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alkyl complex 12: mp 168-174°; H26D 5.8° (c 2, CHCl3); ir 
(CHCl3) 2070 cm"1 (Ir111CO). Anal. Calcd for C45H36Cl2F3IrOP2: 
C, 55.45; H, 3.72. Found: C, 55.12; H,4.01. 

Acknowledgment is made to the donors of the Pe-

The homogeneous decarbonylation of carboxylic 
acid halides with chlorotris(triphenylphosphine)-

rhodium(I) (1) takes place at room temperature.1-4 

When there is no /3 hydrogen on the acid halide, the 
product is an alkyl or aryl halide; when a /3 hydrogen is 
present, the products are the olefins and hydrogen 
halide. In the reaction, chlorotris(triphenylphos-
phine)rhodium(I) is converted to chlorocarbonylbis-
(triphenylphosphine)rhodium(I) (4) and the reaction is 
stoichiometric with respect to the former. Chloro-
carbonylbis(triphenylphosphine)rhodium(I) also cata
lyzes the homogeneous decarbonylation, but at a higher 
temperature.3 '5-9 The rhodium-catalyzed decarbonyl
ation has the advantage over the palladium-catalyzed 
decarbonylation, since the major product from straight 
chain acid halides is the 1-olefin with small amounts of 
internal olefins resulting from isomerization. Pal
ladium catalysis affords mainly internal olefins.1011 

The mechanism for the decarbonylation of acid 
chlorides by chlorotris(triphenylphosphine)rhodium(I) 
has been proposed to involve both acyl- and alkyl- or 
arylrhodium complexes2-6 as shown in Figure 1. 
When catalytic amounts of 1 are used, the proposed 
mechanism involves the oxidative addition of an acid 
chloride to 4 at elevated temperatures to form 5. In 

(1) J. Tsuji and K. Ohno, J. Amer. Chem. Soc, 88, 3452 (1966). 
(2) M. C. Baird, J. T. Mague, J. A. Osborn, and G. Wilkinson, J. 

Chem. Soc. A, 1347(1967). 
(3) K. Ohno and J. Tsuji, J. Amer. Chem. Soc, 90, 99 (1968). 
(4) J. Tsuji and K. Ohno, Synthesis, 1, 157 (1969). 
(5) J. K. Stille, M. T. Regan, R. W. Fries, F. Huang, and T. Mc-

Carley, Advan. Chem. Ser., in press. 
(6) J. Tsuji and K. Ohno, Tetrahedron Lett., 4713 (1966). 
(7) J. Tsuji and K. Ohno, Tetrahedron Lett., 2173 (1967). 
(8) J. Blum, Tetrahedron Lett., 1605(1966). 
(9) J. Blum, E. Oppenheimer, and E. D. Bergmann, J. Amer. Chem. 

Soc., 89, 2338 (1967). 
(JO) J. Tsuji and K. Ohno, J. Amer. Chem. Soc, 90, 94 (1968). 
(11) J. Tsuji, K. Ohno, and T. Kajimoto, Tetrahedron Lett., 4565 

(1965). 
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the next step, 5 can lose carbon monoxide to give 2, 
followed by acyl-alkyl rearrangement to produce 3. 
Finally, olefins are obtained by a /3-hydride elimination 
reaction with the regeneration of the complex 4. 

Results and Discussion 
Stereochemistry. In order to study the overall 

stereochemistry of /3-hydrogen elimination, the erythro-
and ?/27-eo-2,3-diphenylbutanoyl chloride (6 and 7) 
obtained from the corresponding acids12 were treated 
with 1 to form the appropriate acylrhodium complexes 
(Figure 2). 

When the erythro acyl complex (8e) was stirred in 
benzene for 5 days at 30°, a 90% yield of trans-a-
methylstilbene was obtained. In the case of the threo 
acyl complex (8t), similar reaction conditions resulted 
in a 90% yield of a-methylstilbenes; c/s-a-methyl-
stilbene comprised 90% of this mixture and trans-a-
methylstilbene the remaining 10%. Thus the elimi
nation takes place stereospecifically with overall cis 
elimination occurring. In the decarbonylation of both 
erythro and threo acid chlorides either the acyl-alkyl 
rearrangement and the /3-hydride elimination occur 
stereospecifically, or a concerted stereospecific cis 
elimination occurs. 

If the two-step process is followed, these results are 
consistent either with retention of configuration during 
the acyl to alkyl rearrangement (2 -*• 3) to afford an 
alkyl complex (e.g., from the erythro isomer) followed 
by a cis /3-hydrogen elimination or by inversion of con
figuration during this rearrangement to give alkyl 
complex (e.g., 10 from the erythro isomer) followed by 
a trans elimination. The same arguments apply to the 
threo isomer in which either retention, cis elimination 

(12) C. R. Hauser, D. Lednicer, and W. R. Brasen, J. Amer. Chem. 
Soc, 80, 4345 (1958); C. R. Hauser and W. R. Brasen, ibid., 78, 494 
(1956). 
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Abstract: The decarbonylation of erythro- and ?Areo-2,3-diphenylbutanoyl chloride with chlorotris(triphenyl-
phosphine)rhodium(I) gave exclusively trans- and cw-methylstilbene, respectively. These results are best explained 
either by an acyl-alkyl rearrangement with retention and a cis /3-hydride elimination, or a concerted cis elimination. 
The rates of the decarbonylation of dichloro(3-perdeuteriophenyl-3,3-dideuteriopropionyl)bis(triphenylphosphine)-
rhodium(III) along with the undeuterated complex (ks = 3.34 X 10-5 sec-1, kv, = 4.75 X 10-6 sec-1) showed a pri
mary deuterium isotope effect of 7.04. Decarbonylation of 2-methylpentanoyl chloride, 2,2-dimethylpentanoyl 
chloride, 2-ethyl-3-methylbutanoyl chloride, and 2,3-dimethylbutanoyl chloride with ?rans-chlorocarbonylbis(tri-
phenylphosphine)rhodium(I) showed that this olefin-forming reaction preferred the Saytzeff elimination. 
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Figure 1. Mechanism of acid chloride decarbonylation. 

or inversion, trans elimination explain the results. 
The intermediate alkyl complexes 9 and 10 cannot be 
detected conclusively by infrared during the course of 
the rearrangement, so that they are either present in 
relatively low concentrations or are not formed. 

For the two-step mechanism, the retention, cis 
elimination pathway would be favored on the basis of 
the retention observed in the decarbonylation of 
aldehydes with rhodium 1 3 as well as the evidence for cis 
metal-hydride el imination1 4 - 1 6 and retention in acyl-
alkyl rearrangement (or the reverse reaction, carbonyl 
" inser t ion") 1 7 - 2 0 in other systems. 

In an attempt to determine whether or not the step in 
which the alkyl group is released from the metal with 
the abstraction of a hydrogen is rate determining, 3-
perdeuteriophenyl-3,3-dideuteriopropionyl chloride (11) 
was synthesized. Acyl complex 12 was prepared by the 
reaction of the acid chloride 11 with chlorotris(tri-
phenylphosphine)rhodium(I), and its rate of decar
bonylation along with that of the undeuterated complex 
were measured at 80°. The rate constants (fcH = 
3.34 X 1O-5 s ec - 1 and ku = 4.75 X 1O-6 sec - 1 ) show a 
primary isotope effect of 7.04. These results are more 
consistent with a rate-determining concerted" cis elim
ination reaction of 12 without the intervention of the 
intermediate alkylrhodium complex (13) than with the 
two-step mechanism (in which the decomposition of 13 
is rate determining) for the following reasons. Al
though an isotope effect would be expected for a process 
in which an equilibrium between 12 and 13 is estab
lished prior to the rate-determining elimination reaction 
of 13 to afford styrene and 4, the magnitude of the iso
tope effect would not be expected to be as large as was ob
served. With the conversion of 13 to products as the 
rate-determining step, a measurable concentration of 13 
should be observed, yet neither could this intermediate 

(13) H. M. Walborsky and L. E. Allen, Tetrahedron Lett., 823 (1970); 
J. Amer. Chem. Soc, 93, 5465 (1971). 

(14) R. F . Heck, / . Amer. Chem. Soc, 91 , 6707 (1969). 
(15) B . L . S h a w , Chem. Commun., 464(1968). 
(16) P. M. Henry, J. Amer. Chem. Soc., 94, 7305 (1972). 
(17) R. W. Johnson and R. G. Pearson, / . Chem. Soc. D, 986 (1970). 
(18) G. M. Whitesides and D . J. Boschetto, J. Amer. Chem. Soc, 9 1 , 

4313(1969). 
(19) L. F . Hines and J. K. Stille, J. Amer. Chem. Soc, 94,485 (1972). 
(20) G. Carturan, M. Graziani, R. Ros, and U. Belluco, / . Chem. 

Soc, Dalton Trans., 3 , 262 (1972); G. Carturan, M. Graziani, and U . 
Belluco, J. Chem. Soc. A, 2509 (1971). 
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Figure 2. Stereochemistry of the decarbonylation-dehydrohalo-
genation of erythro- and //ireo-2,3-diphenylbutanoyl chloride. 
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nor the intermediate alkyl complex obtained from the 
decomposition of the erythro and threo complexes (8e,t) 
be detected by infrared. Mechanistic studies21 on the 
conversion of phenylacetylrhodium complexes (of type 
2) to benzylrhodium complexes (of type 3) show that 
this is an equilibrium process which favors the phenyl-
acetyl species; the subsequent decomposition of the 
benzylrhodium complex to 4 has the fastest rate of the 
three. The racemization which accompanies the decar
bonylation of optically active a-trifluoromethylphenyl-
acetyl chloride to a-trifluoromethylbenzyl chloride and 
4 has been attributed2 2 to this equilibrium step rather 
than the subsequent step, the conversion of the benzyl
rhodium complex to 4. Thus, if an equilibration 2 +± 
3 were established, a stereospecific reaction in the de
carbonylation of the erythro and threo rhodium com
plexes (8e,t) would not be expected. 

Direction of Elimination. In order to study the se
lectivity for the direction of elimination in the decar
bonylation of acid chlorides containing /3 hydrogens, the 

(21) J. K. Stille and M. T. Regan, J. Amer. Chem. Soc, 96, 1508 
(1974). For p-chlorophenylacetyl chloride at 25°, for example, Ki = 
5.0 X 1O - 5 , K-i = 6.84 X 10 -< and Ki = 9.59 X 1 0 - i . 

(22) J. K. Stille and R. W. Fries, / . Amer. Chem. Soc, 96, 1514 
(1974). 
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Table I. Effects of Triphenylphosphine on the Catalytic 
Decarbonylation of Hexanoyl Chloride with trans-Chloro-
carbonylbis(triphenylphosphine)rhodium(I) in Benzonitrile at 190° 

Molar ratio 
Ph3P/(Ph3P)2-

RhCl(CO)-
Reaction — % product 
time, hr Yield, % 1-Pentene 2-Pentene 

0 
1 
2 
5 

10 

4 
6 

16 
18 
24 

62 
58 
65 
57 
10 

66 
86 
90 
95 
96 

34 
14 
10 

5 
4 

° The reactions were carried out with 1.87 g of hexanoyl chloride 
and 100 mg of catalyst (molar ratio of hexanoyl chloride/catalyst 
= 96:1) in 10 ml of benzonitrile. 

decarbonylation of several branched acid chlorides 
(14-17) having primary, secondary, and tertiary hy-

CH3 

I 
C H 3 C H 2 C H 2 - C - C O C l 

H 
14 

C H 3 H 

CH3 - C -
i 

H 

- C - C H 2 C H 3 

COCl 
16 

CH3 

I 
C H 3 C H 2 C H 2 - C - C O C l 

CH3 

15 
CH3 CH3 

C H 3 - C — C - C O C l 

k k 
17 

drogens was carried out, where two choices of types of 
hydrogens (primary vs. secondary, primary vs. tertiary, 
and secondary vs. tertiary) were available. 

The decarbonylation of hexanoyl chloride with 
chlorotris(triphenylphosphine)rhodium(I) afforded pre
dominantly 2-pentene, as a result of isomerization of 1-
pentene under the reaction conditions. Addition of 
triphenylphosphine to the reaction mixture had no 

RhCl(PPhs)3 
C H 3 C H 2 C H 2 C H 2 C H 2 C O C I > 

xylene, reflux 
C H 3 ( C H J ) 2 C H = C H 2 + CH 3 CH 2 CH=CHCH 3 

5.5% 94.5% 

effect on the isomer distribution ratio. The reaction 
was carried out such that the olefins and hydrogen 
chloride gas were removed from the reaction mixture as 
soon as they were formed, and were collected in a trap 
at —78°. These results possibly can be attributed to 
the fact that chlorotris(triphenylphosphine)rhodium(I) 
is a very active catalyst for the isomerization of 1-ole
fins to internal olefins.2 3 

The isomerization of olefins could also be catalyzed 
by a rhodium hydride formed from the addition of hy
drogen chloride, which is generated from the reaction, 
to the rhodium(I) complexes. The addition of rhodium 
hydrides, LnRhH, to alkenes followed by elimination 
leads to the isomerization of olefins.24'26 Chlorocar-
bonylbis(triphenylphosphine)rhodium(I), which does 
not isomerize the olefin,2627 was chosen, therefore, as a 
catalyst for the study of /3 elimination via decarbonyla
tion. 

(23) R. L. Augustine and J. F. Van Peppen, / . Chem. Soc. D, 495 
(1970). 

(24) W. Strohmeier and W. Rehder-Stirnweiss, / . Organometal. 
Chem., 22, C27 (1970). 

(25) M. Yagupsky and G. Wilkinson, J. Chem. Soc. A, 941 (1970). 
(26) W. Strohmeier and W. Rehder-Stirnweiss, J. Organometal 

Chem., 19, 417 (1969); 26, C22 (1971). 
(27) J. Blum and Y. Pickholtz, hr. J. Chem., 7, 723 (1969); J. Blum, 

S. Kraus, and Y. Pickholtz, J. Organometal. Chem., 33, 227 (1971). 

Table II. The Catalytic Decarbonylation of Branched Acid 
Chlorides with Zra«.s-Chlorocarbonylbis(triphenylphosphine)-
rhodium(I) in the Presence of Triphenylphosphine" 

Acid 
chlo- Catalyst, 
ride (g) mg Product 

Yield, 
%h % 

14 (0.94) 50 1-Pentene 30(1) 52 
cis- and trans-2-

Pentene 70(3.5) 
15 (0.55) 50 2-Methyl-l-pentene 49(1) 36 

2-Methyl-2-pentene 47 (3) 
cis- and trans-4-

Methyl-2-pentene 4 
16 (0.57) 50 2-Methyl-l-pentene 10 80 

2-Methyl-2-pentene 44 (2) 
cis- and trans-A-

Methyl-2-pentene 46 (1) 
17 (1.14) 100 3-Methyl-l-butene 12.4(1) 75 

2-Methyl-l-butene 9.6 
2-Methyl-2-butene 78.0(19) 

a These reactions were carried out at 190c 

The molar ratio of Ph3P/catalyst = 10. 
rected ratios appear in parentheses. 

in 10 ml of benzonitrile. 
h The statistically cor-

The decarbonylation of hexanoyl chloride catalyzed by 
rra«i-chlorocarbonylbis(triphenylphosphine)rhodium(I) 
(4) afforded 1-pentene as the predominant product; 
added triphenylphosphine suppressed the isomerization 
of 1-pentene to 2-pentene as shown in Table I. As the 
amount of added triphenylphosphine was increased, 
both the rates of decarbonylation and isomerization de
creased. In the presence of a tenfold molar excess of 
triphenylphosphine over the catalyst, the suppression of 
isomerization was nearly complete and the ratio of 1-
to 2-pentene was 96:4. 

C H 3 C H 2 C H 2 C H 2 C H 2 C O C I 
RhCl(CO)(PPhS)2 

> • 

PPhi, PhCN 
190° 

CH3(CH2)2CH=CH2 + CH 3 CH 2 CH=CHCH 3 

96% 4% 

The decrease in the rate of the decarbonylation reaction 
caused by added triphenylphosphine suggests that the 
solvent-assisted dissociation of the carbonyl complex 
into the solvated species (18), the effective catalyst in the 

frara-RhCl(CO)(Ph3P)2 + solvent — > 
4 

/ra«i-RhCl(CO)(Ph3P)(solvent) 
18 + Ph3P 

decarbonylation,27 is supressed. Decarbonylations of 
the branched acid chlorides (14-17) were carried out in 
the presence of added triphenylphosphine, present in a 
molar ratio of 10:1 over the catalyst 4. In addition, 
the reaction was carried out such that the olefins and 
hydrogen chloride were removed from the reaction mix
ture as soon as they were formed and the evolved hy
drogen chloride was neutralized. The products were 
collected in a trap at 0° containing excess pyridine-
sodium hydroxide solution. In the absence of base in 
the trap, the evolved hydrogen chloride added to the 
branched olefin collected to give the corresponding 
alkyl chloride according to the Markovnikov rule. 
(Hydrogen chloride did not add to the straight chain 
olefin even in the absence of base in the trap.) The re
sults of these decarbonylations (Table II) show the 
tendency toward Saytzeff elimination, in that secondary 

Journal of the American Chemical Society / 96:5 j March 6, 1974 



1521 

hydrogen abstraction is preferred over primary (3:1) 
and tertiary over secondary (2:1) or primary (19:1). 

Experimental Section 
Catalysts. Chlorotris(triphenyIphosphine)rhodium(I) (1). This 

compound was prepared by a published procedure.28 Anal. 
Calcd for C54H45ClP3Rh: C, 70.10; H, 4.90. Found: C, 71.00; 
H, 5.05. 

Chlorocarbonylbis(triphenylphosphine)rhodium(I) (4) was ob
tained from the carbonylation of I.29 Anal. Calcd for C37H30-
ClOP2Rh: C, 64.32; H, 4.38. Found: C, 64.25; H, 4.44. 

erythro- and r/;reo-2,3-Diphenylbutanoyl Chloride (6 and 7). A 
solution of 0.912 g (3.8 mmol) of //ireo-2,3-diphenylbutanoic acid12 

and 4.83 g (3.2 ml, 0.038 mol) of oxalyl chloride in 4 ml of anhydrous 
benzene was stirred for 15 min at 30° and then heated to 70° for 
2 hr. The excess oxalyl chloride and benzene were removed in vacuo 
at room temperature. The //ir<?o-2,3-diphenylbutanoyl chloride, 
0.970 g (98),% was obtained as an oil. This oil was employed 
directly in the preparation of the corresponding acyl rhodium 
complex. 

An analogous procedure was used for the preparation of the 
eryf/;ro-2,3-diphenylbutanoyl chloride. Anal. Calcd for Ci6Hi5OCl: 
C, 74.27; H, 5.84. Found: C, 74.41; H, 6.48. 

Y)iQ\i\on(erythro - 2,3 - diphenylbutanoyl)bis(triphenylphosphine)-
rhodium(III) (8e) and Dichloro(Mr<?o-2,3-diphenylbutanoyl)bis(tri-
phenylphosphine)rhodium(III) (8t). To a solution of 1.074 g (1.16 
mmol) of chlorotris(triphenylphosphine)rhodium(I) in 50 ml of 
dichloromethane was added a solution of 0.368 g (1.42 mmol) of 
er>>//jro-2,3-diphenylbutanoyl chloride in 5 ml of dichloromethane. 
The resulting mixture was stirred at 30° for 24 hr. An infrared 
spectrum of the reaction solution indicated that the acyl complex 
(1715 cm - 1) was contaminated with about 5% of chlorocarbonyl-
bis(triphenylphosphine)rhodium(I) (4) (1969 cm - 1) . The reaction 
solution was concentrated on a rotary evaporator at 30°. Upon 
the addition of 40 ml of pentane the desired acyl complex pre
cipitated as yellow crystals. The crystals were washed with ether, 
and recrystallized at low temperature from acetone-pentane to 
yield 0.79 g (80%) of dichloro(er>>//!ra-2,3-diphenylbutanoyl)bis-
(triphenylphosphine)rhodium(III) (8e); ir (CH2Cl2) 1715 cm"1 

(RCORh). Anal. Calcd for C44H36Cl3OP2Rh: C, 67.76; H, 4.92. 
Found: C, 65.90; H, 4.94. 

The threo acyl complex was prepared in an analogous manner; 
Jr(CH2Cl2) 1720 cm"1 (RCORh). 

Decomposition of Dichloro(eryr/tro-2,3-diphenylbutanoyl)bis(tri-
phenylphosphine)rhodium(III) (8e) and Dichloro(rtreo-2,3-diphenyl-
butanoyl)bis(triphenylphosphine)rhodium(III) (8t). A solution of 
0.675 g (0.793 mmol) of the erythro acyl complex in 50 ml of ben
zene was stirred at 30° for 5 days. The benzene was removed on a 
rotary evaporator at 30°, and the residue was stirred in pentane 
overnight to extract the olefin product. The mixture was then 
filtered, and the filtrate was concentrated on a rotary evaporator. 
GIc analysis of the remaining liquid (5 ft X 0.25 in. 20% SE-30-
Chromosorb W) indicated the presence of a single component which 
had the same retention time as an authentic sample30 of trans-a-
methylstilbene. A 90% yield of /ran-s-a-methylstilbene was ob
tained in this reaction. 

Decomposition of the threo acyl complex (8t) resulted in a 90% 
yield of a-methylstilbenes. GIc analysis (5 ft X 0.25 in. 20% SE-
30-Chromosorb W) indicated the presence of c/s-a-methylstilbene 
(90%) and /ra».s-a-methylstilbene (10%) by comparison with the 
authentic samples.30 

3-Perdeuteriophenyl-3,3-dideuteriopropionic Acid. A solution 
of 8.0 g (0.80 mol) of toluene-dg (Stohler Isotope Chemicals, Inc.), 
19.6 g (0.110 mol) of yV-bromosuccinimide, and 0.2 g of benzoyl 
peroxide in 200 ml of carbon tetrachloride was heated to the reflux 
temperature for 4 hr. The succinimide was removed by suction 
filtration and washed with carbon tetrachloride, and the washing 
was combined with the filtrate. The solvent was removed under 
reduced pressure, and the residue was distilled at 50-58° (1.0 mm) 
to afford 10 g (70%) of benzyW, bromide. 

Benzyl-^ bromide (9.0 g, 50 mmol) was added dropwise to a 
stirred mixture of diethyl sodiomalonate (prepared from 9.0 g of 
diethyl malonate and 1.3 g of sodium) and 25 ml of absolute alcohol. 

(28) J. A. Osborn and G. Wilkinson, Inorg. Syn., 10, 67 (1967). 
(29) J. A. Osborn, F. H. Jardine, J. F. Young, and G. Wilkinson, 

J. Chem.Soc.A, 1711 (1966). 
(30) J. H. Brewster, H. O. Bayer, and S. F. Osman, / . Org. Chem., 29 

110 (1964). 

The reaction mixture was heated to the reflux temperature for 1 hr 
and then diluted with 25 ml of water. The organic product was 
extracted with ether and dried over magnesium sulfate, and the 
solvent was removed under reduced pressure to yield 10.0 g (78%) 
of the crude diethyl ester: ir (neat) 1728 cm - 1 (ester); nmr(CDCl3) 
5 1.10 (m, 6 H), 3.26 (s, 1 H), 4.14 (q, 4 H) ppm. 

To a solution of 8.6 g of potassium hydroxide in 10 ml of water 
was added 9.7 g (38 mmol) of deuterated diethyl ester. The solu
tion was stirred and heated on a steam bath for 3 hr. The reaction 
mixture was then cooled by an ice bath, and 6 g of ice was added to 
lower the temperature to 20°. Hydrochloric acid was added until 
the reaction mixture was acid to Congo red paper. An excess of 
1.5 ml of concentrated hydrochloric acid was added. 

The crude deuterated benzylmalonic acid was extracted with 
ether and dried over magnesium sulfate, and the solvent was re
moved under reduced pressure. The crude deuterated benzyl
malonic acid (6.0 g) was heated at 180° for 30 min and the residue 
was distilled at 115-125° (0.5 mm) [lit.31 bp 125-126° (6 mm) for 
3-phenylpropionic acid] to afford 3.0 g (60%) of the 3-perdeuterio-
phenyl-3,3-dideuteriopropionicacid: ir(neat) 1700cm -1 (COOH); 
nmr (CDCl3) 5 2.60 (s, 2 H), and 11.52 (s, 1 H) ppm. 

3-Perdeuteriophenyl-3,3-dideuteriopropionyl Chloride (11). To 
2.60 g (16.5 mmol) of 3-perdeuteriophenyl-3,3-dideuteriopropionic 
acid was added 4.20 g (33.0 mmol) of oxalyl chloride. The reaction 
mixture was heated to 65° for 2 hr. The resulting mixture was 
distilled under atmospheric pressure to remove excess oxalyl chlo
ride and then under reduced pressure to yield 2.00 g (70%) of acid 
chloride at 54-58° (0.20 mm): ir (neat) 1795 cm"1 (COCl); mass 
spectrum m/e 139 (M+ - HCl). 

3-Phenylpropionyl Chloride. This acid chloride was prepared 
by the reaction of hydrocinnamic acid (Aldrich Chemical Co.) with 
oxalyl chloride as described above: yield, 9 3 % ; bp 61-65° (0.35 
mm) [lit.32 bp 116° (15 mm)]; ir (neat) 1795 cm"1 (-COC1); mass 
spectrum m/e 132(M + - HCl). 

Dichloro(3 - phenylpropionyl)bis(triphenylphosphine)rhodium(III). 
To a solution of 0.843 g (5.00 mmol) of 3-phenylpropionyl chloride 
in 15 ml of dichloromethane was added 1.11 g (1.20 mmol) of chloro-
tris(triphenylphosphine)rhodium(I). The solution was stirred at 
room temperature for 24 hr. Upon precipitation with absolute 
alcohol, the orange crystals were washed with anhydrous ether and 
dried in vacuo to yield 1.10 g (87%) of acylrhodiumcomplex: mp 
205-207°; Ir(KBr)HlOCm-KRhIIiCOR). Anal. CalcdforC45-
H39Cl2OP2Rh: C, 65.00; H, 4.73. Found: C, 65.14; H, 4.52. 

Dichloro(3- perdeuteriophenyl - 3,3-dideuteriopropionyI)bis(triphe-
nylphosphine)rhodium(III) (12). This complex was prepared in 
an analogous manner to yield 87% of product: mp 204-208°; ir 
(KBr) 1710 cm"1 (Rhi"COR). Anal. Calcd for C45D7H32Cl2OP2RH: 
C, 64.46; H, 5.48. Found: C, 63.86; H, 4.84. 

Rates of Decomposition of Dichloro(3-phenylpropionyl)bis(tri-
phenylphosphine)rhodium(III) and Dichloro(3-perdeuteriophenyl-
3,3 - dideuteriopropionyl)bis(triphenylphosphine)rhodium(III) (12). 
Two reaction flasks containing the same concentration of acyl
rhodium complex were placed in an oil bath which was maintained 
at 80°. Samples of the reaction solution were withdrawn by a 
syringe through a serum cap, and the formation of product was 
determined by gas chromatography. One reaction flask con
tained 0.665 g (0.800 mmol) of dichloro(3-phenylpropionyl)bis-
(triphenylphosphine)rhodium(III) and 92.2 mg of toluene (internal 
standard), and was diluted with benzene to 6 ml; the second flask 
contained 0.671 g (0.800 mmol) of dichloro(3-perdeuteriophenyl-
3,3 - dideuteriopropionyl)bis(triphenylphosphine)rhodium(III) and 
103 mg of toluene (internal standard), and was diluted with ben
zene to 6 ml. 

2-Methylpentanoyl Chloride (14). To a solution of 167 g (1.40 
mol) of thionyl chloride was added 94.0 g (0.700 mol) of 2-methyl-
pentanoic acid (Aldrich Chemical Co.) at 50° over a period of 1 hr. 
The solution was allowed to stand overnight. The unchanged 
thionyl chloride was removed at atmospheric pressure and the resi
due was distilled to afford 83 g (88%), bp 138-140° (lit.33 bp 140°), 
of product; ir (neat) 1795 cm"' (COCl). 

2,2-Dimethylpentanoyl chloride (15) was prepared in an analogous 
method from 2,2-dimethylpentanoic acid (Matheson Coleman and 
Bell) in a yield of 86%: bp 150-152°; ir (neat) 1795CtTr1 (-COC1). 

2,3-Dimethylbutanoyl chloride (17) was prepared in an analogous 

(31) E. SchwenkandD.Papa,/. Org. Chem., 11,798 (1946). 
(32) R. Adams and L. H. Ulich, / . Amer. Chem. Soc, 42, 599 (1920). 
(33) W. A. Quebedeaux, G. Wash, W. O. Ney, W. W. Crouch, and 

H. L. Lochte, / . Amer. Chem. Soc, 65, 767 (1943). 
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method from 2,3-dimethylbutanoic acid (K & K Laboratories 
Inc.) in a yield of 61 %: bp 136-138° [lit.34 bp 135.9-136.6° (751 
mm)]; ir (neat) 1795 cm"1 (-COC1). 

2-Ethyl-3-methylbutanoic Acid. To 450 ml of water in a 1-1. 
flask fitted with a mechanical stirrer and cooled in an ice bath was 
added 58 ml (107 g) of concentrated sulfuric acid. When the tem
perature had fallen to 15°, 72 g (0.50 mol) of 2-ethyl-3-methyl-
butyraldehyde (Eastman Kodak Co.) was added, followed by 57 
g (0.36 mol) of potassium permanganate in 2.5-g portions. The 
permanganate was added at such a rate that the temperature of the 
solution did not rise above 20°. When the addition was completed, 
sodium bisulfite was added until the solution became clear. The oil 
layer was separated, washed with water, and distilled from a Claisen 
flask. The foreruns were separated from any water and redistilled. 
The combined fractions were redistilled at atmospheric pressure to 
afford 55 g (85 %) of product, bp 140°. 

2-Ethyl-3-methylbutanoyl Chloride (16). To 54.5 g (0.500 mol) 
of thionyl chloride was added 55 g (0.42 mol) of 2-ethyl-3-methyl-
butanoic acid at 50° over the course of 1 hr. When the addition 
was completed, the solution was heated on a water bath for 30 min. 
Distillation of the solution afforded a crude acid chloride, bp 110-
156°, which was purified by redistillation, bp 150-152°, to yield 
40 g (64 %) of product; ir (neat) 1795 cm" * (COCl). 

Stoichiometric Decarbonylation of Hexanoyl Chloride with ChIo-
rotris(triphenylphosphine)rhodium(I). To a solution of 0.210 g 
(1.50 mmol) of hexanoyl chloride (Matheson Coleman and Bell) in 
10 ml of xylene was added 1.3 g (1.5 mmol) of chlorotris(triphenyl-
phosphine)rhodium(I). The solution was heated to the reflux 
temperature for 2.5 hr and the olefins were collected in a trap at 
-78°. GIc analysis (20 ft X 0.375 in. 20% SE-30 Chromosorb 
W column) indicated the presence of 1-pentene (5.5%) and 2-pen-
tene (94.5%) by comparison with authentic samples. 

(34) M. Hommelen, Bull. Soc. CMm. BeIg., 42, 245 (1933). 

The first step in the chromic acid oxidation of al
dehydes is generally thought of as involving a two-

equivalent change to give the organic product and 
chromium(IV). This contention is supported by the 

Cr(VI) + RCHO —>- P + Cr(IV) (1) 

work of Chatterji and Mukherjee, * which showed an 
induction factor of 0.5 in the formaldehyde induced 
oxidation of manganese(II). However, the fate of 
chromium(IV) after the initial step has been open to 
question. Two most frequently cited routes for the 
fate of chromium(IV) are shown in Scheme I and 

(1) A. K. Chatterji and S. K. Mukherjee, J. Amer. Chem. Soc, 80, 
3600(1958). 

Stoichiometric Decarbonylation of Hexanoyl Chloride with Chloro-
tris(triphenyIphosphine)rhodium(I) in the Presence of Triphenyl-
phosphine. The reaction was carried out as above except with the 
presence of 1 molar excess of triphenylphosphine. GIc analysis 
showed no change in the product ratio. 

Catalytic Decarbonylation of Acid Chlorides with trans-CYAoro-
carbonylbis(rriphenyIphosphine)rhodium(I). A. General Proce
dure for the Decarbonylation of Hexanoyl Chloride. To a solution 
of hexanoyl chloride (Matheson Coleman and Bell) in 10 ml of 
benzonitrile was added 100 mg (0.27 mmol) of /ra/w-chlorocarbon-
ylbis(triphenylphosphine)rhodium(I) and an appropriate amount 
of triphenylphosphine (Table I). The solution was heated to 190° 
for a period of 4-24 hr, and the product olefins were collected in a 
cold trap at —78°. The isomer distribution was analyzed by glc 
using a 20 ft X 0.375 in. 20% SE-30-Chromosorb W column. 

B. Decarbonylation of the Branched Acid Chlorides. A typical 
decarbonylation was carried out as follows. A solution of 570 mg 
(3.83 mmol) of 2-ethyl-3-methylbutanoyl chloride, 190 mg (1.36 
mmol) of triphenylphosphine, and 50 mg (0.14 mmol) of trans-
chlorocarbonylbis(triphenylphosphine)rhodium(I) in io ml of 
benzonitrile was heated to 190° for 24 hr. The products were col
lected by distillation and absorbed in a pyridine-sodium hydroxide 
solution. Gas chromatography (20 ft X 0.375 in. 20% SE-30-
Chromosorb W column) and mass spectral analysis showed: cis-
and /ra/w-4-methyl-2-pentane (46%), mje 84 (M+); 2-methyl-l-
pentene (10%), mje 84 (M+); and 2-methyl-2-pentene (44%) 
mje 84 (M+); yield, 80%. 
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Scheme I 
Cr(IV) + Cr(VI) — > 2Cr(V) (2) 

Cr(V) + RCHO —>- Cr(III) + P (3) 

Scheme II 

Cr(IV) + RCHO —>• Cr(III) + RCO (4) 

RCO + Cr(VI) — > Cr(V) + P (5) 

Cr(V) + RCHO —>• Cr(III) + P (3) 

Scheme II. For a long time, these two schemes were 
also considered to be possible mechanisms in the oxida
tion of alcohols. However, recent studies in our lab
oratory have clearly shown the activity of chromium-
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Abstract: The oxidation of aliphatic aldehydes in aqueous solution by chromium(IV) generated in situ from 
chromium(VI) and vanadium(IV) has been studied. Propionaldehyde is oxidized in a practically quantitative 
yield to propionic acid. Pivaldehyde gives a mixture of pivalic acid, tert-buty\ alcohol, and isobutylene. The al
dehydes seem to react in their hydrated forms; the value of the p constant for the oxidation of aldehyde hydrates 
is —0.96. The reaction exhibits a moderate deuterium isotope effect (k-alko = 1.7 for propionaldehyde and 
k-ajk-o = 2.1 for pivaldehyde), which is consistent with a hydrogen atom transfer in the rate-limiting step from the 
aldehydic carbon atom to the oxidant. A mechanism for the chromium(IV) oxidation analogous to that earlier 
suggested for the oxidation of alcohols is proposed, and conclusions concerning the overall mechanism of the 
chromic acid oxidation of aldehydes are presented. 
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