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the condensation product. With cesium fluoride as catalyst, the 
aldol products were found to be accompanied by appreciable 
quantities of their OSiMe3 derivatives. Such trimethylsilyl group 
transfers were limited to this fluoride ion source. 

One advantage offered by the lower molecular weight carbonyl 
reagents is their volatility. Thus, they could be initially introduced 
in multiple molar equivalents and the excess subsequently removed 
during solvent evaporation. Self-condensation was not trouble­
some. 

The reaction of ketone 15 with aldehydes in the presence of 
BTAF was next examined. In this instance, initially formed 
enolate ion 16 could experience prototropic shift to give 17 prior 
to electrophilic capture. In the presence of 2.4 equiv of benz-
aldehyde, 18 proved to be the major (and on occasion the sole) 
product (58-63% isolated). The amounts of 19 produced were 
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widely variable ranging from 0% to 19%. Thus, proton transfer 
is not a serious side reaction. In a single experiment involving 
isobutyraldehyde, 20 was the only aldol product isolated (27%). 
No effort was made in either case to recover the volatile cyclo-
propyl methyl ketone. 

The serviceable behavior of 15 prompted study of the more 
extended systems 2119 and 25.16 Although the enolates obtained 
by desilylation (BTAF) of these substrates are certain to be less 
reactive due to enhanced charge derealization, they entered 
usefully into aldol condensation. For example, the conversion of 
21 to 22 proceeded in 73% yield. An increase in steric bulk as 
with isobutyraldehyde led to a lower yield of aldol (23, 27%); the 
protonated product 24 (70%) was dominant. Under the same 
conditions, 25 was transformed in the presence of benzaldehyde 

25 , R = SiMe? 21 ,R = SiMe3 

22 ,R = CH(OH)C 6 H 5 2 6 , R = CH(OH)CgH5 

23 ,R = CH(OH)CH(CH3I2 

2 4 , R = H 

to 26 (45%). The high regiospecificity of these alkylations is 
noteworthy. 

The yields described herein have not been maximized. 
Nonetheless, in situ removal of an Ct-SiMe3 group from an elec-
tronegatively substituted three-membered ring is seen to be op­
erationally well suited to preparative cyclopropyl carbanion 
generation. This protocol offers considerable flexibility for basing 
new synthetic strategies on these intermediates. Understandably, 
success will be improved if the electrophilic partner is relatively 
inert toward direct reaction with P at 0 0C for short time periods. 
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Reactions of l-methyl-5-hexenyl chloride and bromide in ethers 
with sodium naphthalene and sodium mirrors at room temperature 
and 0 0 C give large amounts of cis- and r/-an5-l,2-dimethyl-
cyclopentanes. Table I gives results for sodium naphthalene at 
room temperature. 

l-Methyl-5-hexenyl radicals are intermediates (Scheme I),1 and 
their cyclization is well-known,9 but many of our cis/trans ratios 
are much lower than 3.8, the value for radical cyclization.10'11 For 
sodium-mirror reaction, the cis/trans ratio ranges as low as 0.32. 
This suggests that l-methyl-5-hexenylsodium also cyclizes, with 
a trans preference, giving [(2-methylcyclopentyl)methyl] sodiums. 
Cyclizations of other l-methyl-5-hexenyl metallics are known, and 
most of them show a strong trans preference.12 
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Table I. C7 Products of Reductions of l-Methyl-5-hexenyl Halides in Ethers by Sodium Naphthalene at Room Temperature" 

expt solvent hal 1-h c-cyc t-cyc c-2-h t-2-h c/t-cyc 
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20 
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23 
17 
15 
20 

16 
9.6 
5.4 

17 
10 
8 
1.8 

14 
20 

5.4 
18 
11 
13 
3.4 

0.62 
0.77 
2.1 
0.92 
1.75 
2.05 
2.8 

"Relative yields of tabulated products. Reactions were conducted, as described previously,'8 by injecting alkyl halides into sodium naphthalene 
solutions. Typical yields of C7 hydrocarbons are ca. 30%. Other likely products are alkylated naphthalene derivatives and C14 hydrocarbons (alkyl 
dimers). Analyses were by VPC. 
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° Sodium and halide ions are omitted. States of ionic 
aggregation are unknown; no particular states are implied. 

Since significant reaction takes place during mixing, sodium 
naphthalene-alkyl halide reactions cannot be controlled easily, 
and no attempt to do so was made. Consequently, there was 
considerable variation in the 1,2-dimethylcyclopentane cis/trans 
ratio. A correlation (Figure 1) of the observed ratios with the 
yields of 2-heptenes supports the hypothesis that (l-methyl-5-
hexenyl)sodium cyclizes. 2-Heptenes are formed from (1-
methyl-5-hexenyl)sodium through an intramolecular 1,4-proton 
transfer that competes with cyclization (Scheme I).8 The as­
sumption that the ratio of the extents of 1,4-proton transfer and 
cyclization is constant leads to the following equation: 

y = r/{\ + r) - [g(r - a)/{{\ + a)(l + r))]x 

where y is the fraction of the 1,2-dimethylcyclopentanes that is 
cis, r is the cis/trans ratio for cyclizations of the l-methyl-5-
hexenyl radical, g is the ratio of yields (1,2-dimethylcyclopentanes 
from anion cyclization)/(2-heptenes), a is the cis/trans ratio for 
cyclizations of (l-methyl-5-hexenyl)sodium, and x is the ratio of 
yields (2-heptenes)/(l,2-dimethylcyclopentanes). 

The line in Figure 1 is drawn with intercept 0.79, the value of 
r / ( l + r) for r = 3.8. Even though the data are for two halogens 
and two solvents, they conform to the predicted equation. 
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Figure 1. Correlation of the cis fraction of 1,2-dimethylcyclopentanes 
with yield of 2-heptenes; see text for the relevant equation and meanings 
of symbols. The solid point at (0,0.79) represents 100% radical cycli­
zation.10 

l-Methyl-5-hexenyl and related cyclizations have been used 
widely as probes for radical reaction intermediates.1^13,14 When 
anion cyclization is negligible, these probes are especially valuable; 
they can be applied where alkyl anions are possible alternative 
or additional intermediates.1 However, when anion cyclization 
occurs and cannot be distinguished from radical cyclization, the 
usefulness of the probe is severely limited. Fortunately, cyclizations 
of l-methyl-5-hexenyl anions and radicals can be distinguished, 
since they occur with different cis/trans ratios and since products 
of anion cyclizations are accompanied by those of 1,4-proton shifts. 

In applying the l-methyl-5-hexenyl probe to reactions of alkyl 
halides with (trimethyltin)sodium and with lithium dialkylcuprates, 
Ashby and co-workers assumed that only radicals cyclize.15 Lee 
and San Filippo challenged this, concluding that "the formation 
of (2-methylcyclopentyl) methyl-derived products cannot be con­
sidered as prima facie evidence for the intermediacy of 1-
methyl-5-hexenyl radicals".16 Our results show that Lee and San 
Filippo are correct but that anion and radical cyclizations can be 
sorted out from cis/trans ratios. The cis/trans ratios from re­
actions of l-methyl-5-hexenyl halides with (trimethyltin)sodium 
(revised; ~4.5 at 0 °C)15c are consistent with 100% radical 
cyclization. 

There are apparent halogen effects on product distributions in 
both sodium naphthalene and sodium-mirror reactions. While 
there are other possible explanations, the possibility that alkyl 
halide anion radicals could be intermediates that undergo reactions 
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other than fragmentation to alkyl radicals and halide ions should 
be kept in mind.17 
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Hemerythrin (Hr), a respiratory protein isolated from a number 
of marine invertebrates, has active sites consisting of binuclear 
iron centers.1 Such centers may be prototypical of an emerging 
class of binuclear iron proteins which include porcine uteroferrin,2 

beef spleen purple acid phosphatase,2,3 and ribonucleotide reductase 
from E. coli.4 The binuclear cluster in hemerythrin is known 
to exist in three formal oxidation states: [Fe(II)1Fe(II)] (deoxy); 
[Fe(IH)1Fe(II)] (semimet); [Fe(III)5Fe(III)] (oxy and met).1 

From a number of physical studies including X-ray crystallog­
raphy,1,5 a detailed description of the active site of met- and 
oxyhemerythrin has been developed. The high-spin ferric centers 
are coordinated in a confacial bioctahedron by five terminal 
histidines (two to one iron atom and three to the other) and by 
bridging oxo and carboxylate groups. The coordination site re­
maining on the iron atom bound by two histidine ligands is vacant 
in metHr and occupied by peroxide in oxyHr and by small anions 
in various synthetic met forms. The two iron atoms are strongly 
coupled antiferromagnetically (J 100 cm"1)6—a property 
associated with the ferric oxidation state and the oxo bridge. 
Considerably less structural information is available for deoxy-
hemerythrin7,8 and the mixed-valent forms of the protein. We 
report here the results of a structural investigation of hemerythrin 
from Phascolopsis gouldii in the met and semimet states using 
1H NMR spectroscopy as a probe of the ligand environment and 
the magnetic properties of the binuclear iron active site. 

The 1H NMR spectra of metHr and metHrN3 (Figure 1A,B) 
feature paramagnetically shifted resonances in the 12-25 ppm 
region associated with solvent-exchangeable protons and a reso­
nance at 11 ppm associated with nonexchangeable protons. A 
previous NMR study of this protein failed to observe such fea-

* Cornell University. 
(1) (a) Wilkins, R. G.; Harrington, P. C. Adv. Inorg. Biochem. 1983, 5, 

51-85. (b) Klotz, I. M.; Kurtz, D. M„ Jr. Ace. Chem. Res. 1984, 17, 16-22. 
(c) Sanders-Loehr, J.; Loehr, T. M. Adv. Inorg. Biochem. 1979, 1, 235-252. 

(2) Antanaitis, B. C; Aisen, P. Adv. Inorg. Biochem. 1983, 5, 111-136. 
(3) Que, L., Jr. Coord. Chem. Rev. 1983, 50, 73-108. 
(4) Sjoberg, B.-M.; Graslund, A. Adv. Inorg. Biochem. 1983, 5, 87-110. 
(5) Stenkamp, R. E.; Sieker, L. C; Jensen, L. H. J. Am. Chem. Soc. 1984, 

106, 618-622. 
(6) Dawson, J. W.; Gray, H. B.; Hoening, H. E.; Rossman, G. R.; 

Schredder, J. M.; Wang, R. H. Biochemistry 1972, 11, 461-465. 
(7) Elam, W. T.; Stern, E. A.; McCallum, J. D.; Sanders-Loehr, J. J. Am. 

Chem. Soc. 1983, 105, 1919-1923. 
(8) York, J. L.; Bearden, A. J. Biochemistry 1970, 9, 4549-4954. 

A 

_^~v^~^Aj 

\ 
40 30 20 10 

ppm 

Figure 1. 1H NMR spectra of methemerythrins in 50 mM phosphate 
buffer, pH 7.5, at 30 °C. (A) 4 mM metHr with added 50 mM NaClO4 

(300 MHz). (B) 4 mM metHrN3 (300 MHz). (C) 4 mM metHrS (360 
MHz). All spectra were obtained on Nicolet NT-300 and NT-360 
spectrometers under conditions described in ref 10. 

tures,9 due to their relative broadness and the use of 75% D2O 
as solvent. The exchangeable resonances are assigned to the NH 
protons of the imidazole groups on histidine ligands. These shifts 
are small compared to those observed for mononuclear high-spin 
ferric complexes, where the imidazole NH resonances are observed 
at ~ 100 ppm.10 Since the proton contact shift is dependent on 
the magnetic susceptibility of the center to which it is attached,11 

the decreased shift observed for these protons in the metHr 
complexes is consistent with a high degree of antiferromagnetic 
coupling between the iron atoms. The resonance at 11 ppm is 
assigned to the /3- and 7-CH2 protons of the bridging aspartate 
and glutamate, respectively. This assignment is consistent with 
the methyl resonance for bridging acetate ligands observed at 10.5 
ppm in [Fe2(HBpz3)2(OAc)20].12,13 A spectrum obtained for 
oxyHr closely resembles that of metHrN3. 

The spectrum obtained for metHrS (Figure IC), where the oxo 
bridge is believed to have been replaced by a sulfido bridge,14 

exhibits two broad peaks associated with exchangeable protons 
at 23 and 25 ppm and one at 11 ppm that is nonexchangeable. 
The similarity of this spectrum to those of the other met forms 
demonstrates that the coupling between the iron atoms in the 
metsulfido complex is also large and indicates that the sulfido 
bridge is nearly as effective as the oxo group in mediating the 
antiferromagnetic interaction. The slightly larger shifts observed 
for the metsulfido complex are consistent with the somewhat 
weaker coupling observed for [Fe(salen)]2S (J = -75 cm"1)15 when 
compared to that for [Fe(salen)]20 (J = -95 cm"1).16 
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