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The indicated metal-centered radical arises from the laser-flash photolysis of the dinuclear complex [Rh(dmgH),PPh312. In the 
absence of other reagents the radical (which shows an absorption maximum at 580 nm, t = 2 X lo3 L mol-' cm-I) dimerizes rapidly, 
with kD = 2.3 X lo8 L mol-' s-' in 95% ethanol. The metal-centered radical reacts rapidly with 02, k = 1.4 X lo9 L mol-I s-l, 
with the first step assigned to the formation of a 1:l oxygen adduct. This reaction ultimately yields hydrogen peroxide. The 
reactions between Rh(dmgH),PPh, and a wide range of alkyl halides have also been studied. The rate constants kRx span a wide 
range, from -4 X lo2 (CHC1,) to 9 X lo8 (CBr.,). There is an approximate correlation between log kRx and the carbon-halogen 
bond dissociation energy. A correlation is also found with the half-wave potential for the reaction RX + e- - R' + X-. The 
mechanism of the reactions with alkyl halides is discussed, and it seems probable that these reactions proceed by halogen atom 
abstraction. 

Introduction 
X-ray diffraction' has established that rhodium(I1) rhodoxime2 

exists as a dimer, [Rh(dmgH)2PPh3]2. In this compound the 
monomeric halves are linked by a rhodium-rhodium single bond. 
Irradiation into the principal visible absorption band of the rho- 
dium dimer, which is characterized by a strong absorption 
maximum at  452 nm (t = 5 X lo4 M-' cm-l), produces the 
transient monomeric Rh(I1) unit, a reactive, 17-electron species. 

The rhodium(I1) radical undergoes rapid dirnerizati~n,~ a facile 
process by which the parent rhodium dimer is recovered. The 
photodissociation and recombination are represented by eq 1. 

hv 
[Rh(dmgH)2PPh3]2 2Rh(dmgH)2PPh3 (1) 

Alkyl halides react with the rhodium(I1) radical by halogen 
atom abstraction (eq 2).4 c ~ ( d m g H ) ~ L  complexes, which show 
no tendency to dimerize, react similarly with alkyl halides.5 

Rh(dmgH)2PPh3 + RX - XRh(dmgH)2PPh3 + R' (2) 
The only prior information on the kinetics and mechanism of 

this reaction comes from our report4 of indirect determinations. 
Those data relied on the ratio of products (dimeric rhodoxime: 
halorhodoxime) obtained when an alkylrhodoxime was flash ir- 
radiated in the presence of a given concentration of alkyl halide. 
The duration of the flashlamp pulse was ca. 100 ~ s ,  too slow to 
permit a direct, time-resolved study of the kinetics. In addition, 
the product ratio method was highly imprecise, especially since 
the two pathways by which FU~(dmgH)~Pph~ reacts have different 
kinetic orders, second order (dimerization) and pseudo first order 
(RX reaction), and thus vary in relative contribution with time. 

We have therefore returned to this system, now to measure 
directly the rates of the alkyl halide reactions. A much faster 
photodissociation system was used, in the form of a flashlamp- 
pumped dye laser that has a pulse width of 600 ns, thus permitting 
the monitoring of the time course of the reactions represented by 
eq 2. One of our objectives was to learn the extent to which the 
rates are governed by two pertinent variables, the carbon-halogen 
bond energy, D(C-X), versus the electrode potential for the re- 
duction of alkyl halides (RX + e- - R' + x-). The same issues 
have been addressed in several studies of a rhenium(0) carbonyl 
radicaP9 that also abstracts a halogen atom from alkyl halides. 

(1) Caulton, K. G.; Cotton, F. A. J .  Am Chem. SOC. 1971, 93, 1914. 
(2) dmgH- = monoanion of dimethylglyoxime, 2,3-butanedione dioxime. 

Rhodoxime is the trivial name for the Rh(dmgH)2 unit. 
(3) Tinner, U.; Espenson, J. H. J .  Am. Chem. SOC. 1981, 103, 2120. 
(4) Espenson, J. H.; Tinner, U. J .  Orgunomet. Chem. 1981, 212, C43. 
(5) (a) Schneider, P. W.; Phelan, P. F.; Halpern, J. J .  Am. Chem. SOC. 

1969, 91, 77. (b) Halpern, J.; Phelan, P. F. J .  Am. Chem. SOC. 1972, 
94, 1881. 

(6) Waltz, W. L.; Hackelberg, 0.; Dorfman, L. M.; Wojcicki, A. J .  Am. 
Chem. SOC. 1978, 100, 7259. 

(7) Meckstroth, W. K.; Walters, R. T.; Waltz, W. L.; Wojcicki, A,; 
Dorfman, L. M. J .  Am. Chem. SOC. 1982, 104, 1842. 

(8) Hanckel, J. M.; Lee, K.-W.; Rushman, P.; Brown, T. L. Inorg. Chem. 
1986, 25, 1852. 

We have also studied the dimerization reaction of Rh(dmgH)2PPh3 
and its reaction with 02. 
Experimental Section 

Reagents. CIRh(dmgH),PPh, was prepared by the literature me- 
thod.'" The rhodium dimer [Rh(dmgH)2PPh3]2 was prepared from the 
chloro complex by borohydride reduction, yielding a hydridorhodoxime 
that decomposes to the dimer upon addition of hydrochloric acid, as 
described previously." 

Kinetics. All kinetics measurements were carried out by laser flash 
photolysis on the system described earlier.12 The laser dye Coumarin 
504, which gives an intensity maximum at 499 nm, was used. The 
kinetics of the reactions between Rh(dmgH)2PPh3 and RX were moni- 
tored at 580 or 590 nm, where the rhodium radical absorbs. The alkyl 
halide concentrations were maintained in pseudo-first-order excess. The 
solvent was 95% ethanol, except in a few instances where benzene was 
employed. Oxygen was removed from all solutions, except when the O2 
reaction was being studied, by purging with argon. Kinetic measure- 
ments were carried out at 23 * 1 OC. 

Hydrocarbon products were determined by gas chromatography on a 
VZ-10 column at 50 OC by use of a Hewlett-Packard instrument, Model 
5790A. Air-free solutions containing [Rh(dmgH)2PPh3]2 and the desired 
alkyl halide were placed in a I-cm spectrophotometer cell. This sample 
was subjected to 14-18 laser shots. Portions of the gas phase above the 
solution were injected for the GC analysis. 

Hydrogen Peroxide Analysis. A solution of [Rh(dmgH)2PPh3] in 
air-saturated ethanol (1 mL) was placed in a standard 1-cm UV cell. 
This was subjected to eight laser shots. Concentrated sulfuric acid (0.1 
mL) was added, the solution purged with argon to remove dissolved 
oxygen, and then aqueous potassium iodide (1 mL, 0.02 M) added. The 
extent and rate of formation of I,- were monitored at 350 nm. 
Results 

Visible Spectrum of the Rh(d~ngH)~PPh~ Radical. A series of 
experiments was performed in which a solution of ca. 3 X IO-5 
M [Rh(dmgH)2PPh3]2 in 95% ethanol was pulsed with the 499-nm 
laser excitation light. The resulting absorbance changes were 
monitored as a function of time at  selected single wavelengths. 
The absorbance-time traces above 530 nm showed a rapid rise 
in absorbance after the flash, followed by a second-order decay 
that came to a final absorbance that equaled that measured before 
the flash. The visible absorption spectrum of the transient Rh- 
(dmgH)2PPh3 radical is shown in Figure 1 over the region 530-680 
nm. 

An estimate of the molar absorptivity of monomeric Rh- 
(dmgH)*PPh3 was obtained by comparing the absorbance changes 
at  452 and 580 nm observed on flashing. If it is assumed that 
at 452 nm the only absorbing species is the dimer, then the initial 
concentration of the metal radical can be calculated from the 
decrease in absorbance at  452 nm on flashing. By this procedure 
a value tsg0 = 2.0 X lo3 L mol-' cm-' was obtained for Rh- 
(dmgH),PPh3. 

(9) Lee, K.-W.; Brown, T. L. J .  Am. Chem. SOC. 1987, 109, 3269. 
(10) Ramasarni, T.; Espenson, .I. H. Inorg. Chem. 1980, 19, 1846. 
(11) Powell, P. J .  Chem. SOC. A 1969, 2418. 
(12) Melton, J. D.; Espenson, J. H.; Bakac, A. Inorg. Chem. 1986, 25, 4104. 
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Figure 1. Visible spectrum of the Rh(dmgH)2PPh3 radicals in 95% 
ethanol. €580 = 2.0 x 10) L mol-' cm-l. 

Dimerization of the Rh(dmgH),PPh, Radical. Second-order 
rate constants for dimerization (kD) were measured from the 
absorbance-time trace recorded by the digital oscilloscope at  
monitoring wavelengths of 452 and 580 nm. The rate constant 
is defined as -d[M]/dt  = 2d[D]/dt = 2kD[M]', where M and 
D are the respective concentrations of monomer and dimer. 
Second-order rate constants were calculated according to eq 3, 

A,  = A, + = A ,  + (3) 
A0 - A ,  

1 4- 2[M]ok~t  
A0 - A ,  

2(Ao - A,) 
1 +  kDt A d  

in which A,, Ao, and A, are the absorbance values at time t ,  at  
the start, and at  the end of the reaction, and A6 = tM - q,/2. 

The value kD = 1.03 X lo8 L mol-' s-' was obtained at  580 
nm, and kD = 9.6 x IO6 L mol-' s-l at 452 nm in ethanol; kD = 
1.10 X lo8 L mol-' s-I evaluated in benzene at 590 nm. Kinetic 
data were also obtained on solutions containing a small concen- 
tration of free PPh3, 2 X lo4 to 1.6 X M. The value kD = 
1.4 f 0.1 X lo8 L mol-' s-I was obtained at  580 nm, and kD = 
2.3 f 0.2 X lo8 L mol-' s-' was obtained at 452 nm. The value 
of kD was independent of [PPh3] over the range indicated. Kinetic 
solutions for the experiments with 0, and alkyl halides also 
contained added PPh3. 

Reaction with Oxygen. Solutions of the dimer were kept ox- 
ygen-free to prevent the unwanted reaction of the monomeric 
radical with oxygen. The rate constant for the 0, reaction was 
measured directly by adding a small volume of O,-saturated 
ethanol (7.8 X M 0,) to a larger volume of the parent dimer, 
also in ethanol. When the solution was flashed with the laser the 
disappearance of the monomer followed pseudo-first-order kinetics 
a t  580 nm. From these data we obtained the second-order rate 
constant k4 = kobsd/[02] = 1.4 X IO9 M-' s-I. 

We presume the 0, reaction occurs as written in eq 4, by 
analogy with the reaction between 0, and isoelectronic cobalt(I1) 
macrocycles. The rhodium( III)-superoxo complex so formed can 
then disproportionate to yield oxygen and hydrogen peroxide. 

k4 
0, + Rh(dmgH),PPh, - O,Rh(dmgH),PPh, (4) 

An analysis for hydrogen peroxide in the product solution was 
carried out. A 1-mL reaction solution containing 2.9 X M 
[Rh(dmgH)2PPh3], and 1.6 mM 0, was pulsed with the laser 
several times, a t  which point all of the dimeric complex had 
disappeared. The peroxide formed was determined by following 
the oxidation of iodide ions to 1; after acidification. The reaction 
produced 1.9 X M H202. 

An attempt was also made to learn if free superoxide ions are 
formed in the course of reaction 4. Tetranitromethane was used, 
since it undergoes a characteristic reaction with 02'-. This was 
not feasible, however, since [Rh(dmgH),PPh,], reacts directly 
with C(NO,).,, giving nitroform anion, C(N0J3-,  as one of the 
products. 

Howes et al. 
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Figure 2. Plots of observed first-order rate constants versus concentration 
of benzyl bromide, allyl bromide, dibromomethane, and 4-(trifluoro- 
methy1)benzyl bromide in 95% ethanol. 

Table I. Reaction of Rh(dmaH),PPh, with Alkyl Halides" 
D(C-X),6 

alkyl halide kRY, L mol-' s-l kJ mol-l 4 2 :  v 
CCI4 2.0 x 106 285 -0.78 
CHCI, 
CBr4 
CHBr, 
CH2Br2 
CH2=CHCH2Br 
CH2BrCH2Br 
CH,CHBrCH3 
CHSI 
C H 3 C H 2 I 
CH3CH2CH2I 
CH,CHICHj 
p-MePhCH2Br 
PhCH2Br 
p-BrPhCH2Br 
m-BrPhCH,Br 
p-CF3PhCH2Br 
p-N0,PhCH2Br 

-4 x 102 
-9 x 108 
3.5 x 107 
1.05 x 104 
5.7 x 105 
5 x 103 

7 x 104 
4.2 x 104~  
1.8 x 104 
5.1 x 105 
7.8 x 105 
1.6 X lo6 
8.7 x 105 
2.0 x 106 
4.0 X lo6 
3.7 x 106 

d 

208 
232 
249 
230 
255 
285 
235 
224 
224 
222 

21 1 

-0.30 
-0.64 
-1.48 
-1.29 
-1.52 

-1.63 
-1.67 

-1.34 
-1.24 
-1.14 

-0.59 

"In 95% ethanol and 4 X lo4 M triphenylphosphine. *C-X bond 
dissociation energies.16 Half-wave potentials for reduction of alkyl 
halides measured in 75% dioxane/25% water against SCE. Elll values 
for the substituted benzyl bromides were measured in DMF against 
Ag/AgBr. These were normalized to the other values by comparison 
of values measured in both systerns.l8 dReaction too slow to measure, 
k < -4 X IO2.  'The rate constant in benzene is 2.7 X lo4 L mol-' s-l. 

The reactions of the Rh- 
(dmgH),PPh, with a wide range of alkyl halides were studied. 
Excess organic halide was added to a solution of the rhodium 
dimer, which was then pulsed with the laser. The timed decay 
in absorbance was monitored at  either 580 or 590 nm, and it 
followed pseudo-first-order kinetics. Second-order rate constants, 
kRx, were obtained from the slopes of the plots of kobd against 
the concentration of alkyl halide. Four typical plots are shown 
in Figure 2. All of the plots show small positive intercepts. These 
are due, a t  least in part, to the competing dimerization of Rh- 
(dmgH),PPh3, as expressed by eq 5. In some cases the intercepts 
appear larger fhan expected due to experimental error. Values 
of kRX are presented in Table I. 
-d[Rh(dmgH),PPh,] /dt = 

Reaction with Alkyl Halides. 

2kD [ Rh(dmgH),PPh3] + kRx[ Rh(dmgH),PPh,] [ RX] ( 5 )  

The identity of the rhodium product under the reaction con- 
ditions was investigated. A solution of [Rh(dmgH),PPh3], and 
tetrachloromethane was repeatedly flashed with 499-nm laser 



Reactions of the Rh(dmgH)2PPh3 Radical 

Table 11. Gas Chromatography Results for Reaction of 
Rh(drngH),PPh? with Alkyl Halides 

% product gases 
alkvl halide" solvent CH, C2H6 C2H4 
Et1 (0.35) EtOH 91 9 
Me1 (0.46) EtOH 100 
Et1 (0.35) C6H6 50 50 
Et1 (12.4) Et1 48 52 

'The concentration (M) is given in parentheses. 

pulses until the dimer was absent. The UV/visible spectrum of 
the product solution had an absorption peak at 270 nm, and closely 
resembled that of C1Rh(dmgH)2PPh3. A separately prepared 
samplelo of C1Rh(dmgH)2PPh3 had a peak at  272 nm, with a 
molar absorptivity a t  this wavelength of 2.1 X lo4 M-' cm-I. A 
similar experiment using tribromomethane in place of tetra- 
chloromethane gave a product solution with a peak at 277 nm, 
presumably due to BrRh(dmgH)2PPh3. 

The gaseous organic products were investigated with gas 
chromatography. Four experiments were performed in which 
ethanol, benzene, and iodoethane were used as solvents and io- 
doethane and iodomethane were used as the alkyl halide reactants. 
The results are summarized in Table 11. In particular, it should 
be noted that butane was not detected in any of the experiments. 
Discussion 

Dimerization. Addition of triphenylphosphine results in values 
of kD for the dimerization reaction that are independent of [PPh3] 
over the range studied but are larger than in runs with no added 
PPh3. With added PPh3, the values are constant within reasonable 
experimental error at each wavelength, although the average value 
at 452 nm (kD = 2.3 X lo8 L mol-' s-') is higher than that at 580 
nm (1.4 X lo8 L mol-' s-l). The reliability of these rate constants 
depends upon the reliability of the molar absorptivities used to 
calculate the initial concentration of the rhodium radical imme- 
diately following the laser pulse. The molar absorptivity of the 
rhodium dimer at  452 nm was measured directly, whereas that 
for the monomer at 580 nm was based upon the assumption that 
the monomeric radical does not absorb significantly a t  452 nm. 
If that assumption is incorrect and the monomer does indeed 
absorb significantly at this wavelength, then the calculated value 
of €580 would be in error (higher than its true value), and the 
apparent values of kD obtained at  both wavelengths would be 
affected. This could account for the fact that the values of kD 
obtained at  452 and 580 nm with added triphenylphosphine are 
not in exact agreement. 

The greatest discrepancy in rate constants was obtained in 
experiments with no added triphenylphosphine, where kD = 1.03 
X lo8 L mol-' s-l was determined at  580 nm, but when measured 
at  452 nm, kD = 9.6 X lo6 L mol-' s-'. This large difference 
suggests the involvement of one or more intermediates in the 
dimerization reaction. Dissociation of the Rh(dmgH)2PPh3 
monomer into Rh(dmgH)2 and PPh3 is the obvious first step in 
any reaction scheme designed to explain the kinetic effect of added 
PPh3. The presence of these two species of monomers leads to 
three different species as the immediate product of dimerization. 
This is illustrated in Scheme I. 

Experiments with and without added triphenylphosphine gave 
similar values for the apparent molar absorptivity of rhodium 
monomer, implying that Rh(dmgH)2PPh3 and Rh(dmgH)2 have 
approximately equal molar absorptivities at 580 nm. It has been 
observed13 that [Rh(dmgH)2py]2 lacks the strong 452-nm ab- 

(13) Tinner, U., unpublished result. 
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Figure 3. Plot of log k for reaction of alkyl halides with Rh(dmgH)*PPh3 
versus C-X bond dissociation energy of alkyl halides. 

sorption characteristic of the phosphine complex. This suggests 
that [Rh(dmgH),I2, the dimeric species with no coordinated PPh3, 
would not absorb significantly a t  452 nm. This could be the 
intermediate needed to explain the observed results. 

With no added triphenylphosphine, Rh(dmgH)2 is the major 
monomeric rhodium species present in solution. The data at 580 
nm suggest this species dimerizes a t  a slightly lower rate than 
Rh(dmgH)2PPh3. The results a t  452 nm, where the formation 
of the dimer was monitored, gave a much lower value for the rate 
constant labeled kD. This is reasonable, since it is not dimerization 
that was observed in this case; it is the reaction of triphenyl- 
phosphine with the nonabsorbing dimeric species [Rh(dmgH)2]2. 

Halogen Atom Abstraction. The second-order rate constants 
for the reaction of Rh(dmgH)2PPh3 with the alkyl halides range 
from -4 X lo2 L mol-' s-l for trichloromethane to 9 X lo8 for 
tetrabromomethane. The competing dimerization reaction of 
Rh(dmgH)2PPh3 prevents slower reactions from being studied. 
At the other end of the scale, rate constants greater than lo9 L 
mol-' s-l give reactions that are too fast to follow. The reactivity 
order for the alkyl halides is I > Br > C1. The magnitude of these 
differences is large: k(CBr,)/k(CCl,) N 5 X lo2; k(CHBr3)/ 
k(CHC13) 9 X lo4. When bromide is compared with iodide, 
k = 5.1 X lo5 L mol-' s-l for 2-iodopropane, but the reaction with 
2-bromopropane is too slow to measure (<-4 X lo2 L mol-' s-I). 
These reactivity differences are indicative of a halogen abstraction 
mechanism (eq 6) that typ i~a l ly '~  shows a great sensitivity to the 

M + RX - [M+- - -X-- - -R] - M X  + R' (6) 

nature of the halogen in the alkyl halide. In contrast, an out- 
er-sphere electron-transfer mechanism (eq 7) has a much smaller 

M + RX - [M+ + RX'-] - M+ + R'+ X- (7) 

The rate constants for the halogen atom transfer, kM, and the 
bond dissociation energy for the alkyl halides may be correlated. 
The available bond dissociation energiesI6 are listed in Table I, 
and a plot of log kRX versus bond dissociation energy is given in 
Figure 3. There does appear to be a trend toward lower rate 
constants at higher bond energies, but the quantitative correlation 
is very poor. 

halogen dependen~e, '~  kRI/kRBr - kRBr/kRCi 1-10. 

(14) (a) Halpern, J.; Maher, J. P. J .  Am. Chem. SOC. 1964,86, 2311; 1965, 
87, 5361. (b) Chock, P. B.; Halpern, J. J .  Am. Chem. SOC. 1969, 91, 
582. 

(15) Marzilli, L. G.; Marzilli, P. A.; Halpern, J. J .  Am. Chem. Soc. 1970, 
92, 5752. 

(16) (a) Benson, S .  W. J .  Chem. Educ. 1965,42,502. (b) Papulov, Y. G.; 
Chulkova, L. V.; Levin, V. P.; Stepanyan, A. E. J .  Struct. Chem. (Engl. 
Transl.) 1972, 13, 895. (c) Szwarc, M. Chem. Reu. 1950, 47, 75. (d) 
Losing, F. P.; Ingold, K. U.; Henderson, I. H. S. J .  Chem. Phys. 1954, 
22, 1489. (e) CRC Handbook of Chemistry and Physics: Weast, R. 
C., Ed.; CRC: Boca Raton, FL, 1984. 
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The alkyl halides used in the present study include a series of 
substituted benzyl bromides. A plot of the Hammett free energy 
relationship, log ( k , / k H )  = pux, is shown in Figure 5 .  There is 
a small rate-enhancing effect of electron-withdrawing groups; the 
slope of this plot gives p = 0.73. The positive value of p indicates 
a buildup of negative charge at the benzylic carbon in the transition 
state, Le., a movement of electron density from the rhodium center 
to the bromine atom. This is consistent with the halogen ab- 
straction mechanism (eq 6). 

Product Distributions. The UV/visible spectrum of the product 
solution with tetrachloromethane confirms that the only significant 
rhodium product is the chloro-rhodium complex, ClRh- 
(dmgH)2PPh3. This again confirms the mechanism to be halogen 
abstraction, since the inorganic rhodoximes are substitutionally 
inert. 

The non-rhodium product in a halogen abstraction reaction is 
the alkyl radical; the fate of this radical can be deduced from the 
gas chromatography results. Ethyl radicals undergo two self- 
reactions, combination and disproportionation,22 to give a mixture 
of butane, ethane, and ethene as products (eq 8). 

( 8 )  
7 C4H10 2C2H5' 

C2He 4- C2Hq 

In ethanol solution kd/k,  is expected to be -0.18, and in 
benzene solution kd/k,  - 0.17. In the present study no butane 
was detected, indicating that the self-reaction was not occurring 
to any significant extent. The ethyl radical must therefore be 
undergoing a more rapid competing reaction. The only possible 
self-reaction for the methyl radicals is the combination reaction 
forming ethane. The reaction with iodomethane yielded no ethane, 
indicating again that the self-reaction is not important under the 
present reaction conditions. For the reactions in which ethanol 
is the solvent, the obvious contender as the competing reaction 
is abstraction of an a-hydrogen from ethanol (eq 9 and 10). The 

C2H5' + CH3CH20H - C2H6 + CH3CHOH (9) 

CH3' + CH3CH20H - CH, + CH3CHOH (10) 

a-hydroxyalkyl radical can undergo a self-reaction or reduce 
another alkyl radical. Thus hydrogen abstraction from ethanol 
can account for the observed major products. Calculations using 
a second-order rate constant23 of 6 X lo2 L mo1-l s-I for reactions 
9 and 10 show that the reaction of the alkyl radicals with ethanol 
is expected to win out over the self-reactions. Where iodoethane 
is used as solvent, the likely reaction of the ethyl radical is ab- 
straction of a hydrogen from the iodoethane (eq 11). The iodoalkyl 
radical formed loses iodine giving ethene (eq 12). This scheme 

(1 1) 

(12) 

correctly predicts the observed 1:l ethane:ethene product ratio. 
Calculations using a second-order rate constant24 of 1.2 X lo3 L 
mol-' s-l for reaction 11 confirm this result. The products obtained 
in benzene are the most difficult ones to explain. The 1:l eth- 
ane:ethene product ratio is consistent with abstraction of hydrogen 
from iodoethane, but the latter is present a t  a concentration of 
only 0.35 M. In order for this reaction to predominate over the 
ethyl radical self-reaction, a rate constant of greater than lo4 L 
mol-I s-l is needed for reaction 11. 

Oxygen. The reaction of Rh(dmgH)*PPh3 with molecular 
oxygen is presumed to take place by the formation of a 1:l adduct, 
as represented by eq 4. This OzRh(dmgH),PPh3 species may well 

C,H,' + C2H51 - C2H6 + C2H41' 

C2H41' - C,H, + I' 

l o  1 
OCBr, 

0 CHBr, 

B ~ B ~  m - B r B z B r  0 p-N0,BzBr 
0 .  OCCI, 

0 0 p - B r B z B r  
Y Al ly lBr  

Me1 

4 I Et' CH,Brl 
CH2BrCH,Br 

2 -  

0 I I I I I 
-1.6 -1 .2  -0.8 -0.4 0.0 

Et/, / V 
Figure 4. Plot of log k for reaction of alkyl halides with Rh(dmgH)2PPh3 
versus half-wave potentials for irreversible reduction of alkyl halides. 
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Figure 5. Hammett free energy relationship plot of log k, versus ux for 
reaction of Rh(dmgH)2PPh3 with a series of substituted benzyl bromides. 

An alternative approach is to use the half-wave reduction po- 
tentials, E, 2, of the alkyl halides instead of bond dissociation 
energies. ?Ihese Ell2 values are irreversible; reduction of alkyl 
halides leads directly to halide ion and alkyl radical formation 
by a concerted electron-transfer-bond-breaking process." The 
available Elj2 valuesIs are listed in Table I, and a plot of log kRx 
versus El l2  is given in Figure 4. The correlation is approximately 
linear for the reactions studied; the alkyl halides with the most 
negative EllZ values show the lowest reactivity. 

The data shown in Figure 4 could be fitted to a free energy 
relationship, such as the Rehm-Weller equation," or the Ag- 
mon-Levine equation.20 These relationships have been applied 
to halogen atom transfer to rhenium(0) carbonyl radicals9 Such 
an exercise would be difficult to justify for the present results. 
A much better correlation of rate constants with E, values would 
be needed to obtain a meaningful fit to one of the free energy 
relationships. Also, since electron transfer to alkyl halides is an 
irreversible process, the parameters obtained from such a fit would 
not be quantitatively accurate.21 

(17) (a) Andrieux, C. P.; Merz, A.; Saveant, J.-M. J .  Am. Chem. Soc. 1985, 
107, 6097. (b) Andrieux, C. P.; Gallardo, I.; Saveant, J.-M.; Su, K.-B. 
J. Am. Chem. SOC. 1986, 108, 638. 

(1 8) Mann, C. K.; Barnes, K. K. Electrochemical Reactions in Nonaqueous 
Systems; Dekker: New York, 1970. 

( 1  9) Rehm, D.; Weller, A. Ber. Bunsen-Ges. Phys. Chem. 1969, 73, 834; Isr. 
J .  Chem. 1970, 8,  259. 

(20) Agmon, N.; Levine, R. D. Chem. Phys. Lett. 1977, 52, 197. 
(21) Scandola, F.; Balzani, V.; Schuster, G. B. J .  Am. Chem. SOC. 1981, 103, 

2519. 

(22) (a) Bakac, A.; Espenson, J. H. J.  Phys. Chem. 1986, 90, 325; (b) 
Gibian, M. J.; Corky, R. C. Chem. Reu. 1973, 73, 441. 

(23) Measured for 'CHp + CH3CH20H: "Rate Constants for Reactions of 
Aliphatic Carbon-Centered Radicals in Aqueous Solution"; NSRDS- 
NBS70; U S .  Government Printing Office: Washington, DC, 1982. 

(24) Measured for the reaction 'CH3 + C2H5CN.23 
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dissociate to a Rh(II1) complex and superoxide ions, which in turn 
form hydrogen peroxide by disproportionation, as shown by eq 
13.25 In that case, 1 mol of the original rhodium dimer reacts 
to give 1 mol of hydrogen peroxide. 
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02Rh(dmgH)2PPh3 - Rh(dmgH)2PPh3+ + 02'- - 
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67-66-3; CBr4, 558-13-4; CHBr?, 75-25-2; CH2Br2, 74-95-3; CH2CHC- y2(H202 -k 0 2 )  (13) 
H2Br, 106-95-6; CH2BrCH2Bri 106-93-4; CHJ; 74-88-4; CH;CH21, 
75-03-6; CH3CH2CH217 107-08-4; CH3CH1CH39 75-30-9; p- 
MePhCH2Br, 104-81-4; PhCH2Br, 100-39-0; p-BrPhCH2Br, 589-15-1; 
rn-BrPhCH2Br, 823-78-9; p-CF3PhCH2Br, 402-49-3; rn-CF3PhCH2Br, 

( 2 5 )  We discount a possible reaction between the superoxo complex and 
additional Rh(dmgH)2PPh,, because (as pointed out by a reviewer) such 
a reaction, in competition with eq 4, would require an impossibly high . -  
bimolecular rate constant. 100-11-8, 
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Analytically pure tran~-(PMe~)~PtHCl was synthesized and examined for its ability to catalyze the anti-Markovnikov hydration 
of terminal olefins. Although this catalyst has been reported to give high selectivities to primary alcohols, our attempts to hydrate 
I-hexene in a basic aqueous medium in the presence of a phase-transfer agent or surfactant and pure trans-(PMe,),PtHCI failed 
to yield any alcohol products. In addition, spectroscopic studies failed to confirm nucleophilic attack of hydroxide ion on coordinated 
olefins in this system. Instead, the predominant reaction under a variety of conditions was olefin isomerization. 

Introduction 
The catalytic hydration of terminal olefins to primary alcohols 

would be an important route to industrially useful alcohols. In 
a recent report, Jensen and Troglerl claimed the direct anti- 
Markovnikov hydration of terminal olefins using a soluble platinum 
catalyst. This would represent a revolutionary improvement over 
current methods of manufacturing primary alcohols2 and has 
received a great deal of a t t e n t i ~ n . ~  The published results claim 
that ~ a n s - ( P M e ~ ) ~ P t H C l  in a 1:l mixture of 0.4 M aqueous 
NaOH and 1-hexene forms a species that, a t  60 "C and in the 
presence of benzyltrimethylammonium chloride, catalyzes selective 
hydration to 1-hexanol. 

Efforts in our laboratories to reproduce this catalysis have been 
unsuccessful. In this paper, we provide details of our attempts 
to effect the claimed catalysis and also present some interesting 
spectroscopic results observed during our studies. 

Our work was initially hampered by the fact that literature 
methods for the preparation of truns-(PMe3),PtHC1 do not yield 
analytically pure material or fail to provide any information on 
analytical purity. For example, t r a n ~ - ( P M e ~ ) ~ P t H C l  was first 
prepared by Chatt and Shaw in 1962 via the reduction of cis- 
(PMe3),PtC12 with aqueous h y d r a ~ i n e . ~  Their material was 
impure, and it was unstable during further purification attempts. 
We have confirmed these observations. 

In 1984, Flood and Statler synthesized high yields of trans- 
(PMe3),PtHC1 by thermally decomposing platinum alkyl com- 
p l e ~ e s . ~  Although we have no reason to doubt the purity of their 
material, the synthesis requires a multistep procedure and no 
analytical data were published. Finally, Trogler's group has 

~~ 

(1) Jensen, C. M.; Trogler, W. C. Science (Washington, D.C.) 1986, 233, 
1069-107 1. 

( 2 )  Encyclopedia of Chemical Technology, 3rd ed.; Wiley: New York, 
1978; Vol. 1, pp 716-754. 

(3) (a) Chem. Eng. News 1986, 64 (April 28), 68-69. (b) Chem. Week 
1986 139 (Sept 24), 22. (c) Technology Forecasts and Technology 
Surueys; PWG: Beverly Hills, CA, 1986; p 9. 

(4) Chatt, J.; Shaw, B. L. J .  Chem. SOC. 1962, 5075-5084. 
( 5 )  Flood, T. L.; Statler, J. A. Organometallics 1984, 3, 1795-1803. 

Statler, J. A. Ph.D. Dissertation, University of Southern California, 
1982. 

synthesized the complex by sodium naphthalide reduction of 
c i ~ - ( P M e ~ ) ~ P t C l ~  under an atmosphere of H2 and has determined 
its structure by X-ray crystallography.6 Again, however, no 
analytical data on the bulk material were reported. Our efforts 
to synthesize active catalyst by this method gave catalytically 
inactive material that was difficult to purify. Because of the 
possibility that our inability to reproduce the reported catalysis 
was due to our use of impure material, one of our primary goals 
was to prepare analytically pure t ran~-(PMe,)~PtHCl.  
Results and Discussion 

Preparation of Analytically Pure trans -(PMe3)2PtHCI. Our 
first synthetic route (eq 1) was modeled after a procedure used 

If8ns-C(PEt3)*PtCI(CO)ltBF4- + H20 I (PEt3)2PtCI(COOH) + H *  

i 
tf&?ns-(PEt3)2PtHCI + COz (1  1 

by Catellani and Halpern for preparing fr~ns-(PEt,),PtHCl.~ 
Because the cationic complex for the analogous trimethylphosphine 
complex was unknown, this complex was first prepared according 
to eq 2. The complex was characterized by IR, IH NMR (Table 
cis-(PMe3),PtC12 + NH4PF, + CO - 

trans-[(PMe3)2Pt(CO)C1]+PFs- + NH4Cl (2) 

I), and 31P N M R  spectroscopy (Table 11) and by elemental 
analysis. 

The carbonyl complex was dissolved in acetone, and an excess 
of water was added. Extraction of the solution with ether yielded 
a solid that was spectroscopically verified as trar~~-(PMe,)~PtHCl, 
but only in trace amounts. Problems were also encountered 
because of the low stability of the hydride in water-acetone so- 
lution. For these reasons, we investigated alternative synthetic 
approaches. 

We found that the best way to synthesize trans-(PMe,),PtHCl 
was by a modification of the methanolic NaBH., reduction used 

(6) Packett, D. K.; Jensen, C. M.; Cowan, R. L.; Strouse, C. E.; Trogler, 
W. C. Inorg. Chem. 1985, 24, 3578-3583. 

(7) Catellani, M.; Halpern, J. Inorg. Chem. 1980, 19, 566-568. 
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