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The structure of the (P-I)" ion obtained from bicyclobutane 
was shown to be la based on its reactivity and hydrogen/deuterium 
exchange behavior.10 Deuterium oxide is a sufficiently strong 
Bronsted acid to react with the ion by deuteron transfer to afford 
OD". In contrast, addition of ND3, which is less acidic, to the 
(P-I)" results in one exchange of hydrogen for deuterium. This 
is consistent only with the proposed structure la. Ions lb and 
Ic, independently produced by proton abstraction from methy-
lenecyclopropane or l-methylcyclopropene90'" and 1,3-butadiene, 
undergo up to 5 H/D exchanges with D2O and ND3, respectively. 
Therefore, neither lb or Ic can be the ion produced by proton 
abstraction from bicyclobutane.12 

The acidity of 1 was measured with the bracketing technique. 
This is the simplest method for measuring acidities and involves 
adding progressively stronger and stronger bases to an acid until 
proton transfer occurs. The reliability of the process is greatly 
enhanced if the other direction is also examined by adding suc
cessively potent acids to the conjugate base of interest. Both 
directions were studied, and the results, summarized in Table I, 
allow us to assign A/fadd = 398 ± 2 kcal mol"1 to bicyclobutane. 
This is in excellent agreement with a calculated value of 400 kcal 
mol"1 using AMI14 and a linear correction, which is required to 
reliably reproduce hydrocarbon acidities.15 

In the liquid phase it has been observed that there is a linear 
correlation between acidity, pA â, and 13C-1H coupling constants.16 

We have found this relationship to be equally true for gas-phase 
acidities of small hydrocarbons.17 It will break down for com
pounds whose conjugate bases are resonance stabilized and for 
larger molecules where polarization effects are important. 
Nevertheless, this relationship may be of value in predicting 
acidities and finding accessible alkyl anions. 

The electron affinity (EA) of la was bracketed and found to 
be 0.77 ± 0.33 eV (17.8 ± 7.6 kcal mol"1, see Table I). Even with 
the relatively large uncertainty, this is the largest EA reported 
to date for an alkyl anion. When combined with the acidity, a 
bridgehead C-H bond dissociation energy of —102 kcal mol"1 

is obtained.18 The C-H bond energy in cyclopropane19 is 106 
kcal mol"1 so the ~10 kcal mol"1 difference in electron affinities3 

can be attributed to the enhanced acidity of bicyclobutane. 
The reactivity of la with nitrous oxide, carbon disulfide, and 

isoamyl nitrite has been briefly explored. All three reactions occur 
quite readily. Addition of N2O to la produces two ionic products 
of m/z 67 and 97, which correspond to the vinyldiazomethane 

(10) For a discussion on hydrogen/deuterium exchange see: (a) Stewart, 
J. H.; Shapiro, R. H.; DePuy, C. H.; Bierbaum, V. M. J. Am. Chem. Soc. 
1977, 99, 7650. (b) Squires, R. R.; Bierbaum, V. M.; Grabowski, J. J.; DePuy, 
C. H. J. Am. Chem. Soc. 1983, 105, 5185. (c) Grabowski, J. J.; DePuy, C. 
H.; Van Doren, J. V.; Bierbaum, V. M. J. Am. Chem. Soc. 1985,107, 7384. 
(d) Nibbering, N. M. M. Reel. Trav. Chim. Pays-Bas 1981, 100, 297. (e) 
Nibbering, N. M. M. Kinetics of Ion-Molecule Reactions; Ausloos, P., Ed.; 
Plenum Press: New York, 1979; pp 165-197. 

(11) (a) Fisher, F.; Applequist, D. E. J. Org. Chem. 1965, 30, 2089. (b) 
Koster, R.; Arora, S.; Binger, P. Angew. Chem., Int. Ed. Engl. 1969, 8, 205. 

(12) Ions lb and Ic can also be ruled out based on their reactivity with 
N2O and O2. The former ion reacts with N2O to afford CN" as the major 
product,'3 while Ic and O2 undergo a rapid reaction to afford a variety of 
products. Another isomer which was considered is the vinyl anion obtained 
by proton abstraction from cyclobutene. This ion undergoes 1 H/D exchange 
with ND3

13 but reacts readily with O2 to afford O2" and with N2O to produce 
both the vinyldiazomethane anion (2, m/z 67) and cyclobutanone enolate or 
the enolate of methyl vinyl ketone (m/z 69).9c 

(13) Kass, S. R.; Filley, J.; Van Doren, J. M.; DePuy, C. H. J. Am. Chem. 
Soc. 1986, 108, 2849. 

(14) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. J. Am. 
Chem. Soc. 1985, 107, 3902. 

(15) Kass, S. R., unpublished results. 
(16) Battiste, M. A.; Coxon, J. M. The Chemistry of the Cyclopropyl 

Group; Rapport, Z., Ed.; John Wiley and Sons: New York, 1987, pp 255-305. 
(17) A plot of gas-phase acidities versus '3C-1H coupling constants is 

linear: y = -0.296* + 455.3r = 0.98. The data points are CH4 (416.6, 125), 
C2H4 (406, 156), C-C3H6 (412, 161), 1 (398, 202), and C2H2 (379.6, 249) 
where the acidities (ref 9a) and coupling constants (Muller, N.; Pritchard, 
D. E. J. Chem. Phys. 1959, 32, 767 and 1471 and ref 5), in that order, are 
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(18) BDE (A-H) = A//,cid(AH) - IP(H') + EA (A) where IP(H-) = 
313.6 kcal mol"' (see ref 9a). 

(19) McMillen, D. F.; Golden, D. M. Ann. Rev. Phys. Chem. 1982, 33, 
493. 

anion (2) and an adduct, in approximately a 9:1 ratio (eq 2). The 

la J ! £ - \ T / . f l N " ^ k ^ ^ , ^ i + CH2O (2) 

N=N-O" 2 

mechanism is presumably the same, after isomerization of the 
initial adduct, as in the known reaction between the (P-I)" of 
1,3-butadiene and N2O.20 Carbon disulfide and isoamyl nitrite 
both react in a manner that is consistent with what has previously 
been described.21'22 The major product with the former compound 
is an ion of m/z 85 which corresponds to sulfur atom transfer. 
The latter reagent reacts with la to afford NO2" (m/z 46) and 
an ion which corresponds to C4H4NO" (m/z 82) as the major 
products. Smaller amounts of CN" (m/z 26), 3-methyl-l-butoxide 
(m/z 87), and an ion of m/z 42 are also produced. 

Further investigations into the chemistry of the bicyclobutyl 
anion and other small ring anions are in progress and will be 
presented in due course. 
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Phosphoryl- and thiophosphoryl-transfer reactions have been 
extensively studied, particularly in relation to enzyme-catalyzed 
processes.1 Despite this close scrutiny the mechanisms of these 
reactions have still not been unambiguously established. Of 
particular interest has been the series of studies pertinent to the 
"freeness" of monomeric metaphosphate in reactions of phosphate 
monoesters.2 We have recently made a comparative study of 
model phosphoryl- and thiophosphoryl-transfer reactions with 
principally stereochemical methods.3 On the basis of these studies 
we believe that there are significant differences between the 
phosphoryl- and thiophosphoryl-transfer reactions in aqueous 

(1) (a) Knowles, J. R. Ann. Rev. Biochem. 1980, 49, 877. (b) Frey, P. A. 
Tetrahedron 1982, 38, 1541. (c) Eckstein, F. Angew. Chem., Int. Ed. Engl. 
1983, 22, 423. (d) Lowe, G. Ace. Chem. Res. 1983, 16, 244. (e) Gerlt, J. 
A.; Coderre, J. A.; Mehdi, S. Adv. Enzymol. 1983, 55, 29. 

(2) (a) Westheimer, F. H. Chem. Rev. 1981, 81, 313. (b) Cullis, P. M.; 
Rous, A. J. J. Am. Chem. Soc. 1985, 707, 6721. (c) Cullis, P. M.; Rous, A. 
J. J. Am. Chem. Soc. 1986, 108, 1298. (d) Cullis, P. M.; Nicholls, D. J. 
Chem. Soc, Chem. Commun. 1987, 783. (e) Friedman, J. M.; Knowles, J. 
R. J. Am. Chem. Soc. 1985, 107, 6126. (f) Freeman, S.; Friedman, J. M.; 
Knowles, J. R. J. Am. Chem. Soc. 1987,109, 3166. (g) Bourne, N.; Williams, 
A. J. Am. Chem. Soc. 1984, 106, 7591. (h) Skoog, M. T.; Jencks, W. P. J. 
Am. Chem. Soc. 1984, 106, 7597. 

(3) (a) Cullis, P. M.; Iagrossi, A. J. Am. Chem. Soc. 1986,108, 7870. (b) 
Cullis, P. M.; Misra, R.; Wilkins, D. J. J. Chem. Soc., Chem. Commun. 1987, 
1594. See, also: (c) Domanico, P.; Mizrahi, V.; Benkovic, S. J. In Mecha
nisms of Enzymic Reactions: Stereochemistry; Frey, P. A., Ed.; Elsevier: 
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solution. We report here the effects of pressure on the rate of 
hydrolysis of 2,4-dinitrophenyl thiophosphate dianion that provide 
strong evidence for a dissociative mechanism involving monomeric 
thiometaphosphate as an intermediate, in contrast to the corre
sponding reaction of the phosphate ester.4 

Although monomeric metaphosphate anion has been widely 
accepted as an intermediate with finite lifetime in the hydrolysis 
of phosphate monoesters,5 more recent studies are not consistent 
with a fully dissociative mechanism. For example, the alcoholysis 
of 2,4-dinitrophenyl [160,170,180]phosphate dianion in aqueous 
methanol occurs with inversion of configuration which is incon
sistent with a symmetrically solvated intermediate.6 This ob
servation alone does not however rule out the fleeting existence 
of a metaphosphate intermediate that does not survive long enough 
to allow the leaving group to diffuse away or for the species to 
tumble before being captured. Ie Noble et al. reported that the 
volume of activation for the hydrolysis of 2,4-dinitrophenyl 
phosphate dianion is -4.8 cm3 mol"1 (i.e., the reaction is accelerated 
by pressure).4 It is argued that the activation volume for a reaction 
may distinguish dissociative from associative reaction mechanisms,7 

although the interpretation of small negative volumes of activation 
in mechanistic terms has been questioned.8 In the dissociative 
pathway bond breakage is complete before bond making thus 
involving an expansion in the transition state, whereas in the 
associative mechanism bond making and bond breaking proceed 
together with bond formation usually dominating, thus involving 
a shrinkage at the transition state. Typically associative reactions 
have volumes of activation in the range -5 to -10 cm3 mol-1, 
whereas dissociative reactions show activation volumes exceeding 
+ 10 cm3 mol"1.7 Our stereochemical studies on the thio-
phosphoryl-transfer reactions of 4-nitrophenyl thiophosphate have 
suggested that monomeric thiometaphosphate may be sufficiently 
kinetically and thermodynamically stable to participate as an 
intermediate even in reactions in aqueous solution.3 Following 
the work of Ie Noble4,7 we would predict that thiophosphoryl-
transfer reactions in aqueous solution will show a volume of ac
tivation with the opposite sign to that recently reported for the 
corresponding phosphoryl-transfer reaction. 

We have investigated the rate of hydrolysis of 2,4-dinitrophenyl 
thiophosphate dianion (Scheme I) as a function of pressure.9 The 
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dition of 2,4-dinitrophenyl thiophosphoryl dichloride (mp 53-56 0C; 5P + 54.2 
(dioxan); M+ 316, 318, 320 (9:6:1 as expected for two chlorine)) to aqueous 
sodium hydroxide (0.05 M) to give a final concentration of 0.08 mM in 
thiophosphate. Hydrolysis of the dichloride was complete within the first 15 
minutes as determined by 31P NMR spectroscopy; the resonance at +54.2 ppm 
for the dichloride was rapidly replaced by a singlet at +50.6 ppm for 2,4-
dinitrophenyl thiophosphate dianion. The hydrolysis of 2,4-dinitrophenyl 
thiophosphate was followed by the release of 2,4-dinitrophenoxide monitored 
at 400 nm, and good first-order kinetics were observed (k = 6.9 X 10~* s"', 
(25 °C); t]/2 16.7 min). The products were confirmed as 2,4-dinitrophenoxide 
and inorganic thiophosphate (+41.1 ppm) by UV and 31P NMR spectroscopy, 
respectively. Rate constants were determined graphically; any residue of the 
dichloride would have shown up as an initial curvature in the plots, which was 
not observed. The error bars shown in Figure 1 represent our estimates for 
the 95% confidence limits, based both our confidence in the best straight lines 
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Guardado, P. J. Organomet. Chem. 1987, 333, 77. 
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Figure 1. Pseudo-first-order rate constants as a function of pressure for 
the hydrolysis of 2,4-dinitrophenyl thiophosphate dianion in aqueous 
solution (pH 12.7,25 0C). 

rate constant for release of 2,4-dinitrophenoxide from the thio
phosphate dianion was observed to be reduced by presure with 
a volume of activation of +11 cm3 mol"1 (Figure 1). Although 
the error bars on the plot are significant, the sign of the volume 
of activation is clearly positive and differs from that reported by 
Ie Noble for the corresponding phosphate ester.4 Since in the latter 
case an associative reaction mechanism has been deduced on the 
basis of a number of studies,2,4 it is likely that the change in sign 
for the reaction of the corresponding thiophosphate signals a 
change in mechanism. A dissociative reaction would give rise to 
an expansion in the transition state which would be expected to 
be further amplified by the effects of the greater charge der
ealization at the transition state (electrostriction effects). The 
difference in activation volumes for the reactions of 2,4-dinitro
phenyl phosphate and the corresponding thiophosphate is large 
(16 cm3 mol"1) and lends some support to the claim that this 
parameter is a good mechanistic indicator.3,4,8 These observations 
are consistent with the conclusions drawn from the stereochemical 
studies as discussed above and provide further direct evidence for 
the participation of monomeric thiometaphosphate ion as an in
termediate in the hydrolysis of aryl thiophosphate dianion in 
aqueous solution. Confirmation that thiophosphoryl- and phos
phoryl-transfer reactions follow different and distinct mechanistic 
pathways in aqueous solution may be pertinent to the use of the 
former to probe enzyme-catalyzed reactions.lb,c 
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The synthetic utility of the lithium enolate 1 generated from 
the vinylogous urethane 2 in anti-selective aldol reactions has been 
demonstrated.1 An attempt to develop enantioselection for this 
anti-aldol process led us to generate the lithium enolate 3 from 
the vinylogous urethane 4—the anticipation being that these 
structurally similar enolate species would augment each other in 

(1) Schlessinger, R. H.; Poss, M. A. J. Am. Chem. Soc. 1982, 104, 
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