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when synthesized by classical methods.)15 Therefore, the synthesis 
of a water-soluble, high molecular weight polymer requires con
verting all reaction components, catalyst as well as monomers, 
into water-soluble species. To this end, a water-soluble zerovalent 
palladium catalyst (PdL3, L = P(C6Hs)2(W-C6H4SO3Na) (II)) 
was prepared from PdCl2 and monosulfonated triphenyl-
phosphine16 by an adaptation (see supplementary material) of 
Coulson's method for the synthesis of tetrakis(triphenyl-
phosphine)palladium.17 Complex II proved to be identical with 
the catalyst reported by Calabrese.18 The ethylene glycol diester 
of 4,4'-biphenylylenebis(boronic acid) (III) served as one 
water-soluble monomer precursor (rapid hydrolysis of the 
water-insoluble III affords the sparingly soluble bis(boronic acid) 
hydroxyl adduct), while 4,4'-dibromodiphenic acid (IV) served 
as the second. Both monomers were prepared by modifications 
of known literature syntheses and were fully characterized.19,20 

The dibromide IV was chosen as a synthetic target after model 
studies revealed that Pd(O) cross couplings under homogeneous 
aqueous conditions exhibit a strong regiochemical limitation: 
Coupling of bromobenzoic acids and tolylboric acid proceeds 
readily and in essentially quantitative yield (as determined by 1H 
NMR) for m-bromobenzoic acid, but gave no identifiable product 
for o-bromobenzoic acid. 

Polymer I has been characterized by a number of techniques 
in order to confirm its composition, structure, and molecular 
weight.21 NMR analysis of I is complicated by extreme peak 
broadening: The 1H NMR spectrum (D20/NaOD) shows a broad 
resonance with secondary peaks from 6.0 to 8.2 ppm. The 13C 
NMR spectrum consists of six broad resonances (width at half-
height 2-3 ppm). The 11 individual resonances expected for I 
are apparently concealed by significant overlap. The IR (KBr 
pellet) spectrum displays expected bands at 3500-3100 cm-1 and 
1709 cm"1 and a number of bands from 900 to 700 cm"1 associated 
with aromatic C-H out-of-plane bending modes of di- and tri-
substituted benzenes.22 

Polymer I exhibits the outstanding thermal stability typically 
found in rigid-chain polymers:23 Thermogravimetric analysis 
(under N2) shows the onset of thermal decomposition above 520 
0C, while differential scanning calorimetry shows no apparent 
softening temperature. Both methods indicate that I undergoes 
dehydration at 300-330 0C to form a poly (anhydride) structure; 
this process has been confirmed by IR spectroscopy.24 

(15) (a) Kovacic, P.; Jones, M. B. Chem. Rev. 1987, 87, 357. (b) Yam-
amoto, T.; Yamamoto, A. Chem. Lett. 1977, 353. (c) Yamamoto, T.; Ha-
yashi, Y.; Yamamoto, A. Bull. Chem. Soc. Jpn. 1978, 51, 2091. (d) Krig-
baum, W. R.; Krause, K. J. / . Polym. ScL, Polym. Chem. Ed. 1978,16, 3151. 
For recent innovations in the synthesis of poly(phenylenes), see refs 12a,b. 
Also: (e) Ballard, D. G. H.; Courtis, A.; Shirley, I. M.; Taylor, S. C. Mac-
romolecules 1988, 21, 294. (0 Tour, J. M.; Stephens, E. B. J. Am. Chem. 
Soc. 1991, 113, 2309. 

(16) Ahrland, S.; Chatt, J.; Davies, N. R.; Williams, A. A. / . Chem. Soc. 
1958, 276. 

(17) Coulson, D. R. lnorg. Synth. 1972, 13, 121. 
(18) Casalnuovo, A. L.; Calabrese, J. C. J. Am. Chem. Soc. 1990, 112, 

4324. 
(19) Balogh-Hergovich, E.; Speier, G.; Tyeklar, Z. Synthesis 1982, 731. 
(20) Coutts, G. C; Goldschmid, H. R.; Musgrave, O. C. J. Chem. Soc. 

C. 1970, 488. 
(21) 1H NMR (500 MHz): S = 6.38, 6.75, 7.01, 7.30, 7.68, 8.07 (all br). 

15C NMR (125 MHz): S - 128,129,130,139.5,141, 179 (all br). Elemental 
anal. Expected for (C13H1O2).: C, 79.58; H, 4.07. Found: C, 77.55; H, 4.31. 
(Poly(p-phenylenes) reported in the literature do not yield clean combustion 
analyses. (See refs 3 and 12b.) This has been attributed to difficulties in 
burning these materials quantitatively. Impurities and residual end-groups 
on oligomeric species have also been implicated. I leaves detectable residues 
in both combustion analysis and thermogravimetric analysis. Additionally, 
it has proven to be extremely difficult to remove trace amounts of water from 
I. 

(22) Bellamy, L. J. 7"Ae Infra-red Spectra of Complex Molecules, 2nd ed.; 
Wiley and Sons: New York, 1960; p 76-80. 

(23) Arnold, C. J. Polym. ScL, Macromol. Rev. 1979, 14, 265. 
(24) Disappearance of the OH stretch; replacement of the broad carbonyl 

stretch by a ragged, intense anhydride carbonyl stretching band at 1708 cm'1; 
and considerable disturbance of both aromatic in-plane skeletal deformation 
modes (1400-1500 cm"1) and aromatic C-H out-of-plane bending modes 
(900-700 cm"1) are observed. 

Poly(acrylamide) gel electrophoresis25 of I gives an approximate 
molecular weight (Mw) of 50000 g/mol relative to single-stranded 
DNA. In the absence of an absolute reference, it is unreasonable 
to expect this method to give an accurate molecular weight, since 
I is much more rigid than single-stranded DNA. Thus, this result 
is best taken as an order-of-magnitude estimate. Viscometry 
experiments (standard Ubbelohde viscometers; identical results 
with different capillary diameters indicate that flow-induced 
shearing is not a significant complication26) yield an intrinsic 
viscosity of 0.49 dL/g for I in 0.100 M Na2CO3. A solution 
viscosity of 1.9 cP for a 1% solution of I in 0.1 M Na2CO3 com
pares favorably with a reported viscosity for a 10% aqueous so
lution of 45% sulfonated PPTA of 3 cP.8a 

Current work is directed at determining the absolute molecular 
weight of I and at extending this aqueous coupling strategy to 
a number of monomer substrates to provide a host of architec
turally diverse polymers ranging from rigid rods to flexible chains. 
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Understanding the effects that a nearby (4-25 A) ion pair can 
exert on reaction processes will have practical applications in the 
area of chemical synthesis and will help to illuminate the necessary 
and sufficient components of biocatalysis. Here we show that in 
chloroform an acrylate ester tethered to an ion pair reacts faster 
than comparable neutral acrylates. Importantly, the three major 
diastereomeric pathways in this nitrone cycloaddition differ in 
sensitivity to this intramolecular salt effect.3 The charged acrylate 
is both more reactive and more selective than its neutral congeners. 

The effects of salts on ionization rates of organic substrates in 
nonpolar solvents have been studied for many years.4 Simple salt 
effects are due to the Coulombic effects of ion pairs on the 
reactants and transition states of ionic processes, and a quantitative 
model of these effects has been proposed.5,6 Effects of unreactive 

(1) Chemistry of Synthetic Receptors and Functional Group Arrays. 17. 
Part 15: Adrian, J. C, Jr.; Wilcox, C. S. / . Am. Chem. Soc. 1991, 113, 
678-680. 
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TaMe I. Second-Order Rate Constants (M"1 s"1) for the Formation of 
Diastereomeric Isoxazolidines 3-5 and Resulting Product Ratios* 

acrylate 
ester 
2a 
2b 
2c 
2d 
2a' 

*« 
1.95 x IfJ-' 
1.46 X IO"2 

5.04 X IO"5 

2.05 X 10"' 
2.32 x 10 ' 

*J 

7.12 X ICT* 
1.05 X IO"' 
1.55 x I0"J 

7.98 x 10-* 
8.87 x 10-* 

t. 
7.40 X IO"4 

3.77 X 10"' 
1.72 X IO"1 

8.52 X IO"4 

9.09 X IO"4 

* j 

4.62 X IO"4 

6.31 x IO"4 

1.68 x 10"' 
4.22 X IO-4 

5.42 X IO"* 

ratio 
3:4:5 

37:39:24 
71:25:4 
31:35:34 
39:41:20 
38:39:23 

'Reactions were run at 40 mM each ester and nitrone unless otherwise 
noted. 'Reaction run at 20 mM each ester and nitrone. 'Reaction in the 
presence of 40 mM tetrabutylammonium tosylate. 

ionic solutes on cycloaddition reactions in nonpolar solvents are 
known: Grieco has recently demonstrated the value of such ef-
fects.'-* 

To initiate a study of intramolecular salt effects in cycloaddition 
reactions, we chose to examine the reaction of A'-phenyl-C-
benzoylnitrone (1) with acrylate esters 2»-d (Chart I ) . This 
reaction is well behaved, follows an overall second-order rate law, 
and proceeds at a convenient rate under conditions suitable for 
NMR-based observations.' The reaction is fastest in nonpolar 
solvents, but like most 1,3-dipolar additions, the reaction is nearly 
insensitive to solvent polarity.9*-10 

Kinetic measurements were made at 298 ± 1 K in CDCI3. The 
nitrone was combined with the respective acrylate esters at 
equimolar concentrations, and the reaction was followed by N M R 
spectroscopy. The NMR method of observation allowed four rates 
to be determined simultaneously: the rate of acrylate disap
pearance (*«,) ; the rate of appearance of ci>5-isoxazolidine 3 
(A3); the rate of appearance of f/ww-5-isoxazolidine 4 (Ic4); and 
the rate of appearance of rra/w-4-isoxazolidine 5 (Ar5). 

Four esters were evaluated. The object of central interest was 
the cationic choline acrylate with triisopropylbenzenesulfonate 
counterion (2b). This reactant had good solubility in chloroform." 
For comparison purposes, 3,3-dimethylbutyl acrylate (2a) was 
chosen because it is sterically similar to choline acrylate 2b. The 
inductive effects of ester substituents were of interest, so 2,2,2-
trichloroethyl acrylate (2c) was also evaluated. Methyl acrylate 

(7) (a) Herter. R.; Fahlisch, B. Synthesis 1982. 976-979. (b) Braun, R.: 
Sauer, J. Chem. Ber. 1986, 119. 1269-1274. 

(8) Grieco. P. A.; Nunei, J. J.; Gaul. M. D. J. Am. Chem. Soc. 1990,112. 
4595-4596. 

(9) (a) Huisgen. R.; Seidl, H.; BrOning. I. Chem. Ber. 1969, 102. 
1102-1116. (b) Huisgen. R.; Hauck. H.; Seidl, H.; Burger, M. Chem. Ber. 
1969, 102. 1117-1128. 

(10) Huisgen. R. Angew. Chem.. Im. Ed. Engl. 1963, 2. 633-645 and 
references therein. 

(11) It was found that 2.0-42.0 mM solutions of 2a in DCCI, were opti
cally clear. Comparison of 1H NMR spectra of these solutions revealed only 
changes of small (<0.05 ppm) magnitude. The conductance (A) for these 
solutions is at a minimum at about 20 mM. At that concentration the solution 
contains the smallest proportion of solutes with a net charge. Davies suggests 
that this is also the concentration at which the proportion of ions as ion-paired 
species reaches a maximum.14 Data that support the possible formation of 
larger ion clusters have not yet been obtained. 

2a 2b 2c 2d 

Figure 1. Comparison of the rate constants for reaction of esters 2a-d 
leading to isoxazolidines 3 (solid bars), 4 (striped bars), and 5 (speckled 
bars). The ionic ester reacts fastest and gives the best control of product 
geometry. 

was included so that we could compare our results with related 
previous work.12 All reaction mixtures were homogeneous. 

It was found that 3,3-dimethylbutyl acrylate (2a) and methyl 
acrylate (2d) differ slightly in reactivity (Table I). Under the 
conditions employed, the reaction of methyl acrylate with 1 affords 
a mixture of three diastereomers (3d, 4d, and Sd) in a 1.9:2:1 ratio. 
The bulkier ester is less selective than the methyl ester and provides 
the three products in 1.5:1.6:1 ratio. The presence of 0.040 M 
tetrabutylammonium tosylate had little effect on reaction rate and 
selectivity in the reaction of ester 2a. The trichloroethyl ester 
reacted 2.5 times faster than the 3,3-dimethylbutyl acrylate. This 
rate effect was greatest for the pathway leading to 4-isoxazolidine. 
In consequence, the trichloroethyl ester was the least selective of 
the four esters. 

The charged acrylate is more reactive and more selective than 
the neutral acrylates. While 3,3-dimethylbutyl acrylate provides 
the three products in 1.5:1.6:1 ratio, the choline acrylate affords 
a 17:6:1 ratio of these same products. A comparison of the 
second-order rate constants for the three principle pathways 
(Figure 1) reveals that the improved selectivity is due to selective 
rate enhancements. The rate of m-5-isoxazolidine formation is 
increased 15-fold and the rate of rranj-5-isoxazolidine is increased 
5-fold in comparison to 3,3-dimethylbutyl acrylate. The rate of 
formation of the 4-isoxazolidine is virtually unchanged. 

These data demonstrate that the intramolecular salt effect can 
influence a reaction that is quite insensitive to solvent changes. 
Here, the salt effect accelerates a cycloaddition. The effect is 
not a simple medium polarity effect, because a more polar medium 
would lead to rate deceleration. Also, the effect is larger and more 
specific than the effect of an ionic solute. Importantly, the ob
served rate effects are different for each of three primary dia
stereomeric pathways. Reasonable interpretations of these results 
may be based on the polar interactions between the nearby ion 
pair, the initial reactant states, and transition states for the three 
pathways.9*13 

This is the first example of an intramolecular salt effect for 
a cycloaddition process. Although the magnitude of the effect 
is not large, a useful increase in diastereoselectivity is observed. 
Many cycloaddition processes are known to be more sensitive to 
polar solvents, and those reactions may well reveal larger intra-

(12) Joucla, M.; Hamelin, J. J. Chem. Res.. Miniprint 1978, 3535-3550. 
In benzene solution these investigators obtained a 4.5:4.5:1 mixture of isox
azolidines 3d, 4d, and 5d from the reaction of methyl acrylate and 1. 

(13) Iwakura, Y.; Uno, K.; Hong. S.; Hongu. T. Bull. Chem. Soc. Jpn. 
1972. 45. 192-195. 

(14) Davies, C. W. In Ion Association; Butterworths: London, 1962; pp 
105-116. 
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molecular salt effects. While it is steric effects that are most often 
turned to when better stereocontrol is desired in a chemical process, 
this paper shows that dipolar effects, especially the large dipoles 
associated with ion pairs in nonpolar solvents, can be an important 
aspect of stereocontrol. Further applications of these concepts 
are under study. 
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The dehydrobenzenes (benzynes), 1-3, constitute a fascinating 
class of reactive organic intermediates that has inspired numerous 
experimental and theoretical investigations.1 o-Benzyne (1) has 

0 0 - 0 
1 2 3 

been extensively studied over the last 40 years to establish its 
geometric and electronic structures, its chemical reactivity, and 
its thermodynamic properties.2"12 Recently, derivatives of p-
benzyne (3) have attracted considerable attention as intermediates 
in the DNA-cleaving action of calicheamicins and esperamicins.13 

(1) (a) Hoffmann, R. W. Dehydrobenzene and Cycloalkynes; Academic 
Press: New York, 1967. (b) Levin, R. H. In Reactive Intermediates; Jones, 
M., Moss, R. A., Eds.; J. Wiley: New York, 1978; Vol. 1, pp 1-26; 1981; Vol. 
2, pp 1-14; 1985; Vol. 3, pp 1-18. (c) Gilchrist, T. L. Carbenes, Nitrenes, 
and Arynes; Appleton-Century-Croft: New York, 1969. (d) Bergman, R. 
G. Ace. Chem. Res. 1973, 6, 25. 

(2) Roberts, J. D.; Simmons, H. E., Jr.; Carlsmith, L. A.; Vaughan, C. W. 
J. Am. Chem. Soc. 1953, 75, 3290. 
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J. Am. Chem. Soc. 1973, 95,6134. Chapman, O. L.; Chang, C-C; KoIe, J.; 
Rosenquist, N. R.; Tomioka, H. J. Am. Chem. Soc. 1975, 97, 6586. (g) 
Munzel, N.; Schweig, A. Chem. Phys. Lett. 1988,147, 192. (h) Leopold, D. 
G.; Miller, A. E. S.; Lineberger, W. C /. Am. Chem. Soc. 1986, 108, 1379. 

(4) Grutzmacher, H.-F.; Lohmann, J. Justus Liebigs Ann. Chem. 1967, 
705,81. 

(5) Pollack, S. K.; Hehre, W. J. Tetrahedron Lett. 1980, 21, 2483. 
(6) Riveros, J. M.; Ingemann, S.; Nibbering, N. M. M. J. Am. Chem. Soc. 

1991, 113, 1053. 
(7) Guo, Y.; Grabowski, J. J. / . Am. Chem. Soc. 1991, 113, 5923. 
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1968, 90, 1499. (b) Wilhite, D. L.; Whitten, J. L. / . Am. Chem. Soc. 1971, 
93, 2858. (c) Radom, L.; Nobes, R. H.; Underwood, D. J.; Li, W.-K. Pure 
Appl. Chem. 1986, 58, 75. (d) Guest, M. F.; Von Niessen, W. Chem. Phys. 
Lett. 1987,134,403. (e) Scheiner, A. C; Schaefer, H. F., Ill; Liu, B. / . Am. 
Chem. Soc. 1989, / / / , 274 and references therein. 
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c o l l i s i o n e n e r g y ( c m . ) , eV 

Figure 1. Cross sections for Cl" dissociation from o-, m-, and p-chloro-
phenyl anions resulting from collisional activation with argon target at 
4.0 X 10"5 Torr. The solid line is the optimized, fully convoluted model 
appearance curve, and the dashed line represents the unconvoluted ex
citation function. The uncertainty in the absolute cross sections is esti
mated to be ±50%, while the relative cross sections are accurate to within 
±20%. 
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However, little is known about the physical properties of m- and 
p-benzyne,14^6 and the thermochemistry of o-benzyne has been 
controversial. We report here an experimental determination of 
the absolute heats of formation of 1-3 as derived from energy-
resolved collision-induced dissociation (CID) measurements in 
a flowing afterglow-triple quadrupole apparatus." 

We recently demonstrated the use of collision-induced a-elim-
ination reactions of halocarbanions in the gas phase as a new 
method for obtaining carbene thermochemistry.18'19 The basic 
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