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too small to be consistent with rate-determining proton switch 
but is consistent with the suggested mechanism. 

Our conclusions pertinent to the preassociation mechanism 
for the acid-catalyzed reactions are entirely in accord with the 
recent observations of Cox and Jencks.9 On the basis of a 
nonlinear Br^nsted plot and a sharp maximum in solvent 
deuterium isotope effects for general acid catalyzed me-
thoxyaminolysis of phenyl acetate, these workers have con
cluded that the general acid catalyzed pathway for mono-
functional acids more acidic than pKa = 4 occurs by the 
preassociation mechanism. 
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Rates of Degenerate 1,2-Hydride and 1,2-Methide 
Shifts from the Carbon-13 Nuclear Magnetic 
Resonance Spectra of Tertiary Alkyl Cations 

The 1,2 shift of hydride or methide is the most common 
and important rearrangement of carbonium ions. Until now, 
all simple ions for which this shift is degenerate have given 
sharp, averaged NMR spectra at temperatures as low as —160 
0C.1 '2 Kinetic line-shape effects have been observed only for 
cations with special stabilization, such as the norbornyl cation,3 

the benzenonium ion,4 and their derivatives.3'4 Because line 
broadening in the fast exchange limit is proportional to fre
quency squared, we have been able to observe line broadening 
in, and measure rates for degenerate 1,2 shifts from, the 
high-field (67.9 MHz) 13C NMR spectra of I-VI. 

Solutions of I-IV,1-2 VI,1-2 and a 50:50 mixture of V2h 

and V112h were prepared5 from the corresponding alcohols in 
50:50 S0 2 C1F/S0 2 F 2 ; external CD3OCD3/CCI2F2 or 
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Figure 1.67.9-MHz 13C NMR spectrum of a 50:50 mixture of V and VII 
at-135 0C. 

Table I. Experimental Line Widths and Rates 

compd 

I 

II 

III 
IV 

V 

VI 

temp, 0 C 

-119 
-128 
-138 
- 1 1 9 
-125 
- 1 3 0 
- 1 3 5 
- 1 3 8 
-116 
-126 
- 1 3 5 
- 1 3 5 
-139 
- 1 1 9 
- 1 2 2 
- 1 2 6 
-128 
- 1 3 5 
-137 
- 1 1 0 
- 1 1 4 
- 1 2 5 
-129 
- 1 3 6 

W,Hz" 

4 
12 
18 
2 
2 
5 

10 
13 

225 
2 
6 
5 

18 
11 
12 
34 
41 

125 
148 

2 
5 

16 
34 
65 

/t/107, S-' 

14 
4.6 
3.1 

28 
28 
11 
5.6 
4.3 
0.25 

28 
9.2 

11 
3.1 
5.0 
4.6 
1.6 
1.4 
0.46 
0.40 

28 
11 
3.5 
1.6 
0.85 

m sn 

" See text for definition of W. 

CD3OCD3/SO2F2 were used as lock substance and reference; 
temperatures were measured to ±2 0 C using the temperature 
dependence of the chemical shifts of a separate sample of 2-
chlorobutane.6-7 Rates were computed according to the fast 
exchange limit approximation,8 k = (ir/2) X (A2/ W), where 
A is the chemical-shift separation, in hertz, between the nuclei 
that are averaged, and W is the width of the broadened peak 
minus the natural line width. Estimates of A range from 261 
to 278 ppm.1-2-9 The value 277 ppm2a (18803 Hz) was used 
throughout, since obtained thermodynamic values are insen
sitive to A. The width of the averaged methyl peak was used 
as the natural line width. 

The mixture of V and VII was prepared to determine 
whether we might be observing only relaxation broadening of 
the averaged cation-methine (C-l-C-2) peak, as a result of 
Ti shortening induced by chemical-shift anisotropy.10 This 
process would broaden the C-I peak of VII (5 325 ppm) more 
than any other. However, in the 1 3 CNMR spectrum'' of V and 
VII at - 1 3 5 0 C (Figure 1), only the peak at 5 195 ppm (C-
l-C-2 of V) is broadened. Therefore, chemical-shift anisotropy 
is not the cause of broadening. 

The line widths and rates for I-VI are presented in Table 
I. We have not fit the data to the Arrhenius equation, because, 
over the narrow range of accessible temperatures, systematic 
deviations could lead to large errors in £ a and log A. The free 
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energies of activation12 are, for I, AG* = 3.1 ± 0.1 kcal/mol 
at -138 0C; for II, AG* = 3.0 ± 0.1 kcal/mol at -138 0C; for 
III, AG* = 4.4 ± 0.2 kcal/mol at -116 0C; for IV, AG* = 3.1 
± 0.1 kcal/mol at -139 0C; for V, AG* = 3.7 ± 0.1 kcal/mol 
at -137 0C; and for VI, AG* = 3.5 ± 0.1 kcal/mol at -136 
0C. Error limits are standard deviations. 

The inverse (3 secondary deuterium isotope effect {k\/k\\ 
« 0.7 at —138 0C) indicates that methyl C-H force constants 
are greater in the transition state than in the ground state. This 
implies less hyperconjugation in the transition state than in the 
ground state. 

The rate of the methide shift in VI is between those of the 
hydride shifts in I and V, reflecting the energy difference be
tween a proton bridge and a protonated cyclopropane, and the 
conformation change accompanying rearrangement in the 
six-membered ring. The still lower rate in III may indicate a 
steric barrier to rotation about the C-3-C-4 bond. 

We see no broadening in the 13C NMR spectrum of 2-butyl 
cation at —140 0C. Assuming that A is 277 ppm, the lower 
limit for the rate is 4 X 109 s_ l and the upper limit for AG* is 
2.4 kcal/mol. 
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Catalytic Decarbonylation of Aldehydes 

Sir: 

Stoichiometric homogeneous decarbonylation of aldehydes 
using transition metal complexes of monodentate tertiary 

phosphine ligands such as RhCl(PPh3)3,13 [Rh(PPh3)2(sol-
vent)„]+,4 and [Ru2Cl3(PEt2Ph)6]+

 5 is now well established. 
Of these, RhCl(PPh3)3 (1) has received the most study and has 
proved useful as a reagent in organic synthesis.6'7 The basic 
reaction is thought to occur through the three-coordinate in
termediate [RhCl(PPh3)2]: 

RCHO + [RhCl(PPh3)2] — RH + f-[RhCl(CO)(PPh3)2] 
(D 

Small amounts of alkenes and H2 are also formed from higher 
saturated aldehydes; for example, 14% 1-hexene is produced 
from heptanal.2 The mechanism for the stoichiometric de
carbonylation is presumably similar to that proposed for acyl 
halides.7,8 The reaction cannot be made sufficiently catalytic 
at useful temperatures because ?-RhCl(CO)(PPh3)2 does not 
lose carbon monoxide and the active species [RhCl(PPh3)2] 
cannot be regenerated thermally9 or photochemically.10 The 
decarbonylation reaction can be made catalytic for high boiling 
aldehydes with 1 or /-RhCl(CO)(PPh3)2 (vide infra) at tem
peratures >200 0C,6 but CO loss is proposed2 to occur from 
the acyl intermediate, which results from oxidative addition 
of aldehyde to ?-RhCl(CO)(PPh3)2. Results reported in this 
communication will show that clean homogeneous catalytic 
decarbonylation of aldehydes using cationic rhodium(I) 
complexes of chelating diphosphine ligands occurs at tem
peratures considerably lower than with 1 and with long-term 
catalyst stability. 

Since a key step in catalytic decarbonylation is the expulsion 
of coordinated CO and regeneration of the active catalyst, it 
seemed reasonable to explore the reaction chemistry of al
dehydes with cationic complexes of chelating diphosphine li
gands. Such complexes should bind CO much less strongly 
than f-RhCl(CO)(PPh3)2 owing to decreased Rh-CO v 
back-bonding. This should result because the cationic com
plexes are less electron rich and likely to have trans rho
dium-phosphorous stereochemistry. Accordingly, the com
plexes [Rh(dppe)2]Cl (2) and [Rh(dppp)2]Cl (3) where dppe 
= l,2-bis(diphenylphosphino)ethane and dppp = l,2-bis(di-
phenylphosphino)propane were synthesized1' and reacted with 
benzaldehyde and heptanal under several conditions of tem
perature and solvent.13 In a typical experiment ~20 mg of 2 
or 3 was dissolved in 30 mL of a solution consisting of either 
neat aldehyde or ~2 mL of aldehyde in m -xylene or toluene. 
The homogeneous solution was stirred at constant temperature 
and continuously purged with purified nitrogen gas. The 
products were collected continuously in a trap connected to the 
end of a reflux condenser and quantitatively analyzed by GLC. 
The identity of the organic products was verified by comparison 
of GLC retention times with those of authentic samples.14 The 
results are shown in Table I. All experiments were repeated 
several times and the data reported in Table I are typical. The 
results of experiments using 1 or ?-RhCl(CO)(PPh3)2 are also 
presented in Table I for comparison purposes and because these 
data have not been previously reported in the literature. Con
trol experiments were run under identical conditions except 
without the rhodium catalyst present and no decarbonylation 
products were observed. 

It is apparent that the catalytic activities using 2 or 3 are 
much greater than those using 1. Inded, catalytic activities even 
approaching 100 with 1 or ;-RhCl(CO)(PPh3)2 are achieved 
only at temperatures in excess of 230 0C.2 Additionally, 2 and 
3 exhibit long-term stability. Reactions have been run for as 
long as 1 week with constant catalytic activities and turnover 
numbers of 100 000 have been achieved, although much higher 
turnovers are certainly possible. The per cent yield based on 
aldehyde is 100% for benzene production from benzaldehyde. 
Hexane is the only volatile product obtained from heptanal. 
Although it is desirable to achieve catalytic decarbonylation 
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