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Novel Nonenzymic Heterolysis of an AHyI Phosphate 
Ester by Organoaluminum Reagents 

Sir: 

Although nonenzymic polyolefin terminal epoxide cycli-
zations are among the most fascinating biogenetic-like terpe
noid syntheses and have received an immense amount of 
study,1 another important counterpart of terpene biosynthesis, 
an allyl phosphate ester cyclization, has never been developed 
to a useful level due to the lack of a satisfactory reagent to 
promote the controlling heterolysis of these esters.2 We now 
report the nonenzymic SNI- l ike heterolysis of the phosphate 
ester with concurrent regioselective generation of new C-S, 
C-N, C-O, and C-C bonds akin to that occurring in the bio
logical process.3 

Reaction of geranyl diethyl phosphate ( I ) 4 with trimeth-
ylaluminum (4.0 equiv) in methylene chloride under argon at 
- 7 8 ° for 30 min, 0° for 1 h, and 20° for 2.5 h led to efficient 
(>90%) cross coupling in a stereospecific manner; none of the 
Z-isomer of 2 was present in the crude reaction mixture by 
GLC analysis.5 A dramatic alteration in the course of the re-

OP(OEt)2
 MeiA1 

action occurred when the reaction of trimethylaluminum was 
conducted with neryl diethyl phosphate (3);4 although limo-
nene (4) and terpinolene (5) were formed with no trace of 2, 
the predominant product (68%) was A-tert-butyl- 1-methyl-
cyclohexene (6a), resulting either from a direct alkylation of 
nonclassical carbonium ion 7 or an alkylation of classical ter-
pinyl ion 8 (or 9).2 The analogous alkylative cyclization using 
triethylaluminum or triisobutylaluminum in methylene chlo
ride afforded 6b or 6c in 70 and 68% yields, respectively, 
starting from 3. These striking observations demonstrate 
unequivocally that intermediary allylic carbonium ions (or 

Table I." Substitution of 1 and 3 

O 
Il 

RCH2OP(OEt)2 

Aluminum reagent 
(method of prep

aration)6 

Me2AlS-C-Bu7 (A) 
Me2AIS-r-Bu7(A) 
Me2AlSPh7 (A) 
Me2AlNHPh8 (B) 
Me2AlNHPh8 (B) 
Me2AlOPh9 (B) 
Me2AlOPh9 (B) 

Sub
strate 

1 
3 
3 
1 
3 
1 
3 

Me2AlX (4 equiv) 
hexane RCH2X 

Pre 
Reaction conditions 

Time (h) 
Temp (0C) X 

0.5,0 
0.5,0 
0.5,0 
0.5,0; 12, 20 
0.5,0; 12,20 
0.3,0; 1.5,20 
1.0; 1,20 

S-f-Bu 
S-f-Bu 
SPh 
NHPh 
NHPh 
OPh 
OPh 

duct 
Isolated 
yields 

(%) 

97 
92 
83 
74 
82 
85 
77 

aMost of these reactions were run on a 1 mmol scale. The yields 
are not necessarily optimum. ° Method of preparation: A, prepared 
in situ by treatment of the corresponding thiol with trimethylalu
minum (1.0 equiv) in hexane at 0°; B, prepared by the reported pro
cedure and isolated by recrystallization. c Isolated by chromatog
raphy on silica gel and adequately characterized by analytical and 
spectral data. 

equivalents) from 1 and 3 strictly preserve their steric in
tegrities in the above transformations.6 

OP(OEt)2 

R3Al 

>• 
CH2CI2 

6a, R = Me 
6b, R = Et 
6c, R = ;-Bu 

In view of the efficiency of the mild and stereospecific het
erolysis of allyl phosphate ester by trialkylaluminum reagents, 
the behavior of certain organoaluminum reagents of type 
R 2 AlX (X = SR, NHR, or OR) 7 ' 9 was studied. Treatment 
of geranyl or neryl phosphate ester in hexane with aluminum 
reagents (4 equiv) results in formation of substitution products 
with regio- and stereospecific manner. The examples cited in 
Table I illustrate the synthesis of sulfides, amines, and ethers 
using the indicated reactants and reaction conditions. 

In contrast to the substitution of 3 by aluminum reagents 
in hexane (Table I) that gave only a small amount or (in most 
cases) none of the cyclic products, the cyclic dienes predomi
nated using methylene chloride as solvent. Thus, treatment 
of the ester 3 with dimethylaluminum phenoxide in methylene 
chloride at 0° for 1 h and 20° for 3 h furnished limonene (4) 
and terpinolene (5) in 58 and 11% yields, respectively, con
taminated by only 8-10% of neryl phenyl ether. Similarly, 
dimethylaluminum anilide gave rise to 4 and 5 in 49 and 13% 
yields, respectively. The pronounced solvent effect on the 
course of the reaction must be related in part to the nature of 
the ion pair in the transition state. In nonpolar solvent a tight 
ion pair might be involved, while in a more polar solvent system 
the ion pair might be more widely separated and the cyclization 
takes place rather easily. 

For preparing the cyclized products even more selectively, 
we next examined the behavior of certain aluminum reagents 
of type R 2 AlXAlR 2 (X = S, PhN, and O)1 0 which may form 
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a "chelate" anionic complex with the phosphate residue, e.g., 
10." Of these reagents, tetraisobutyldialuminoxane (11) 

R 

\ ^ O-Al EtCL 

EtO O 

10 

P / 
-AL 

(1-Bu)2Al—O—Al(J-Bu)2 

11 

prepared by the action of 0.5 equiv of water on diisobutylalu-
minumhydride in dry THF (at —78° under argon)12 followed 
by concentration in vacuo was clearly the most effective; the 
reagent is designated herein as TIBAO. The reaction of the 
ester 3 with 4.0 mol equiv of TIBAO in methylene chloride at 
0° for 1 h and 20° for 3 h produced limonene (66%) and ter-
pinolene (9%) exclusively: none of the other by-products were 
detected by GLC and TLC analyses. TIBAO-promoted cy-
clization did not suffer the significant solvent effects and the 
use of hexane or THF as solvent afforded 4 and 5 in yields of 
54 (4:5 = 9:1) and 80% (5:3), respectively. Surprisingly, the 
geranyl ester 1 also experienced the similar cyclization with 
equal efficiency (75% yield; 5:3) by exposure to excess TIBAO 
in THF, probably due to the intermediacy of "free" allylic 
carbonium ion in this reagent-solvent system.13 

To illustrate the utility of the "aluminum promoted" cy
clization process in an even more complex case, the cyclization 
of (Z)-monocyclofarnesyl diethyl phosphate (12) l4 was chosen 
to study. Previously (Z)-monocyclofarnesol was transformed 
into o-chamigrene (13) in low relative yield.15'16 After ex
amining several organoaluminum reagents in various solvent 
systems, we soon found that TIBAO was the reagent of choice 
for the substrate 12.17 Thus, the cyclization was carried out 
with excess TIBAO (10 equiv) in hexane at —78° for 10 h and 
20° for 3 h to produce ^/-a-chamigrene (13)18 in 72% yield 
accompanied by only ~ 3 % of the /3-isomer. 

vOO 
OP(OEt)2 13 

12 

The investigation is currently being extended to ascertain 
in more detail the scope of these reactions which may have 
theoretical and synthetic value. We are particularly intrigued 
with possibilities to control the cyclization process regio- and 
stereoselectively. 
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Zero-Coordinate Rb+ . A Rubidium Ion Whose Interionic 
Contacts Are All Unconventionally Long by 
More Than 1.5 A 

Sir: 

Large monovalent cations were observed to be under-coor
dinated in the crystal structures of the dehydrated zeolites 
Cs7Na5-A'-2 and Kn-A.2 '3 In the latter structure, a zero-
coordinate K+ ion is located deep within the zeolite's large 
cavity, 4.25 A from the nearest framework ion, an oxygen.4 

This distance is 1.6 A greater than the sum of the corre
sponding ionic radii.5 

Herein is reported a substantiation of that result, the exis
tence of an uncoordinated Rb + ion in Rb+-exchanged zeolite 
A. This work is more precise than that involving Ki 2-A because 
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