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the intermediate zirconocene complex 5.6 Zirconacycle 6, 
which was observed by 'H NMR, was treated with iodine 
to give diiodoindoline 7. Compound 7 can thus be pre- 
pared from 4 in a "one-pot" procedure in an isolated yield 
of 65%. Treatment of 7 with BBq9 afforded phenol 8 in 
88% yield, which was used immediately after purification. 
Treatment of 8 with sodium hydride in THF3 at  25 "C 
cleanly gave tetrahydrocycloprop[ 1,2-c]indol-Cone analog 
9 in 89% yield as a brownish solid. Although the insta- 
bility of 9 precluded its purification by chromatography 
(silica, alumina), it was reasonably pure after filtration of 
the reaction mixture to remove the sodium salts and re- 
moval of the solvent in vacuo (see supplementary material 
for spectroscopic data). Dienone 9 was found to be stable 
as a solid for approximately 1 h at room temperature. In 
solution, however, it proved to be much less stable, af- 
fording insoluble material after approximately 30 min in 
THF at room temperature. 

In order to allow for the synthesis of a number of analogs 
of CC-1065, it is necessary to deprotect the nitrogen in 7. 
We found most useful a modification of the method of 
Olofson,lo who has demonstrated that tertiary amines can 
be selectively dealkylated using 1-chloroethyl chloro- 
formate (ACE-Cl). Although aromatic amines have been 
deprotected using ACECl," the procedures usually require 
high temperatures and a large excess of the chloroformate. 
Under these conditions, 7 either decomposed or failed to 
react with ACE-C1 due to the low nucleophilicity of the 
nitrogen. We found that if the reaction between 7 and 
ACE-C1 is conducted in refluxing acetone using 2 equiv 
of the chloroformate and 3 equiv of sodium iodide (see 

Scheme 11) dealkylation proceeds in good yield. The ad- 
dition of sodium iodide presumably causes acyl halide 
exchange to occur to produce a more reactive iodoformate12 
which then reacts with the amine to produce the inter- 
mediate carbamate and allyl iodide. Cleavage of the in- 
termediate carbamate was best effected in refluxing 
methanol with 1,2-dichloroethane as cosolvent. Using 
these conditions, 7 could be converted to 10 in an overall 
yield of 67%. It has been demonstrated by Boger and 
co-workers that indolines such as 10 as c8n be coupled with 
a variety of compounds such as phosphodiesterase dimer 
(PDE-1) to give functional CC-1065 

The use of this methodology in the synthesis of more 
substituted pharmacophore analogs is currently being in- 
vestigated. 
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Summary: The rate of the Diels-Alder reaction between 
N-ethylmaleimide and anthracene-9-carbinol in aqueous 
sodium salt solutions follows a linear relationship with the 
size of the anion. 

Since the first report of an accelerated Diels-Alder re- 
action in aqueous media by Rideout and Breslow,lB con- 
siderable effort has been devoted to determining the source 
of the rate ac~eleration.'-~ It has been suggested that 
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hydrophobic effects are the principal forces responsible 
for the rate enhancement. In order to reduce their solvent 
contact with water, organic solutes will tend to aggregate 
in aqueous solution, and this hydrophobic packing gives 
rise to the large rate acceleration.' Evidence supporting 
this explanation was found by exploiting the effects of 
different salts on the aqueous Diels-Alder reaction; since 
different salts attenuate the magnitude of the hydrophobic 
effect, such salts are a useful probe.lb Some salts, such as 
LiC1, are salting-out agents which make organics less 
soluble in water and in doing so enhance the hydrophobic 
effect. Other salts such as guanidinium chloride are 
salting-in agents and tend to make organics more soluble 
in aqueous solution, thus diminishing the hydrophobic 
effect. Consistent with these ideas are the observations 
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Table I. Effects of Sodium Salts on the Second-Order Rate 
Constants for the Diels-Alder Reaction of 

Anthracene-9-carbinol and N-Ethylmaleimide at 45 O c a  

sodium k2 X lo3, ionic 
salt (2 M) M-1 s-l k.., radii (A) . .  ._. . ,  

water 230 f 2 1.00 
Cl- 308 f 6 1.34 1.67 
Br- 298 f 5 1.30 1.82 
B F i  224 f 2 0.98 2.44 
C1Oc 205 f 2 0.89 2.64 
PF, 190 f 2 0.83 2.81 
AsF, 179 k 5 0.78 2.89 

"All data are the average of five runs. Reactions were carried 
out to  at least 7 half-lives. 

that LiCl accelerates the aqueous Diels-Alder reaction 
while guanidinium chloride decreases the rate when com- 
pared to water alone. The effects of salts on hydrophobic 
packing have been previously studied, however in a much 
different context, on the structure and stability of bio- 
polymers. 

The effect of salts on the melting temperature (Tm) of 
biopolymers has been extensively studied by von Hippel 
and Jencks.lo It was observed that some salts tended to 
stabilize the native structure of proteins and nucleic acids, 
making them more resistant to thermal denaturation as 
evidenced by an increase of the Tm. Other salts seemingly 
promoted denaturation as evidenced by a lowering of the 
Tm. Moreover, the effects of various salts on the mag- 
nitude of the melting temperature generally followed the 
same order. This order has become known as the Hof- 
meister series, after Franz Hofmeister who first observed 
this trend when studying the effects of salts on the solu- 
bility of proteins." In general, the effects of the Hof- 
meister series roughly correlate to the size of the anion and 
have been found to be valid, with minor variations, to a 
wide variety of physical measurements.12 

The effects of a series of sodium salts on the rate of an 
aqueous Diels-Alder reaction between anthracene-9- 
carbinol and N-ethylmaleimide were examined, and the 
second-order rate constants are given in Tabie 113 along 
with the crystallographic radii of the anion as calculated 
by the method of Shannon and Prewitt.14 As can be seen, 
the rate of the Diels-Alder reaction decreases as the radii 
of the anion increases, thus approximating a Hofmeister 
series. Interestingly, when the rate of the Diels-Alder 
reaction is plotted versus the crystallographic radii of the 
anion a linear relationship is observed (Figure 1, correlation 
coefficient r = 0.9988). The effect of guanidinium salts 
on the Diels-Alder reaction were also examined and are 
summarized in Table II.13* 
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18, 323. (b) Long, F. A,; McDevit, W. F. Chem. Rev. 1962, 52, 119. 
(13) (a) Rates were determined by UV analysis, monitoring the de- 

crease in anthracene-9-carbinol absorbance at  247 nm over time. Pseu- 
do-first-order conditions were use with at least a 40-fold excess of N- 
ethylmaleimide. (b) Attempts to determine the rate in 2 M sodium 
fluoride solution resulted in precipitates. 
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Figure 1. Rate of the Diels-Alder reaction in 2 M sodium salt 
vs the crystallographic radii of the anions (correlation coefficient 
r = 0.9988). 

Table 11. Effects of Guanidinium Salts on the 
Second-Order Rate Constants for the Diels-Alder Reaction 
of Anthracene-9-carbinol and N-Ethylmaleimide at 45 OC" 

guanidinium salt (2 M) k2  X 103, M-' s-l k..i 
c1- 
Br- 
BFI- 
SCN- 
C1Oc 

129 f 6 0.56 
116 f 2 0.50 
92 f 4 0.40 
87 * 2 0.38 
86 f 4 0.37 

"All data are the average of five runs. Reactions were carried 
out to a t  least 7 half-lives. Relative rates are compared to water 
alone. 

Some years ago, Castellino and Barker studied the ef- 
fects of a series of guanidinium salts on the denaturation 
and solubility of proteins.16 These studies revealed that 
the minimum concentration for complete denaturation 
always decreased in the order of C1- > Br- > I- > SCN- 
while the solubility increased through this same series. It 
was concluded from these studies that the effectiveness 
of the guanidinium salts as protein denaturanh is due to 
their ability to increase the solubility of the hydrophobic 
portions of the proteins. In the presence of guanidinium 
salts, the rate of the Diels-Alder reaction decreases as the 
size of the anion increases, again following the Hofmeister 
series, and the same linear relationship between rate and 
crystallographic radii was also observed (correlation 
coefficient r = 0.9897).16 Furthermore, these results are 
consistent with the observations of Castellino and Barker 
and are in accord with the predictions based on the hy- 
drophobic effect. 

The present study clearly shows that the effects of salts 
on a hydrophobically accelerated Diels-Alder reaction 
between anthracene-9-carbinol and N-ethylmaleimide 
follows a Hofmeister series. The Hofmeister series has 
been extensively investigated in terms of protein and nu- 
cleic acid denaturation, and the trends between those 
studies and the work presented here appear to be in order. 
All of the results are completely consistent with predictions 
based on the hydrophobic effect and the degree to which 
various salts can help solubilize organic solutes in water. 

(15) (a) Castellino, F. J.; Barker, R. Biochemistry 1968, 7, 4135. (b) 

(16) Since thiocyanate is not spherical a unique radii cannot be as- 
Castellino, F. J.; Barker, R. Biochemistry 1968, 7, 3439. 

signed. It was thus omitted from this analysis. 
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An interesting relationship between the rate of the 
Diels-Alder reaction and the size of the anion is preeented. 
This relationship indicates that effects of salts on the 
hydrophobic effects may be due to some surface contact 
between the electrolyte and the organic ~0lute . l~ 
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Summary: In contrast to y-monosubstituted allylic 
chromium reagents, y-disubstituted allylic chromium(1II) 
organometallics undergo highly stereoselective stereodi- 
vergent additions to aldehydes. 

Hiyama'J reported that allylic halides 1 add to aldeh- 
ydes 2 in the presence of chromium(I1) salts. The reaction 
is highly stereoselective and affords the anti alcohols 3 
regardless of the stereochemistry of the starting allylic 
halide.3 This behavior can be explained by assuming4 that 
the intermediate chromium(II1) Organometallics (E)-4 and 
(23-4 equilibrate rapidly via the chromium(II1) species 5 
before reacting with an aldehyde 2 (Scheme I).5 We now 
report that the reaction of y-disubstituted allylic phos- 
phates 6$i7 with aldehydes and CrC12 in the presence of a 
catalytic amount of LiI (0.2 equiv)$ in DMPW is not 

(1) Okude, Y.; Hirano, S.; Hiyama, T.; Nozaki, H. J.  Am. Chem. SOC. 
1977,99, 3179. 
(2) (a) Hiyama, T.; Okude, Y.; Kimura, K.; Nozaki, H. Bull. Chem. 

SOC. Jpn. 1982,55,561. (b) For an excellent review: Saccomano, N. A. 
In Comprehensive Organic Synthesis; Trost, B. M.; Ed.; Pergamon Preea: 
Oxford, 1991, p 173. 

(3) (a) Buse, C. T.; Heathcock, C. H. Tetrahedron Lett. 1978, 1685. 
(b) Hiyama, T.; Kimura, K.; Nozaki, H. TetrahedronLett. 1981,22,1037. 
(c) Takai, K.; Utimoto, K. J .  Synth. Org. Chem. Jpn. 1988,46,66. 
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at Tokyo, 1982. See also refs 2 and 3c. 

OH 
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R3 DMA, 25 'C. 3-12 h R' RZ 

8 

stereoconvergent and proceeds with high stereoselectivity 
(Scheme I1 and Table I). The presence of the two sub- 
stituents at the y-position apparently slows down the 
equilibration process between the intermediate allylic 
chromium reagents 4 (Scheme I). The use of a phosphate 
as a leaving group7 is not responsible for the high stereo- 
aelectivity, as the reaction of Q- and (Z)-mnosubstituted 
allylic phosphates such as (E)- and (23-2-hexenyl phos- 
phate with benzaldehyde in the presence of CrClz under 
various reaction conditions always affords the anti alcohol 
as major diastereoisomer (stereoconvergent reaction). The 
observed Stereochemistry'O can be rationalized assuming 

(8) Lithium halides react rapidly with allylic phosphabs in DMF at 
25 OC to afford the corresponding allylic halide with retention of the 
stereochemistry of the double bond Araki, S.; Ohmori, K.; Butaugan, Y. 
Synthesur 1984,841. 
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(b) Seebach, D.; Beck, A. K.; Mukhopadhyay, T.; Thomas, E. Helu. Chim. 
Acta 1982,66,1101. (c)  Bengeeon, M.; Liljefom, T. Synthesis 1988,250. 

(10) The relative stereochemistry of compound 7 has been established 
for 7a by a detailed stereochemical study performed by: M. Koreeda: 
Koreeda, M.; Tanaka, Y .  Chem. Lett. 1982,1299. ComparieOn with these 
spectral data allowed an unambiguous asaignment of the relative atere- 
ochemistry of 7a and 7b. 
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