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At V""1 (i) Table I. Regioselectivity of Allylic Alkylationa 
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Knax is the maximum transport rate. A similar equation (ii) holds for 
dC""ouT'df, where in eq i all (+) exponents are exchanged against (—) 
and conversely. The coupled rate equations i and ii are solved simulta
neously on a UNIVAC 1108 computer using the combined Runge-Kutta 
and Hammings numerical iteration methods. The parameters K are iter
ated until the calculated curves are in satisfactory agreement with the 
experimental data. The set of values leading to agreement with experi
ment is not necessarily unique, but additional data (e.g., extraction coef
ficients) provide reference points for choosing a reasonable set. 

(12) In extraction experiments4 performed at different concentrations of so
dium mandelate and sodium chloride the extraction selectivity (+) / ( - ) 
has been found to vary from 1.22 to 1.42; the extraction efficiency 
changes too. Although performed in different conditions, these extrac
tion data foreshadow the transport results for the chloride case (D. J. 
Cram and M. Newcomb, private communication). The present analy
sis11 of our data gives K+w/K~iN ~ 1.1 and K+OUT/K~OUT ~ 1.4 and in
dicates that the extraction efficiency of mandelate increases when the 
concentration of antlport anion increases. A more detailed discussion of 
the experimental and theoretical results will be given in the final account 
of this work. 

(13) D. J. Cram and J. M. Cram, Science, 183, 803 (1974), and references 
therein. 

(14) B. Dietrich, J. M. Lehn, and J. Simon, Angew. Chem., 13, 406 (1974), 
and unpublished results. 

(15) E.R.A. No. 265duC.N.R.S. 
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On the Regio- and Stereoselectivity of 
Allylic Alkylation 

Sir: 

The utility of allylic alkylation via. 7r-allylpalladium com
plexes stems from its control of the course of the carbon-
carbon bond forming reaction.1'2 We have established that 
the nucleophile bonds to the face of the ir-allyl unit opposite 
to palladium.3 In extending our studies to cyclic com
pounds, we discovered a remarkable regioselectivity and 
stereoselectivity in methylenecyclohexane derivatives.4 
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Treatment of 1 (R = H) with the anions derived from 
methyl methylsulfonylacetate, methyl phenylsulfonylace-
tate, methyl phenylthioacetate, and methyl malonate in the 
presence of hexamethylphosphorus triamide (2) leads to 
substitution at the primary rather than the secondary car
bon atom (see eq 1 and Table I). On the other hand, utiliz
ing a bulky activating Iigand, such as tri-o-tolylphosphine 
(3) leads to predominate reaction at the secondary carbon 
atom.5 At present, the reaction is best considered as a nu-
cleophilic attack on ?73-allylpalladium cationic complex
es. 2a , s Thus, this selectivity may be attributed to the stabili
ty of the presumed initial product of alkylation—the olefin-
palladium it complexes 4 and 57—compared to the steric 
hindrance to the approach of the nucleophile. Normally, the 
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a All reactions were carried out at room temperature in DMSO as 
solvent unless otherwise specified. 6HMP = hexamethylphosphorus 
triamide. TOT = tri-o-tolylphosphine. <=The anions were generated 
by treatment of the active methylene compound with sodium hyd
ride in the solvent of the reaction. d Yields are for isolated purified 
compounds. eTHF was employed as solvent in this run. /Not deter
mined. SXigand and complex were heated at 70° for 1.5 hr. h Li-
gand and complex were heated at 60° for 1.5 hr. 'Ratio determined 
by NMR spectroscopy of the crude product as well as the purified 
product utilizing the ratio of the absorptions for the vinyl protons 
at 5 5.4-5.6 for the product of primary attack and 8 4.5-5.0 for 
the product of secondary attack. 

R3P, 
\ / 

Pd 

PR3 
R3P. \ A 

Pd 

Nuc 
4 

Nuc 

nucleophile prefers to approach at the less-hindered end of 
the x-allyl system to generate S? However, if the palladium 
bears very bulky phosphines, the steric congestion that de
velops in the transition state for the formation of 5 increases 
the energy of this transition state such that the nucleophile 
is "directed" toward the more substituted carbon to gener
ate the less congested olefin-palladium rr complex 4.8 

Complex 1 (R = 1-C4H9) shows similar behavior. Fur
thermore, it allows determination of the stereochemistry of 
alkylation at a ring carbon. NMR data9 indicate this com
plex to be approximately a 3:2 mixture of 6 and 7 (6, Ha (5 

4.26, bs), H b (2.67, bs), H c (3.60, bs); 7, H a (5 4.18, d, J = 
7 Hz), H b (2.57, bs), H c (3.60, bs). The splitting of H 3 in 
these complexes is in accord with the major isomer having a 
dihedral angle between this proton and the adjacent methy-
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lene hydrogens of about 60° and the minor isomer having a 
dihedral angle of this proton and one of the protons of the 
adjacent methylene group of about 20° 10 In the unsubsti-
tuted complex ( 1 , R = H ) , this proton appears as a doublet 
(J = 3 H z ) at h 4.20 which would be in agreement with a 
rapid interconversion of the two half-chair forms. The al-
kylation product of 1 (R = r - C ^ g ) with malonate utilizing 
3 as the activating ligand was decarbomethoxylated (LiI, 
N a C N , D M F , 110°) to give an 18:1 mixture (by V P C ) 1 1 of 
two isomers resulting from at tack at the secondary carbon. 
The major isomer, isolated pure by preparative VPC, 
showed an allylic methine H a at 8 2.94 with only small cou
pling constants to the adjacent ring methylene protons in
dicative of an equatorial , not an axial proton, in the proton 
N M R spectrum.9 Thus , s tructure 8 was assigned. Indepen-
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Ha 

9 

dent synthesis of the alternative isomer 9 from 4-ferr-butyl-
cyclohexanone (eq 2) confirms this conclusion.12 The com-

1. BrCH2CO2CH3 

2. H1O+ 

3. NaOCH1. CH1OH 

^ ^ ^ C C , C H 3 

Ph5PCH, 
^ 9 (2) 

pound obtained by this latter route, which is different spec
trally and chromatographically from 8, should be the ther-
modynamically more stable cis isomer 9. Comparison of 9 
with the minor product from the allylic alkylation indicates 
their identity. 

These results demonstrate that allylic alkylation shows a 
ratio for axial vs. equatorial bond formation of 18:1. Com
parison to enolate alkylations, which show a similar tenden
cy for axial bond formation, is striking.12'13 Attributing 
both results to stereoelectronic control in which axial bond 
formation leads to a chair cyclohexane ring whereas equa
torial bond formation leads to an initial boat conformation 
appears reasonable. 

At first glance the stereochemistry of bond formation at 
the ring carbon may appear at odds with the stereospecifi-
city of bond formation at an acyclic carbon. This apparent 
discrepancy can be understood if it is realized that intercon
version of the allylic palladium cationic complexes through 
the (T complex (eq 3)14-15 may be fast relative to alkylation. 
In such a case, the stereochemistry of the alkylation at the 
ring carbon is independent of the stereochemistry of the ir 
allyl complex and is determined by the relative rates of 
reaction of the two complexes 6a and 7a. Since the nucleo-
phile approaches trans to palladium, 7a must react more 
rapidly. It should be noted that such a process does not af
fect the stereochemistry at the acyclic carbon relative to 
palladium. Reaction of 6a or 7a at the acyclic end of the 
7r-allyl unit trans to the palladium leads to the same stereo
isomer. Synthetically, the preferential formation of the less 
stable axial isomer enhances the utility of these intermedi
ates for alkylations. 

(3) 

7a 
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