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Table 11. Enthalpies and Entropies of Activation for the Thermal 
Disrotatorv Rim Closure of Various Trienes 

AH*, OS *, cal 
triene -+ diene kcal mol-' mol-' deg" ref 

(--)-S 6 

1+>2 3 

-0 

11.6 i 0.5 

12.9 i 0.6 

20.1 

23.0 

26.6 

28.8 
29.4 

30.4 

- 2 o i  2 

-14 2 3 

-12.8 

-4.7 

-1 

-7 

-5.3 

this work 

this work 

11 

12 

13 

12 
11 

14 

cis- and trans-hexalins by GLC,I0 the activation parameters and 
half-lives were determined for the first-order thermal electrocyclic 
reclosure of the trienes. The comparatively low free energies and 
enthalpies of activation are in accord with the thermal instability 
of the three trienes arising from the two transoid double bonds 
in a ten-membered ring. 

It is also instructive to compare the entropies of activation for 
the thermal closure of trienes 2 and 5 with those for the thermal 
cyclization of other similar trienes (Table 11). A consistent pattern 
of increasing enthalpic contribution to the cyclization process is 
paralleled by a monotonic increase in the entropic term in this 
series of cyclic trienes. The large negative entropies of activation 
for the disrotatory thermal closure of 2 and 5 suggest that the 
torsional strain is partially offset in the transition state by a 
substantial loss in conformational flexibility by the trienes. This 
pattern is continued through the series of cyclic trienes and is also 
seen in the acyclic examples in Table 11. 

In summary, the present work has shown that the terminally 
unsubstituted trans,cis,trans-cyclodeca- 1,3,5-trienes (+)-2 and 
(-)-5 are chirally stable and stereospecific in their low-temperature 
conrotatory photochemical interconversions with (-)-1 and (+)-4, 
respecti~e1y.I~ In contrast to the 1,6-dkubstituted trienes, however, 
the thermal disrotatory cyclization to the corresponding cis- 
A'-3-hexalins 3 and 6 is competitive with configurational inversion 
leading to racemization. 
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The synthetic applications of the Mitsunobu reaction have 
recently been reviewed.2 The mechanism of these reactions, 
however, has been a matter of some uncertainty. It has been 
presumed that the initial reaction between TPP and DEAD is the 
formation of the betaine l.3*4 

1 

The subsequent reactions are much less clear. Mitsunobu and 
Eguchi5 found that the reaction of (S)-(+)-2-octanol with benzoic 
acid in the presence of triphenylphosphine (TPP) and diethyl 
azodicarboxylate (DEAD) proceeded with complete inversion of 
configuration to give (R)-(-)-2-octyl benzoate. This result was 
rationalized in terms of the formation of the alkoxyphosphonium 
salt 2, which then collapsed by an SN2 process to the ester and 
triphenylphosphine oxide (TPPO). Grochowski and cc-workersb* 

showed that an optically active phosphine led to a racemic 
phosphine oxide during the acylation of N-hydroxy compounds 
and phenols. These data suggested that the reaction proceeded 
via an acyloxyphosphonium salt, followed by the formation of a 
pentacovalent (racemic) intermediate. 

We have chosen the esterification of carboxylic acids by phenols 
for this study and report here the direct observation by multi- 
nuclear N M R  spectroscopy of two key intermediates in the re- 
action and the subsequent isolation of these intermediates as 
crystalline solids. The mechanisms that have been proposed will 
have to be revised in the light of the present data. 

The reaction of a 1:l mixture of TPP and DEAD in CDC13 
under a nitrogen atmosphere produced the betaine 1. This sub- 
stance could be crystallized from dry T H F  or precipitated from 
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Table 1. 13C NMR Dataa for Betaine 1 
0 
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Table 11. 13C NMR Dataa for Phosphorane 3b  

'H 
6 multb ,'Pmult assignment 

~ 

167.9 S S P ,  ora1 
157.9 d d (22.1 Hz) a, or01 
134.3 d d (10.9 Hz) 2 or 3 
133.5 d d (2.5 Hz) 4 
128.5 d d (13.5 Hz) 3 or 2 
121.4 S d (103.5 Hz) 1 
63.2 t S Q 2  orP2 
59.2 t S 02 01 012 

14.4 9 S Q 3  O r  P Q  

13.9 9 S P B  or a3 

a Obtained on a Nicolet NT-300 spectrometer, with a Nicolet 
Magnetics broad-band 12-mm probe. The spectra required 256- 
1024 pulses (up to 1 h), 32K data points, with a sweep width of 
k8.3 kHz and a flip angle of 25" at 75.5 MHz. CDC1, (6 76.9) 01 

THF-d (6  67.46) were used as internal standards. Determined 
by single-frequency off-resonance decoupling. 

CDC13 by the addition of hexane. The unstable, colorless, 
crystalline material showed a molecular ion at m / z  = 436 in the 
mass spectrum (direct probe) a t  an ionization energy of 12 eV. 
This material had a 31P chemical shift a t  6 +44.8, relative to 
external 85% H3P04.  This shift was consistent with the tetra- 
coordinate phosphonium ion s t r ~ c t u r e . ~  The 13C N M R  data, 
obtained on the same samples as the 31P data, are given in Table 
I and are fully consistent with the betaine structure. 

Addition of 1 equiv of 3,4-dichlorophenol (DCP) to the solution 
of 1 gave two lines of equal intensity in the 31P N M R  spectrum. 
The line 6 +44.8 was the unreacted betaine. The other line, at 
6 -63.0, was enhanced, and the betaine peak disappeared upon 
addition of 1 equiv more of DCP. Table I1 gives the I3C N M R  
data for this material. These, together with the position of the 
phosphorus line,I0 are strongly indicative of the diphenoxy- 
phosphorane structure 3. 

O A r  I ,Ph 
Ph- F j \ p h  1 + ArOH - 

A r 0  

3 
Ar = 3,4-dichlorophenyl 

The phosphorane structure was further supported by 'H NMR 
spectrum." The ortho protons on the phenyl rings were coupled 
to the phosphorus (JPH = 14.8 Hz). The other protons could not 
be resolved. There was only one set of DCP protons, all of which 
were shifted upfield as compared with DCP alone (with reference 
to structure in Table 11, AHa6 = +42.4 Hz, AHa3 = +43.9 Hz, 
AHa2 = +61.6 Hz). The fact that there was only one set of 
protons and carbons for both the DCP and phenyl ligands strongly 
argues that the DCP ligands are diapical. The phosphorane 3 
could be crystallized as colorless, moisture-sensitive crystals, mp 
134-135 OC (sealed tube). The molecular ion, however, could 
not be obtained in the E1 mass spectrum. 

Phenol, 1-butanol, and 2-propanol reacted with 1 to give the 
corresponding phosphoranes. The highly characteristic 31P shifts 
are listed in Table 111. 

(9) Mark, V.; Dungan, C. H.; Crutchfield, M .  M.; Van Wazer, J .  Top. 

(IO) Dennis, L. W.; Bartuska, V. J.;  Maciel, G. E. J .  Am. Chem. SOC. 

( 1  1) The proton spectra were obtained on a Varian XLlOO instrument by 

Phosphorus Chem. 19617, 5 ,  227. 

1982, 204, 230. Ramos, S.; Rosen, W. J .  Org. Chem. 1981, 46, 3530. 

using sealed 5-mm tubes and concentrations of 40 mg/mL in CDC13. 

'H 
6 multC 31 P mult assignment 

157.1 
137.7 
134.2 
132.4 
131.8 
130.5 
129.4 
122.7 
121.5 
119.1 

S S Q1 

S d (171.5 H z ) ~  1 
d d (11.1 H z ) ~  2 or 3 

d S Q 3  

d d (16.5 H z ) ~  3 or 2 
S S @S 
d s (br) a2 or Q6 

d s (br) a, or a, 

t4 S S 
d d (3.3 H z ) ~  

See footnote a, Table I. Lines associated with DEAD, TPP, 
and TPPO are deleted. See footnote b, Table I. Coupling 
constants confirmed by running spectra at 75.5 and 25.2 MHz. 

Table 111. '' P Resonancesa for Various Phosphoranes 
3l P 

apical ligands shift, ppm solvent 
3,4-dichlorophenoxy -6 3.0 THF, CDC1, 
phenoxy -65.5 THF 
1-butoxy -55.0 THF 
isopropoxy -48.0 THF 

a "P spectra were recorded on a Nicolet NT-300 spectrometer, 
with a Nicolet Magnetics broad-band 12-mm probe. The spectra 
required 1-8 pulses, 16K data points, and a sweep width of 30 
kHz at 121.5 MHz. The external reference was 85% phosphoric 
acid in D20. Negative shifts indicate lines upfield from 85% phos- 
phoric acid. 

The foregoing data suggest that the currently postulated in- 
termediates in the TPP-DEAD dehydrations reqire revision. 
There is no doubt that the betaine 1 is an intermediate. This 
subtance, however, does not lead directly to the alkoxy- 
phosphonium salt or the acyloxyphosphonium salt. The "activated 
alcohol" is the phosphorane 3. Treatment of 3 with a carboxylic 
acid immediately resulted in the formation of the ester and TPPO. 
We were not able to detect any other intermediates, even at low 
temperatures.'* The phosphorane from 2-propanol decomposed 
on standing at room temperature to diisopropyl ether and TPPO. 
The recent 31P study of the Mitsunobu reactionI3 concludes that 
the key intermediate in the TPP-DEAD-alcohol reaction is a 
0,N-phosphorane. Our 'H and I3C N M R  data, as well as the 
stoichiometry of the reaction, clearly indicate that this conclusion 
is incorrect. 

We propose that the TPP-DEAD dehydrations proceed by the 
following steps: 

2ROH R ' W H  
TPP + DEAD --* 1 - 3- 

R'C02R + TPPO + ROH 

The alcohol formed in the final step is recycled back to react with 
additional 1. This mechanism seems to account for all the ste- 
reochemical and product data presently available. 

Acknowledgment. We are grateful to Dr. J. Haky for some of 
the initial phosphorus spectra, to Dr. Yves Tondeur for the mass 
spectra, and to the National Cancer Institute for support of this 
work under Contract No. N01-(20-75380. 

(12) The nature of these intermediates is open to question. They could be 
the alkoxy- or acyloxyphosphonium salts or even a mixed acyloxy-alkoxy- 
phosphorane. 

(13) Guthrie, R. D.; Jenkins, I .  D. Ausf .  J .  Chem. 1982, 767. 


