 1976,9!3,4839. 
(48) Sisley, M. J.; Jordan, R. B. Znorg. Chem. 1986,25, 3547. 
(49) Espenson, J. H.; Samuels, G. J. J. Organomet. Chem. 1976,113, 

(50) Espenson, J. H.; Williams, D. A. J.  Am. Chem. Soc. 1974,96,1008. 
(51) Chang, J. C.; Espenson, J. H. J. Chem. SOC., Chem. Commun. 

(52) F'ritz, H. L.; Espenson, J. H.; Williams, D. A.; Molander, G. A. J. 

143. 

1974, 233. 

Am. Chem. SOC. 1974,96, 2378. 
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L mol-' s-l; H30+, 4.9 X L mol-' s-'. The rate of 
CrR2+ decomposition in acidic medium, in the absence 
of other reagents, isZ8a3 

-d[CrR2+]/dt = ( k ~ l  + k ~ ~ [ H ~ o + ] ) [ c r R ~ + ]  (3) 

The contribution of the two terms for a given group R 
depends upon [H30+], but their relative contributions 
vary greatly with R. For example,30 

(H20)5CrCHz+: 
u = (<5 X 

(H20)5CrC2H52+: 
u = (2.2 X + 1.15 X 10-4[H+]) mol L-ls-l (5) 

Clearly, the ethyl complex hydrolyzes much more rap- 
idly than the methyl complex by the acid-independent 
pathway, yet more slowly when accelerated by acid. 
The n-propyl complex continues the trend.30 At pH > 
4, both OH- and OAc- ions accelerate the solvolysis.s3ds 

There is a sharp contrast between the acidolysis re- 
actions of (Hz0)5CrR2+ and RCrL(H20)2+. The mac- 
rocyclic complexes do not react at all with either H30+ 
or H20,6M even over long periods of time, although their 
reactions with Hg2+ and Br2 proceed like those of 
(Hz0)5CrR2+.57 This suggests that the very small 
electrophiles, HzO and H30+, which must approach the 
Cr-C bond more closely than Hg2+, cannot do so easily 
owing to interactions with the macrocyclic rings and/or 
the amine protons. 

Organochromium cations with a @-OH or @-halogen 
group on R are very short-lived. These complexes react 
by @-elimination, generating alkenes. An example is 
shown in eq 6 for one particular complex, which un- 
dergoes &elimination in a reaction with a rate directly 
dependent upon [H+], eqs 6 and 7.58 Related reac- 
t i o n ~ , ~ ~ ? ~ ~  including @-chloride elimination, are 
k110wn.W~ 

+ 4.94 X 10-3[H+]) mol L-ls-l (4) 

(H20)5CrCH2CH20H2+ + H30+ - 
Cr(H20)63+ + CzH4 (6) 

um8 = 1.5 X 1O4[CrCHzCH2OH2+][H+] mol L-' s-l 
(7) 

Reaction with Oxygen. The reaction of 
(H20)5CrR2+ with oxygen has been studied only for 
(H20)5CrCH(CH3)22+, but qualitative indications sug- 
gest that the result may be more general. This reaction 
(eq 8) follows a chain mechanism, as indicated by the 
unusual rate law (eq 9) and the inhibiting effect of Cu2+, 
which is expressed by an alternative rate law (eq 

(53) Kita, P.; Jordan, R. B. Znorg. Chem. 1989,28, 3489. 
(54) Cohen, H.; Meyerstein, D. Znorg. Chem. 1984,23,84. 
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(56) Shi, S.; Espenson, J. H.; Bakac, A. Znorg. Chem. 1990,29,4318. 
(57) Samuels, G. J.; Espenson, J. H. Znorg. Chem. 1980,19, 233. 
(58) Ryan, D. A.; Espenson, J. H. Znorg. Chem. 1982,21,527. 
(59) Cohen, H.; Feldman, A.; Ish-Shalom, R.; Meyerstein, D. J. Am. 

(60) Caatro, C. E.; Kray, W. C. J. Am. Chem. SOC. 1963, 85, 2768. 
(61) Kray, W. C.; Castto, C. E. J. Am. Chem. SOC. 1964, 86, 4603. 
(62) Singleton, D. M.; Kochi, J. K. J.  Am. Chem. SOC. 1967,89,6647. 
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(where u = -d[CrCH(CH3)22+]/dt): 
(H20)5CrCH(CH3)22+ + O2 + H+ = 

Cr(H20)63+ + (CH3)2C0 (8) 
u = ko,[CrCH(CH3)22+]3/2[02]o (9) 

u = kcu[CrCH(CH3)2+] LO21 [Cu2+l-' 
(10) 

A mechanism that accounts for these data is given in 
Scheme VIII, according to which the experimental rate 
constant is related to the elementary constants by ko, 
= k,(ka/2kd)1/2. Or, with Cu2+ present, kcU = kakb/k,. 

The resolution of this mechanism actually occasioned 
the discovery of a new principle concerning the effect 
of ionic strength on the rates of "ill-behaved" chain 
reactions (i.e., those in which the initiation and ter- 
mination steps are not the reverse of one another).65 
This small group of reactions includes that between 
CrCH(CH3)2+ and O2 In such cases, alternatives that 
lead to the same kinetic rate equations can be distin- 
guished. Ordinarily (i.e., for nonchain reactions), any 
mechanism consistent with the form of the rate law wil l  
have an identical kinetic salt effect. In this case, we also 
considered a mechanism similar to that in Scheme VIII, 
except that Cr002+ rather than (CH3)2CHOO' is a 
chain-carrying intermediate. The alternative was elim- 
inated from consideration because ita predicted salt 
effect was in disagreement with the experimental data. 

One of the chain-propagating steps in Scheme VIII, 
labeled as c, is a reaction between ROO' and CrR2+. 
One radical seems to displace another, and we suggest 
an SH2 mechanism. The first reaction step in c would 
be 
(CH3)2CHOO' + CrCH(CH3)22+ - 

(CH3)2CHOOCr2+ + (CH3),CH (11) 
The akylperoxo complex of chromium is believed to be 
a metastable species. It then hydrolyzes to acetone and 
hexaaquachromium(II1) ion, with only the net effect 
given as c in Scheme VIII. Hydrolysis of (alkylper- 
oxo)cobalt complexes has been independently report- 
ed.66 

If the alkylperoxo complex is indeed formed as in eq 
11, then the overall sequence constitutes a mechanism 
for oxygen insertion into the chromium-carbon bond. 
Related to this is the reaction of CrR2+ with SO2, which 
yields CrOS(0)R2+ (20%), with the majority of the re- 
action forming Cr3+ and RS02-.67 

Electron Transfer. Strong oxidizing agents cause 
the chromium-carbon bond to be cleaved by an oxi- 
dative-homolysis sequence, Scheme M. Reagents that 
have been used as acceptors (A) include Ni(~yclam)~+, 
2E-Cr(bpy)33+ (a long-lived excited state), HONO, and 
R ~ ( b p y ) ~ ~ + . ~ & ~ O  Oxidizing inorganic radicals such as 
Br2*-, 12*-, and (SCN)2'- also serve as A.71 Substanti- 
ation of this scheme comes from trapping of R'; addi- 
tion of C O ( N H ~ ) ~ B ~ ~ + ,  for example, yields RBr. The 

(65) Espenson, J. H.; Ryan, D. A. J.  Phys. Chem. 1981, 85, 3658. 
(66) Espenson, J. H.; Chen, J.-T. J. Am. Chem. SOC. 1981,103,2036. 
(67) Simmons, C. A.; Espenson, J. H.; Bakac, A. Inorg. Chem. 1987, 

(68) Melton, J. D.; Espenson, J. H.; Bakac, A. Znorg. Chem. 1986,25, 

(69) Bakac, A.; Espenson, J. H. J.  Am. Chem. SOC. 1988,110, 3453. 
(70) Katayama, T.; Bakac, A.; Eapenaon, J. H. Inorg. Chem. 1989,28, 

(71) Shi, S.; Espenson, J. H.; Meyerstein, D.; Meisel, D. Znorg. Chem. 

O2 alone: 
O2 and Cu2+: 

26, 4093. 

3360, 4104. 

339. 

1991,30,4468. 

Espenson 

Scheme VI11 
(H,0)SCr-CH(CH,),2+ 

*CH(CH,), CH,),CHOO 

crq3+ + (CH,),CO Cr-CH(CH,)? 

d 
2(CH3),CHOO* - (CH,),CHOH + 0, + (CH,),CO 

'CH(CH,), + C U " ~  CU* + CH,CH=CH, + H+ 

Scheme IX" 
(H,O)sCrRZ+ + A * [ (H,0) ,CrR3~ + A' 

{(H,0),CrR3+) + H,O 

" A  = Ni(~yclam)~+, HONO, R ~ ( b p y ) , ~ + ,  etc. 

* Cr(H,O),3+ + R 

first step in Scheme IX is the rate-controlling one in 
all the systems examined. Attempts to measure the rate 
at  which the free radical is released by the oxidized 
organometal have not been successful. 

Oxidation of (H20)&rR2+ complexes, with R con- 
taining an a-OH or -OR group, also takes place with 
Hg2+, Cu2+, Fe3+, and V02+.72 Here, the R group itself 
is oxidized. This is not entirely surprising in that these 
particular R groups, as free radicals, are strong reducing 
agents.73 

Radical Transfer. Alkyl groups transfer to and 
from Cr2+, as in eq This reaction is remarkable 
in that it represents an inner-sphere reaction in which 
the bridging ligand lacks an electron pair. It seems to 
follow an SH2 mechanism: bimolecular homolytic sub- 
stitution. What is special about this is that it is a 
relatively rare example of SH2 substitution at saturated 
carbon. The rates drop off sharply with bulkier R 
groups, consistent with their bridging role and with 
metal attack at the a-carbon. Transalkylation of Cr2+ 
by other organometals (e.g., cobalt, nickel) is a known 
and related p h e n o m e n ~ n . ~ ~ ~ ~  
(H20)&rR2+ + *Cr(H@)e2+ 

(H20)5*CrR2+ + Cr(H20)e2+ (12) 
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Chem. SOC. 1981, 103, 2728. 
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Applications. Chromium compounds have found 
commercial use for the polymerization df ethylene and 
propylene.7s81 In aqueous solutions, ethylene is po- 
lymerized upon addition of ArCH2CrL(H20)2+, pre- 
sumably by a chain reaction of ArCH2', formed by 
homolysis.82 Other organochromium(II1) compounds 
are also active catalysts for alkene polymerization, 
usually in organic solvents like CHzC12 and THF. This 
includes [ C P * C ~ ( T H F ) ~ C H ~ ] ( B P ~ ~ )  and [Cp*Cr- 
(CHzSiMe3)2].83 

Under certain circumstances, organochromium(II1) 
compounds react with aldehydes, as in eq 13. This 
occurs for RCrC12(THF)3, as shown.@ Ketones are 
unreactive. The complexes R2CrC1(THF)3 also react, 
but (H20)5CrR2+ is un reac t i~e .~~  The R groups used 
include CH3, n-C3H7, n-C4H9, sec-C4Hg, n-C8HI7, and 
PhCH2. Extensive tests were run for both heptanal and 
benzaldehyde. 

RCrC12(THF)3 + R'CHO - H20 

RR'CHOH + HOCrC12(THF)3 (13) 

Another application for organochromium(II1) com- 
plexes is found in their use for selective coupling of free 

(78) Sauer, A.; Cohen, H.; Meyeratein, D. Znorg. Chem. 1988,27,4578. 
(79) Clark, A. Catal. Rev. 1969, 3, 145. 
(80) Karol, F. J.  Catal. Reu. Sci. Eng. 1984,26, 557. 
(81) Sinn, H.; Kaminsky, W. Adu. Organomet. Chem. 1980, 18, 99. 
(82) Shi, S. Unpublished observations. 
(83) Thomas, B. J.; Theopold, K. H. J.  Am. Chem. SOC. 1988, 110, 

5902. 

radicals. Once some CrR2+ is formed, as in Scheme I, 
the radical may instead react with CrR2+: 

R' + CrR2+ - {CrRZ') (?) - Cr2+ + R2 (14) 
Reactant ratios must be chosen carefully, and con- 

ditions can even be arranged first to make CrR2+ and 
then, with a different alkyl halide, RR'. There is no 
evidence for the dialkylchromium(1V) intermediate 
pictured in eq 14. This reaction might also be viewed 
as an SH2 displacement, although its mechanism has not 
been studied. 

Concluding Remarks. The family of (H20)5CrR2+ 
complexes has provided remarkably fertile ground for 
mechanistic study. Many reactions display a range of 
reactivity. As shown, the CrR2+ bond dissociates both 
heterolytically and homolytically, and the balance be- 
tween them can be controlled. That is, for a given R, 
homolysis can be promoted by addition of a scavenger 
and retarded by added Cr2+. Similarly, increasing steric 
bulk on the a-carbon greatly increases the rate of 
homolysis but accelerates heterolysis only marginally. 
Because the proton and the solvent are kinetically in- 
efficient electrophiles, the complexes survive in aqueous 
media. More reactive electrophiles, such as mercuric 
salts or halogens, react very rapidly. 

These complexes, or closely related ones, have re- 
cently been shown to have promise in organic reac- 
tions.= They can initiate olefin polymerization and can 
add nucleophilically to aldehydes. 

(84) Kauffmann, T.; Hamsen, A,; Beirich, C. Angew. CheM., Znt. Ed. 
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Introduction 
As laser technology progresses, nonlinear optical 

(NLO) techniques1 are becoming increasingly important 
tools in chemistry. Most NLO techniques involve sev- 
eral laser beams and a distinct signal beam; however, 
the single defining characteristic of a NLO experiment 
is that the intensity of the observed signal is propor- 
tional to the nth power of the laser intensity, where n 
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> 1. Examples of NLO techniques that have been used 
in chemistry include the photon echo: second-harominc 
generation: and hole burning.*t5 In this Account we 
discuss what has become perhaps the most widely used 
NLO technique in chemistry, the transient grating 
(TG).6*7 TG experiments have been performed in all 
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