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Abstract: Rate constants for the reactions of substituted quinuclidines with pnitrophenyl phosphate, 2,4-dinitrophenyl phosphate, 
2,4-dinitrophenyl phosphate complexed with calcium, and phosphorylated pyridine decrease with increasing pKa of the amine. 
Plots of log k against pK, give slopes of @,, = -0.05, -0.10, -0.1 1, and 4.10, respectively, for these.compounds; &,, = -0.01 
for phosphorylated 4-morpholinopyridine. These negative slopes are attributed to a requirement for desolvation of the amine 
before nucleophilic attack, which is more difficult with more basic amines; a value of Pd = -0.2 for the desolvation step is 
suggested. 

Nucleophilic reagents are likely to be hydrogen bonded to 
hydroxylic solvents, so that structure-reactivity correlations may 
reflect the behavior of the desolvation step as well as nucleophilic 
attack. The dependence of the reaction rate on the basicity of 
an attacking nucleophile is given by the slope, &,,,, of a plot of 
log k against the pKa of the protonated nucleophile, BH”. The 
observed value of Dnuc includes the dependence of desolvation as 
well as nucleophilic attack on the basicity of the nucleophile, so 
that the amount of nucleophilic attack in the transition state may 
be underestima.ted if desolvation is neglected. The desolvation 
step will have a small or negligible influence on the observed value 
of &,,, when there is a large amount of bond formation in a late 
transition state that resembles BH”, which is the reference com- 
pound for the Br~ns ted  correlation and corresponds to the de- 
velopment of a full positive charge on the amine.2,3 However, 
for early transition states, in which the nucleophilic attack step 
has only a small dependence on basicity, the increase in the 
strength of hydrogen bonding to the solvent with increasing basicity 
can cause a significant decrease in the observed dependence of 
the rate on the basicity of the nucleophile if an initial desolvation 
step is required. Conversely, in the reverse reaction or in any 
reaction in which there is a large amount of bond breaking in the 
transition state, incomplete solvation of the leaving group may 
cause an increase in -@,, and an overestimation of the amount of 
bond breaking. 

We report here several reactions of monosubstituted phosphates 
with substituted quinuclidines that decrease in rate with increasing 
basicity of the quinuclidine; i.e., &,, is negative. The reaction 
requires desolvation of the attacking amine, with the equilibrium 
constant Kd in eq 1, before nucleophilic attack of the free amine, 
with the rate constant k. A negative value of onw will be observed 

r 

when the dependence on amine basicity for the desolvation step 
is more important than @ for nucleophilic attack, Le., when the 
negative value of @d for Kd causes a rate decrease that is larger 
than the rate increase from @,, for reaction of the desolvated 
amine ( k  in eq 1). It is believed that there is little bond formation 
to the nucleophile in the open, “exploded”, transition states for 
reactions of phosphate ester dianions and phosphorylated pyri- 
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dines;ea in fact, the rate constants for reactions of substituted 
pyridines with the dianion of 2,4-dinitrophenyl phosphate show 
no dependence on amine basicity. Nevertheless, these second-order 
reactions are much faster than hydrolysis, so that there must be 
a significant amount of bond formation to the nucleophile in the 
transition state in spite of the fact that the observed value of &,,, 
is zero.5 Similar behavior has been observed for reactions of two 
quinuclidines with phosphorylated 4-morpholinopyridine and the 
statistically corrected rate constants for the reactions of tri- 
ethylenediamine (pKa = 9.2) with 2,4-dinitrophenyl phosphate 
and phosphorylated 3-methoxypyridine are larger than those for 
quinuclidine (pK, = 11 S ) . 5 3 8  Several diamine monocations are 
known to be more reactive toward monosubstituted phosphate 
derivatives than the more basic free diamines, but this difference 
has been ascribed to an electrostatic effecL4s5 

In addition to its inherent interest and its effects on struc- 
ture-reactivity parameters, desolvation is of interest because it 
is one of the mechanisms by which enzymes can utilize noocovalent 
binding interactions with specific substrates to increase reaction 
rates.9 

Experimental Section 
Substituted quinuclidines, pyridine, and disodium p-nitrophenyl 

phosphate were purified by distillation or recrystallization. 4- 
Morpholinopyridine and phosphorylated 4-morpholinopyridine were 
prepared as described previously8 and 2,4-dinitrophenyl phosphate was 
kindly donated by Prof. David Chipman. Glass-distilled water was used 
throughout. 

Pseudo-first-order rate constants were determined spectrophotomet- 
rically. The ionic strength was maintained at 1.0 with potassium chloride, 
unless noted otherwise. The reactions were usually carried out with use 
of the amine nucleophile, 95% free base, as the buffer. Some experiments 
in the presence of calcium ion were carried out at lower fractions of free 
base, in order to avoid precipitation of calcium hydroxide, and the fast 
reactions of phosphorylated pyridines were carried out in the presence 
of 0.05 M potassium carbonate or potassium hydroxide, in order to 
neutralize excess acid from the synthesis mixture. 

Initial rates of reactions ofp-nitrophenyl phosphate dianion at 39 OC 
were followed at 410 or 400 nm, as described previ~usly.~ First-order 
rate constants for reactions of 2,4-dinitrophenyl phosphate at 39.1 f 0.2 
OC were determined at 360 nm. Rate constants for reactions of phos- 
phorylated 4-morpholinopyridine at 25 OC were determined at 300 nm 
(295 nm for 3-quinuclidinone) and reactions of phosphorylated pyridine 
at 25 “C were followed at 270 nm. The phosphorylated pyridine was 
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Table I. Second-Order Rate Constants (M-' s -I )  for Reactions of Substituted Quinuclidines with p-Nitrophenyl Phosphate and 2,4-Dinitrophenyl 
PhosDhate Dianions at 39 "C and with Phosphorylated Pyridine and 4-Morpholinopyridine Monoanions at 25 OC" 

p-nitrophenyl 
phosphate 

amine PK," 107k 
3-quinuclidinone 7.30d 4.0 

triethylenediamine' 8.92' 4.4 

3-chlorquinuclidine 9.09 4.4 
4.2k 

3-hydroxyquinuclidine IO. 13' 3.2 
quinuclidine lI.5@ 2.5 

2.2" 
triethylenediamine 3.47P 4.2' 

monocation 

2,4-dinitrophenyl 
phosphate 

104k 
8.1 

8.2 

7.3 
5.1 
3.5 

7.1f*' 
8.0" 

2,4-dinitrophenyl 
phosphate with 
0.28 M calcium 

22.1e 
24.6 
17.6 
18.6 

104k 

11.2" 
7.8f.o 

16.7f.' 

2,4-dinitrophenyl 
phosphate complex phosphorylated phosphorylated 

with calcium' 4-morpholinopyridine pyridine 
104k 103k k 

30.4 5.7 7.4h 
34.lf.g 
23.2 4.8 5.7h 
24.7fa 

5.2 4.7' 
14.8 6.3 4.3' 
10.6.g 4.8 2.7' 

22.6 

"The ionic strength was maintained at 1.0 with potassium chloride and the rate constants were determined with 95% free base except where noted. 
b25 OC, ionic strength 1.0. 'Calculated from the observed rate constant with 0.28 M calcium and an association constant of 6.0 M-'.Io dEwing, S. 
P.; Lockshon, D.; Jencks, W. P. J .  Am. Chem. SOC. 1980, 102, 3072-3084. cMeasured at 37, 74, and 95% free base. 'Ionic strength 1.5. 
gcalculated by using the rate constant for 2,4-dinitrophenyl phosphate at ionic strength 1.0. hIn 0.05 M potassium carbonate. 'The rate constants 
and K, are statistically corrected by a factor of 2. The rate constants are based on the total concentration of buffer, 95% free base (except for 
phosphorylated pyridine). This introduces a negligible error, because the rate constant for triethylenediamine monocation is similar to that for 
trieth~lenediamine.~,~ 'Sayer, J. M.; Jencks, W. P. J .  Am. Chem. SOC. 1969, 91, 6353-6361. kIonic strength 0.03-0.05. 'In 0.01 M potassium 
hydroxide. Determined at 74% free base. "Ionic strength 0.05. "Determined at 35% free base. P Jencks, W. P.; Gilchrist, M. J .  Am. Chem. SOC. 
1968, 90,2622-2637. 'JKirby, A. J.; Jencks, W. P. J .  Am. Chem. Soc. 1965,87, 3209-3216. 'Measured with 5% free base and extrapolated to 100% 
monocation. SKirby, A. J.; Varvoglis, A. G. J .  Chem. SOC. B 1968, 135-141. 

prepared from phosphorus oxychloride and pyridine immediately before 
the addition of amine buffer, as described previously for phosphorylated 
3-metho~ypyridine.~ End points for reactions followed to completion 
were determined after >IO half-lives. The pH was measured at the end 
of the kinetic runs. 

Results 
Second-order rate constants for the reactions of substituted 

quinuclidines with p-nitrophenyl phosphate, 2,4-dinitrophenyl 
phosphate, phosphorylated 4-morpholinopyridine, and phospho- 
rylated pyridine were determined from the slopes of linear plots 
of observed pseudo-first-order rate constants against the con- 
centration of amine base and are reported in Table I. Rate 
constants are also reported for the reactions of quinuclidines with 
the dianion of 2,4-dinitrophenyl phosphate in the presence of 0.28 
M calcium chloride and for the reactions with the calcium-di- 
nitrophenyl phosphate complex, based on an association constant 
of K A  = 6.0 M-' for the formation of this complex.'0 The rate 
constants for reactions of the calcium-dinitrophenyl phosphate 
complex are about threefold larger than those for dinitrophenyl 
phosphate. 

Rate constants were determined at  four or more concentrations 
of amine, usually in the range of approximately 0.05-0.4 M. Rate 
constants for the rapid reactions of phosphorylated pyridine were 
determined in duplicate at  four amine concentrations in the range 
1-4 mM. The rate constants were determined at  ionic strength 
1.0, maintained with potassium chloride; two experiments at  ionic 
strength 0.03-0.05 gave rate constants that were 5-12% smaller. 

The reactions of quinuclidine and the monocation of tri- 
ethylenediamine with 2,4-dinitrophenyl phosphate in the presence 
of calcium were carried out at ionic strength 1.5, in order to obtain 
adequate concentrations of amine buffers. It was shown that there 
is no significant difference in the rate constants for the reactions 
of 3-quinuclidinone and triethylenediamine with 2,4-dinitrophenyl 
phosphate in the presence of 0.28 M calcium at ionic strength 1.5 
compared with 1.0. The same rate constant for reaction of the 
free amine was obtained with quinuclidinone buffers containing 
37, 74, and 95% base. 

The rate constants for the reactions of triethylenediamine with 
4-nitrophenyl phosphate," 2,4-dinitrophenyl pho~phate ,~  phos- 
phorylated pyridine,' ' and phosphorylated 4-morpholinopyridinesJi 
and for the reactions of quinuclidine with 2,4-dinitrophenyl 
phosphateS and phosphorylated 4-morpholinopyridines show 

(10) Petermined by a kinetic method (Herschlag, D.; Jencks, W. P., in 

(11) Jameson, G. W.; Lawlor, J.  M. J .  Chem. SOC. B 1970, 53-57. 
preparation). 
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Figure 1. Brnnsted-type plots for the reactions of substituted quinucli- 
dines with the dianions of 2,4-dinitrophenyl phosphate complexed with 
calcium (upper line); 2,4-dinitrophenyl phosphate (middle line), and 
p-nitrophenyl phosphate (lower line) at 39 O C ,  ionic strength 1.0 (KC1) 
(0) and 1.5 (KCI) (0). 

satisfactory agreement with previously reported values. 

Discussion 
The Bronsted-type plots of Figures 1 and 2 show the dependence 

on amine basicity of the second-order rate constants for the re- 
actions of substituted quinuclidines with phosphate monoester 
dianions and phosphorylated pyridines, respectively. There is a 
decrease in the observed rate constants as the quinuclidines become 
more basic in the reactions with 2,4-dinitrophenyl phosphate and 
p-nitrophenyl phosphate (Figure 1) and with phosphorylated 
pyridine (Figure 2). The lines in the figures are drawn with 
(least-squares) slopes of fin,, = -0.10 for 2,4-dinitrophenyl 
phosphate and phosphorylated pyridine, -0.05 for p-nitrophenyl 
phosphate, and -0.01 for phosphorylated 4-morpholinopyridine. 
The calcium-catalyzed reaction of 2,4-dinitrophenyl phosphate 
with quinuclidines follows a line with a negative slope of fin,, = 
-0.1 1 (upper line, Figure l),  which does not differ significantly 
from the slope for the uncatalyzed reaction. A correlation of log 
k for the reactions with 2,4-dinitrophenyl phosphate and with the 
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Figure 2. Bransted-type plots for the reactions of substituted quinucli- 
dines with phosphorylated pyridine and 4-morpholinopyridine at 25 OC, 
ionic strength 1.0 (KCI). 

calcium-2,4-dinitrophenyl phosphate complex gives a good straight 
line that is consistent with a slope of 1.0, except for a small 
deviation of the point for 3-quinuclidinone (not shown). 

These negative slopes are consistent with a desolvation step that 
must occur before nucleophilic attack by the amine (eq 1) and 
becomes more difficult as the amine becomes more basic. The 
data require a value of -@., 3 0.10 for desolvation that is equal 
to or greater than the value of B,,, for attack by the desolvated 
amine. It is probable that there is some development of positive 
charge on the amine in the transition state for nucleophilic attack 
and that p,,, for the desolvated amine is positive. Therefore, a 
limit of -& 3 0.2 can be set for the desolvation step. 

Electrostatic interactions should also be considered as a possible 
explanation for the negative values of /3nuc.4*11*12 An electron- 
withdrawing group on the attacking reagent could give a favorable 
electrostatic effect through a charge-dipole interaction with the 
negative charges on the substrate. This could give an increased 
rate constant for weakly basic nucleophiles and a decreased value 

This interpretation is excluded by the following: (1) Similar 
negative values of B,,, are observed for the reactions of quinu- 
clidines with the dianion of a phosphate ester and the monoanion 
of phosphorylated pyridine. (2) The values of B,,, are positive 
for reactions of phosphorylated pyridines and p-nitrophenyl 
phosphate with pyridines and primary amines, although the less 
basic nucleophiles contain strongly electron-withdrawing sub- 
stitutents."**.'* (3) The calcium-catalyzed reactions of quinuclidines 
with 2,4-dinitrophenyl phosphate, in which the negative charges 
of the phosphate ester are neutralized by the positive charges of 
the calcium ion, follow essentially the same negative value of &,, 
as the uncatalyzed reactions (upper lines, Figure 1; &,, = -0.1 1 
and -0.10). 

Negative values of &,, will be observed only for reactions in 
which there is a small amount of bond formation in the transition 
state, so that &,, for attack of the unsolvated amine is smaller 
than -& for the desolvation step. The reactions of monosubstituted 
phosphate derivatives with nucleophiles provide one example of 
this behavior because the driving force for expulsion of the leaving 
group arises largely from the two negative charges on the phos- 

of 8 " U C  
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phoryl group. However, the reactions are cleanly second order 
and are much faster than solvolysis; they involve a significant 
component of nucleophilic attack. There is evidence that the 
reactions of pyridines with phosphorylated pyridines occur through 
a concerted mechanism in which there is a small, but significant 
amount of bond formation to the nucleophile and a large amount 
of bond breaking to the leaving group in the transition state, which 
resembles the monomeric metaphosphate monoanion.6-8 These 
reactions are symmetrical, so that desolvation of the nucleophile 
before attack means that the leaving group becomes solvated after 
bond cleavage and the observed values of Plg may provide an 
overestimate of the amount of bond breaking in the transition state. 
The reactions of phosphate monoester dianions show similar 
properties and probably proceed through similar transition ~tates.49~ 
In both series there is a decrease in @,,, as the leaving group 
becomes better, so that negative values of /3,, are most likely to 
be observed with leaving groups of low pKa.4,598 

There is other evidence that the desolvation step can be ki- 
netically significant in nucleophilic reactions. For example, the 
relatively small limiting rate constants for the reactions of anionic 
oxygen nucleophiles with carbocations suggest that there is a 
kinetic barrier for the desolvation of oxygen anions that must be 
overcome before rea~t i0n . I~  The small values of p,,, for attack 
on acyl compounds and of B for proton removal from carbon acids 
by basic alkoxide ions have been attributed to a requirement for 
partial desolvation of RO- before nucleophilic attack, which be- 
comes more difficult with increasing basicity of RO-.293J4915 

The curved Br~lnsted plots for catalysis of the ionization of 
acetylacetone by substituted acetate ions in Me,SO:water mixtures 
can also be explained by a requirement for desolvation of the more 
basic catalysts.16 The linear Bransted plots for catalysis of this 
reaction by primary amines are consistent with this explanation; 
furthermore, an increase in p with decreasing water content could 
be accounted for by a reduced requirement for desolvation of the 
amines in the less aqueous solutions. The decrease in the value 
of B,,, from 0.41 in acetonitrile to 0.21 in methanol for the re- 
actions of substituted quinuclidines with methyl iodide (based on 
pK, values in methanol) provides another example of a reaction 
in which solvation of the nucleophile by a hydroxylic solvent 
appears to decrease the observed value of &,c.17 The decrease 
in B,,, is consistent with the estimate of -& - 0.2 for quinu- 
clidines. 

A theoretical study has led to the conclusion that desolvation 
of the chloride anion, which has several electron pairs available 
to interact with the solvent, contributes almost half of the activation 
energy for its reaction with methyl chloride in water; however, 
the desolvation does not require a separate step with a potential 
minimum.I8 

Amines are less strongly solvated than oxygen anions, so that 
complete desolvation would require a much larger barrier for an 
oxygen anion than for an amine. However, amines have only a 
single electron pair, so that complete desolvation is required before 
nucleophilic attack is possible. There is evidence for a significant 
solvation energy of amines in water and the absolute change in 
Gibbs free energy for breaking the hydrogen bond between water 
and pyridine has been estimated to be 4.3 kcal m01-l.I~ Although 
basic alkoxide ions are solvated by three hydroxylic solvent 
molecules,20 they do not require complete desolvation in order to 

(13) Richard, J. P.; Jencks, W. P. J .  Am. Chem. SOC. 1984, 106, 

(14) Jencks, W. P.;Gilchrist, M. J .  Am. Cbem.Soc. 1962,84,2910-2913. 
(15) Hupe, D. J.; Wu, D. J.  Am. Chem. SOC. 1977,99,7653-7659. Hupe, 

D. J.; Wu, D.; Shepperd, P. J .  Am. Chem. SOC. 1977, 99,1659-1662. Pohl, 
E. R.; Wu, D.; Hupe, D. J .  J .  Am. Chem. SOC. 1980,102, 2759-2163. Pohl, 
E. R.; Hupe, D. J. J .  Am. Chem. SOC. 1984, 106, 5634-5640. 

(16) Bernasconi, C. F.; Bunnell, R. D. Isr. J .  Chem., in press. 
(17) Grob, C. A.; Schlageter, M. G. Helu. Cbim. Acta 1977, 60, 
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undergo nucleophilic reaction. Desolvation in a separate, initial 
step, such as Kd of eq 1, is probably not required for most nu- 
cleophiles that have several electron pairs, unless access to the 
attacking atom is completely blocked by solvation. 

The limited data that are available suggest that amines become 
more strongly hydrated with increasing amine basicity, although 
the importance of hydration of the free amines is considerably 
less than that of protonated amines.I9 The Gibbs free energies 
for hydration from the gas phase differ by 0.87 kcal mol-' for 
4-methylpyridine (pK, = 6.0) and 3-chloropyridine (pK, = 2.8)21 
and by 1.7 kcal mol-' for 4-(dimethylamino)pyridme (pK, = 10.1) 
and 4-cyanopyridine (pK, = 1.9),2* which correspond to values 
of j3d = -0.2 and -0.15, respectively. The free energies for hy- 
drogen bonding of pyridines to 4-fluorophenol and for protonation 
in water give j3 = 0.24 for hydrogen bonding.lg The enthalpies 
of hydration of trifluoroethylamine (pK, = 5.9) and ethylamine 
(pK, = 11.0) are -1.8 and -4.5 kcal mol-', respectively, which 
would correspond to a value of j3d = -0.4 if there were a corre- 
sponding difference in the Gibbs energies of hydration.23 These 
values suggest that an estimate of @d = -0.2 f 0.1 is reasonable. 
This is similar in magnitude to the value of & = 0.25 for breaking 
the hydrogen bond of substituted alcohols to water, which becomes 
easier as the alcohol becomes less acidicSz4 

We conclude that in order to obtain an estimate of the amount 
of charge development on the nucleophile as it forms a bond to 
the substrate in the transition state, the observed value of @,, 
should be corrected for the desolvation step. When B,,, is small, 
a correction of 0.2 appears to be reasonable. The effect of the 
solvation correction is to enlarge the scale of possible values for 
@,,, by the amount of +d; Le., if the observed value of Beq is 1.0 
for complete addition of the nucleophile at equilibrium and Bd 
is -0.2 the range for &, is 1.2 units. If the scale is normalized 
to a value of j3 = 1.0 for development of a full positive charge 
on the nucleophile, as in the reference protonation reaction, ob- 
served values of j3,,, can be corrected for the desolvation step 
according to eq 2, taking & = -0.2.2' The correction decreases 
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with increasing bow and becomes negligible as B approaches 1.0 
because the scales for both flow and Pw, are based on the pro- 
tonated nucleophile, BH', with a charge of 1.0. 

Values of p,,, that are negative or close to zero can only be 
detected when the second-order rate constant for reaction with 
water is much smaller than the rate constants for the series of 
nucleophilic reagents being examined. We do not know why water 
is much less reactive than amines of comparable pK toward 
phosphoryl groups, in spite of the high affinity of phosphorus for 
oxygen. 

The values of j3,,, for the reactions of monosubstituted phos- 
phate derivatives with quinuclidines are significantly more negative 
than those for reactions with pyridines and primary amines, which 
are in the range of on, = 04.3.4-8J1 This difference is not caused 
by the high basicity of the quinuclidines because the larger j3,, 
values for pyFidines and primary amines are observed in the same 
range of amine ba~icity.~J A possible explanation for the observed 
difference in j3,,, is that the value of &, for the desolvated amine 
is smaller for quinuclidines than for other amines because of an 
earlier transition state for nucleophilic attack. This may be the 
result of steric hindrance and the unfavorable solvation effect that 
arises from close approach of the anionic phosphate oxygen atoms 

(21) Arnett, E. M.; Chawla, B. J.  Am. Chem. Soc. 1979,101,7141-7145. 
Arnett, E. M.; Jones, F. M., III; Taagepera, M.; Henderson, W. G.; Beau- 
champ, J. L.; Holtz, D.; Taft, R. W. J.  Am. Chem. Soc. 1972,94,47244726. 

(22) Taft, R. W. Prog. Phys. Org. Chem. 1983, 14, 328. 
(23) Taft, R. W.; Wolf, 3. F.; Beauchamp, J. L.; Scorrano, G.; Arnett, E. 

M. J.  Am. Chem. Soc. 1978, 100 ,  1240-1249. 
(24) Guthrie, J. P. Con. J.  Chem. 1975,53,898-906. Guthrie, J. P. J.  Am. 

Chem. Soc. 1977,99,3991-4001. Rothenberg, M. E.; Richard, J. P.; Jench, 
W. P. J .  Am. Chem. Soc. 1985, 107, 134CF1346. 

(25) The exact correction is given by 8- = ( B o ~  - &)/(I - &) = 0.17 
+ 0.838- However, this does not differ significantly from eq 2, in view of 
the uncertainty of Bd. 

-2'5 c 

7 e 9 IO II I2 

pK0 

Figure 3. Brensted-type plots to show the effect of the leaving group on 
/3, for the reactions of quinuclidines with phosphorylated pyridines and 
phosphate ester dianions. The logarithm of the rate constant ratio for 
two leaving group is plotted against the pK, of the nucleophile; k, refers 
to the leaving group with the larger pK,. 

to the hydrocarbon of the tertiary amine. 
Grunwald and co-workers have found that the rate constants 

for the separation of solvating water from amines are considerably 
smaller for tertiary amines than for primary amines and ammonia. 
They have attributed this difference to a favorable interaction 
between the tertiary amine and the solvent through dispersion 
forces.% This suggests that desolvation will be more difficult for 
quinuclidines than for most other amines. 

The observed effects of the desolvation step on rate constants 
for nucleophilic reactions in aqueous solution are relatively small, 
in part bekause the unfavorable desolvation of the attacking 
electron pair is largely compensated by interaction with the 
electrophile in the transition state. The much larger effects that 
are observed with changing solvents reflect the overall changes 
in charge and solvation of several reacting groups between the 
reactants and the transition state.27 

It was suggested previously that the rate constant for the re- 
action of triethylenediamine monocation with the dianion of p-  
nitrophenyl phosphate is abnormally high because of a favorable 
electrostatic interaction of the cation with the d i a n i ~ n . ~  This 
conclusion was based on the similar rate constants for reaction 
of the monocation and the free base (after statistical correction) 
and the value of @,, - 0.13 for reactions of other amines, which 
predicts a smaller rate constant for the less basic monocation. The 
finding that B,,, is negative for quinuclidines removes the basis 
for this conclusion; furthermore, the similar rate constants for the 
calcium-catalyzed reactions of 2,4-dinitrophenyl phosphate with 
the monocation and the free base of triethylenediamine (Table 
I) show that there is no significant electrostatic effect with the 
monocation. The reactions of other, noncyclic, diamine mono- 
cations with the dianion of p-nitrophenyl phosphate are faster than 
e x p t e d  from their ba~ic i ty .~  It is possible that this arises from 
a direct interaction of the charged group with dianionic phosphate 
esters, which may involve hydrogen bonding to anionic oxygen 
atoms. 

Changes in Structure-Reactivity Parameters and Transition- 
State Structure. The less negative observed values of @,,, for the 
less reactive substrates (Figures 1 and 2) represent "Hammond 
effects" and an increase in j3,,,,, for compounds with poorer leaving 
groups, which have been observed previously for the reactions of 
pyridines and primary amines with phosphate esters and phos- 
phorylated  pyridine^?,^.^ This behavior is shown more clearly by 

~~ 

(26) Grunwald, E.; Ku, A. Y .  J.  Am. Chem. Soc. 1968, 90, 29-31. 
Grunwald, E.; Ralph, E. K., I11 Acc. Chem. Res. 1971, 4, 107-113. 

(27) See, for example: Taft, R. W.; Abboud, J.-L. M.; Kamlet, M. J.; 
Abraham, M. H. J .  Sol. Chem. 1985, 14, 153-186 and references therein. 
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the plots of log ( k , / k , )  for the two different leaving groups in 
Figure 3, which have slopes of 0.08 and 0.04 for the phosphorylated 
pyridines and phosphate esters, respectively. This behavior can 
be described by the cross-interaction coefficient pxv = aP,,/apKlg 
= &3,8/ap.rf,,,. The values of pxv are 0.023 and 0.013, from the 
slopes of Figure 3, and the changes in pK, of the leaving groups 
of 3.5 and 3.0 for the phosphorylated pyridines and phosphate 
esters, respectively. These are comparable to previously reported 
values of pxy = 0.014-0.020 for reactions of amines with phos- 
phorylated pyridines but are smaller than a value of pxy = 0.043 
for reactions of pyridines with phosphate esters, based on data 
from two different studies (one of which involved only three 

The small value of pxv for the phosphate esters 
removes the basis for the suggestion that the structure of the 
transition state changes more easily for reactions of phosphate 
esters than for phosphorylated pyridines.8 

Insufficient data are available to determine whether there is 
curvature in the Brernsted plots for reactions of quinuclidines with 
phosphate compounds (Figures 1 and 2). However, the Brernsted 
plots for reactions of pyridines and primary amines with phos- 
phorylated pyridines and with 2,4-dintrophenyl phosphate are 
linear within experimental error; there is no curvature over 8 pK 
units for the reactions of pyridines with 2,4-dinitrophenyl phos- 
 hate.^ The upper limit for curvature in the reactions of pyridines 
and primary amines with phosphorylated pyridines corresponds 
to a direct interaction coefficient of px = a&,,/-apKnu, S 0.006.’ 
This would give a decrease in p,, of only 0.03 for a 5 unit change 
in pK, of the nucleophile between pyridines and quinuclidines, 
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which would decrease on, from 0.22 to 0.19 and from 0.17 to 0.14 
for the reactions with phosphorylated 4-morpholinopyridine and 
3-methoxypyridine, respectively. Thus, there is no significant 
Hammond effect with changing basicity of the nucleophile and 
the maximum change in p,,, with increasing basicity would not 
give a negative value of &,, for the quinuclidines. Furthermore, 
the Brernsted line for the reactions of primary amines with 
phosphorylated 4-morpholinopyridine8 overlaps the pK range for 
the quinuclidines that react with this compound. The different 
classes of amines fall on different straight lines, some of which 
have different slopes, for reactions with phosphate ~ompounds.4*~~’ 

It may appear surprising that there is a significant change in 
p,,, with changing pKa of the leaving group, which corresponds 
to a positive cross coefficient pxv, but no significant curvature in 
the Brernsted correlations, which means that there is no measurable 
change in p, with changing pKa of the nucleophile and the direct 
coefficient p x  is -0. However, this behavior is predicted by the 
expected movements of the transition state parallel and perpen- 
dicular to the reaction coordinate, with changing pK, of the nu- 
cleophile and leaving group, on a reaction surface that is defined 
by the observed structure-reactivity coefficients.8 

Registry No. 3-Quinuclidinone, 373 1-38-2; triethylenediamine, 280- 
57-9; 3-chloroquinuclidine, 42332-45-6; 3-hydroxyquinuclidine, 1619- 
34-7; quinuclidine, 100-76-5; triethylenediamine monocation, 33937-1 9-8; 
p-nitrophenyl phosphate, 36199-67-4; 2,4-dinitrophenyl phosphate, 
18962-96-4; calcium 2,4-dinitrophenyl phosphate, 99618-1 5-2; phospho- 
rylated 4-morpholinopyridine, 26322-06-5; phosphorylated pyridine, 
26322-03-2. 
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Abstract: A stereospecific synthetic route to (-)-ipsenol is described. The synthesis illustrates a new asymmetric synthetic 
reaction using chiral allenyl boronic esters. The scope of the synthesis as a general route to either (R)-  or (S)-3-alkynol is 
further illustrated by several cases. 

Recently we had envisioned the synthesis of a number of natural 
products which contain arrays of stereocenters in an open-chain 
arrangement. The methods of creating these stereocenters in the 
particular relative configuration have been termed “acyclic 
stereoselection”.’ Of the many potentially useful methods to this 
problem, addition of chiral nucleophiles to carbonyl compounds 
should offer the advantages of widespread applicability to a unique 
degree.* Among them, the asymmetric addition of allylic nu- 
cleophiles to the carbonyl compounds is one of the most powerful 
and useful synthetic methods in modem synthetic chemi~try.~ On 
the other hand, the propargylic reagent has never been developed 
to a useful level due to the lack of a satisfactory chiral system. 
The even greater versatility of propargylic systems4 compared to 

(1) General review: Morrison, J. D., Ed. “Asymmetric Synthesis”; Aca- 

(2) Solladie, G., ref 1, Chapter 6, Vol. 2, and references cited therein. 
(3) Condensation of aldehydes with enantiomerically enriched allylboranes 

was shown to provide homoallylic alcohols: Midland, M. M.; Preston, S. B. 
J .  Am. Chem. Soc. 1982, 104, 2330. Herold, T.; Schrott, U.; Hoffmann, R. 
W. Chem. Ber. 1981, 114, 359. Pearson, N. R.; Hahn, G.; Zweifel, G. J.  Org. 
Chem. 1982, 47, 3364. 

demic Press: New York, 1983; Vol. 1-4. 
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allylic systems encouraged us to study the former type compounds 
in detail. Whereas it is usually difficult to differentiate the two 
reactive centers of allylic system, it is relatively easy to achieve 
reaction specifically at  either one of the two reactive centers in 
a propargylic system.’ 

Prior to our work, efforts to find an efficient asymmetric 
synthesis using allenyl anion had produced very limited success. 
Thus, the reaction with carbonyl compounds has been extensively 
studied with magnesium: aluminum,’ zinc,8 titanium? and borong 
reagents with much discussion on diastereoselectivity. Although 
a cyclic mechanism has generally been proposed for such a re- 

(4) Moreau, J.-L. In ”The Chemistry of Ketenes, Allenes, and Related 
Compounds”; Patai, S., Ed.; Wiley: New York, 1980; pp 363-414. 

( 5 )  Ishiguro, M.; Ikeda, N.; Yamamoto, H. J.  Org. Chem. 1982, 47, 2225. 
(6) Karila, M.; Capmau, M. L.; Chodkiewicz, W. C. R.  Seances Acad. 

Sci., Ser. C 1969, 264, 342. Saniere-Karila, M.; Capmau, M. L.; Chod- 
kiewicz, W. Bull. Soc. Chim. Fr. 1973, 3371. 

(7) Guillerm-Dron, D.; Capmau, M. L.; Chodkiewicz, W. Tetrahedron 
Lett. 1972, 37. 

( 8 )  Moreau, J.-L. Bull. SOC. Chim. Fr. 1975, 1248. 
(9) Favre, E.; Gaudemar, M. J .  Organomet. Chem. 1975, 92, 17. 
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