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(before phase-shift correction) in the Fourier transform18 (due 
to Fourier truncation and/or residual background), the result 
obtained for the FeMo(co) (which shows a peak at 1.33 A, before 
correction, in the Fourier transform; cf. Figure IC) may be in error 
by as much as 50%. If we subtract a "background peak" estimated 
from [Fe4S4(SPh),l2-, the number of Fe-O bonds reduces to 1.2. 
Despite these cautions, the data in Table I support the use of the 
EXAFS of 1 and 2 as good models for the FeS(Cl) ,  Fe-Fe(Mo), 
and Fe-O(N) interactions in the FeMo(co). 

In summary, the iron atoms in the FeMo(co) have an average 
of 3.4 f 1.6 S(C1) atoms at  2.25 (2) A, 2.3 f 0.9 Fe atoms at 
2.66 (3) A, 0.4 f 0.1 Mo atoms at 2.76 (3) A, and 1.2 f 1.0 O(N) 
atoms at  1.81 (7) %, as nearest neighbors. The large standard 
deviation in the number of sulfur and iron atoms may be due to 
the presence of different iron sites with varying number and/or 
types of sulfur and iron neighbors. Our findings are consistent 
with (although certainly not limited to) models 4l: and 512 de- 
scribed above. Note that model 4 calls for 3-4 S (or Cl), 2 Fe, 
0.3-0.5 Mo, and 1-2 0 (or N )  neighbors per iron atom, whereas 
model 5 predicts 4 S, 2.6 Fe, and 0.4 Mo neighbors per iron atom. 
Finally, it should be cautioned that the structure of the NMF- 
extracted FeMo(co) from Avl may be different from the novel 
cluster in the native enzyme, due to the coordinating power of 
NMF. 
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Under normal conditions ethylene and simple alkyl ethylenes 
react exclusively with electrophiles: nucleophilic additions are 
observed only when strongly electron-withdrawing substituents 
are present. Certain reactions catalyzed by enzymes' suggest that 
this prohibition is not absolute, and we are exploring possible 
intramolecular additions of oxygen and nitrogen nucleophiles to 
unactivated C=C double bonds under mild conditions. We have 
shown2 that in a suitable system activated by ground-state strain 
amine nitrogen will add very rapidly to the transannular double 
bond of an electron-rich stilbene. We now report that phenolate 

(1) Of particular interest are those amino acid ammonia lyases which are 
reversible and can thus catalyze the addition of ammonia to double bonds 
without assistance from electron-withdrawing substituents? and oleate hy- 
dratase (EC 4.2.1.53), which catalyses the stereospecific hydration of oleic 
acid to 10-hydroxy  teara ate.^ 

(2) A. J. Kirby and C. J. Logan, J .  Chem. SOC., Perkin Trans. 2, 642 
(1978). 

(3) W. G. Niehaus, A. Kisic, A. Torkelson, D. J. Bednarczyk, and G. J. 
Schroepfer, J .  Bioi. Chem., 245, 3790 (1970). 
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Figure 1. p H  profile for the cyclization of 1 - 2 at  39 "C and ionic 
strength 0.2 M (KCI) in 50% aqueous acetonitrile. The points a re  ex- 
perimental; the curve is calculated, by using kH+ = 2.2 X lo4, k ,  = 1.8 
X 10" and 8.4 X 

oxygen will add readily to a neighboring monoalkyl ethylene when 
the groups are brought together in a system exhibiting high ef- 
fective molarity (EM).4 

Ganter5 and Grob6 and their co-workers have reported relevant 
cyclizations of several polycyclic olefin-alcohols under basic as 
well as the more generally favorable acidic conditions. We pre- 
ferred an olefin-phenol system, which could be converted com- 
pletely to the phenolate anion and could thus be studied in the 
absence of complications from the initial ionization step. The key 
requirement was thus a phenol-olefin that would undergo intra- 
molecular cyclization with a very high EM, and we have prepared 
several such compounds based on the "trialkyl lock" system of 
Milstien and C ~ h e n . ~  

The most reactive of these is the phenol-lefin 1 (prepared from 

s-', and pK, 12.5. 
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the lactone A7 by the route shown in eq 1, with the following 
reagents: (i) Dibal-H; (ii) (COOH)2 in PhMe; (iii) Br2/CC14; 
(iv) H20/THF; (v) Et3SiH/BF3.0Et2; (vi) Zn/95% EtOH. Both 
1 and its cyclization product 2 have been fully characterized 
spectroscopically). 1 cyclizes to 2 very slowly at neutral or acidic 
pH, but reaction is rapid above pH 10, and the half-life of the 
anion is 82 s at  39 OC. The pH-rate profile (Figure 1 )  shows 
pH-independent regions from pH 2.5 to 8.5 and above 13, and 

(4) A. J. Kirby, Adu. Phys. Org. Chem., 17, 183 (1980). 
(5) G. M. Ramos Tombo, R. A. Pfund, and C. Ganter, Hefu. Chim. Acta, 

(6) G. A. Grob and H. Katayama, Hefu. Chim. Acta, 60, 1890 (1977). 
(7) S. Milstien and L. A. Cohen, J .  Am. Chem. SOC., 94, 9158 (1972). 

Although these compounds have been shown recently to be less reactive than 
originally thought,8 they still show EM'S of more than 10" M 

(8) M. Caswell and G. L. Schmir, J .  Am. Chem. SOC., 102,4815 (1980). 

64, 813 (1981). 
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follows the dissociation curve of the phenol above pH 9. Cycli- 
zation is catalyzed by cationic (NH+) but not neutral (tri- 
fluoroethanol) or negatively charged (HC03-) general acids. 

The parameters we have measured so far suggest that the 
mechanism of addition is primarily nucleophilic attack on the 
monoalkyl olefin by the phenolate oxygen, and it is significant 
that this mode of cyclization is substantially more efficient than 
the acid-catalyzed reaction (figure). The primary carbanion (4) 
is not likely to have a significant lifetime in aqueous solution so 
general acid catalysis (path a) is expected to be e n f ~ r c e d . ~  The 
data (kH,o/ko,o 1.70, AH* = 18.8 kcal mol-], A S *  = -7.7 eu, 
and Bronsted /3 = 0.94 f 0.06 for general base catalysis of the 
cyclization of the phenol, corresponding to a near zero for the 
general acid-catalyzed reaction (3) of the anion) are consistent 
with proton transfer being only weakly coupled with C-0 bond 
formation and thus with substantial carbanion character in the 
transition state. The reaction is thus qualitatively similar to the 
transannular addition of amine nitrogen observed previously.2 It 
also defines the mechanism of the reverse reaction, the base- 
catalyzed elimination of a poor leaving group (PhO-) from an ether 
without acidic protons. 
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We have shown that stereoelectronic control of acetal cleavage 
is apparent only in conformationally rather rigid systems. We 
report the hydrolysis of a simple bicyclic acetal (7, below) which 
shows a stereoelectronic effect much larger than any previously 
observed. 

The spontaneous hydrolysis of equatorial 1 -0xadecalin acetals 
(I) ,  which have no lone pairs antiperiplanar to the OAr leaving 

J" 

1 2 3 4 

group, is actually a few times faster than that of the axial 
anomers,' presumably because cleavage with stereoelectronic 
control is possible via twist-boat conformations. The same is true 
even in the 6-oxasteroid series (2),2 but when the conformation 
is locked by a trans ring junction ut the acetal center significant 

~ 

(1) S. Chandrasekhar and A. J. Kirby, J .  Chem. Soc., Chem. Commun., 

(2) A. J. Kirby and R. J. Martin, unpublished work. 
171 (1978). 

stereoelectronic effects can be observed. Thus both 33 and 44 are 
hydrolyzed some 2-4 orders of magnitude more slowly than the 
corresponding cis-fusea compounds, and the stereoelectronic 
barrier is estimated to be about 7 kcal mol-' in each case. 

The stereoelectronic barrier to acetal cleavage is potentially 
much larger than this. It is given, to a close approximation, by 
the difference in energy between the planar and perpendicular 
conformations of the oxocarbenium ion intermediate. This dif- 
ference has been calculatedS for the methoxy-methyl cation (5) 
as 20.8 kcal mol-', and the barrier to rotation in cation 6 is > 18.4 
kcal mol-'.6 

.t ,Me 
0 

5 6 

Compounds like 3 and 4 presumably react through high-energy 
conformations, which allow enough overlap between an oxygen 
lone pair and the developing cationic center to reduce the ster- 
eoelectronic barrier to the observed value of 7 kcal mol-]. The 
magnitude of the observed barrier is thus expected to depend 
primarily on the rigidity of the system, with larger barriers as- 
sociated with more rigid acetals. 

We have now prepared' 1 -(2,4-dinitrophenoxy)-9-oxabicyclo- 
[3.3.l]nonane (7), an acetal with the leaving group fixed in the 

Y o o A r  %+' - 0 ~ ~  qoR OA r 

a 7 (  Ai- = 2 , ? - d i n i t r o n l i c n i ? )  

equatorial position by the geometry of the system. The lone pairs 
on the ring oxygen are synclinal to the C-OAr bond, so that n-u* 
overlap is minimal. As a result both anomericLO and kinetic 
anomericlOJ' effects are suppressed. In the ground state the 
C-OAr bond is unusually long (1.448 A)9 for an acetal, but this 
lengthening is not accompanied by the pronounced shortening of 
the endocyclic C-0 bond (here 1.41 1 A, the same as in equatorial 
1, Ar = Ph) observed for axial tetrahydropyran acetals." And 
the effect on reactivity is enormous. 

For comparison, an appropriate model axial tetrahydropyran 
acetal would be 8 (R = Me, Ar = 2,4-dinitrophenyl). This is far 
too reactive to prepare, but we can estimate a rate constant for 
its spontaneous hydrolysis of about 600 s-l (50% aqueous dioxan, 
39 OC).I3 Under these conditions 7 is stable indefinitely, but it 

(3) A. J. Kirby and R. J. Martin, J .  Chem. Sot., Chem. Commun., 803 

(4) A. J. Kirby and R. J. Martin, J .  Chem. Sot., Chem. Commun., 1079 

(5) D. FarcaSiu and J. A. Horsley, J .  Am. Chem. Soc., 102, 4907 (1980). 
(6) R. Lustgarten, M. Brookhart, and S .  Winstein, Terrahedron Lert.,  141 

(1971). 
(7) By arylation of the known hemiacetal 7 (Ar = H)* with I-fluoro-2,4- 

dinitrobenzene/n-BuLi in THF. The acetal 7 (Ar = 2,4-dinitrophenyl) (mp 
148-149 "C) has been fully characterized b the usual methods and by a 
single-crystal X-ray structure determination. 

(8) C. B. Quinn and J. R. Wiseman, J .  Am. Chem. Soc., 95, 1342 (1973). 
(9) P. G. Jones, G. M. Sheldrick, A. J. Kirby, C. M. Evans, R. Glenn, and 

J .  Stegemann, Z. Krisrallogr., in press. 
(10) (a) A. J.  Kirby, "The Anomeric Effect and Related Stereoelectronic 

Effects at Oxygen", Springer-Verlag, Heidelberg, in press. (b) W. A. Szarek 
and D. Horton, Eds., "The Anomeric Effect: Origin and Consequences", ACS 
Symposium Series, No. 87, American Chemical Society, Washington, D.C., 
1979. 

(1 1) M. Petrzilka, D. Felix, and A. Eschenmoser, Helo. Chim. Acta, 56, 
2950 (1973). 

(12) P. G. Jones and A. J. Kirby, J .  Chem. Soc., Chem. Commun., 288 
(1979). 

(13) Estimate based on a measured rate constant of 9 X I0-j SS' for the 
spontaneous hydrolysis of 8 (R = Me, Ar = 3-nitrophenyl) in 50% aqueous 
dioxan at 39 "CI4 and the good linear free-energy relat ion~hip '~ correlating 
the rates of hydrolysis of a series of related acetals (8, R = H) in water. 
Preliminary datal4 for 8 (R = Me, Ar = Ph and 3-bromophenyl) show that 
the sensitivity to the leaving group is similar for the reactions of acetals (8, 
R = Me) in 50% dioxan. 

(1978). 

(1979). 
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