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stant when R ' = H, and g values which are only slightly 
greater than the free-spin value of 2.0023. That these 
properties are consistent with the structure shown (I) 
is confirmed by an INDO calculation4 on the model 
system II. 

H 1.08A 

\ • t / V 1.29A XT 

y 8.7G 5 4 ° ^ / 
/ / 1 .08A 

H H 
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III 

This indicates that most of the spin density (0.868) is 
in the p„ orbital on nitrogen and only a small fraction 
is in the carbon p orbitals, thus accounting for the 
small /3-proton hfs. Satisfactory agreement of the 
calculated and observed a-proton and nitrogen hfs 
is also obtained (c/. structure II and Table I). The 
absence of appreciable spin density in the nitrogen px 

and p2 orbitals (0.001 and 0.047, respectively) shows 
that the nitrogen lone pair in II resides in a 2s orbital; 
therefore, no large g-value shift from free spin is 
expected.5 Additional evidence in favor of structure I 
is the excellent agreement between our a-proton and 
nitrogen hfs and the values reported by Cochran, 
et al.,3 for the H2CN radical in argon. 

An obvious alternative structure for radicals ex­
hibiting a large proton hfs is III. This possibility is 
ruled out by (a) total energy considerations for several 
variations of III, including both syn and anti forms; 
(b) poor agreement between calculated and observed 
a-proton hfs; and (c) observation of small /3-proton 
coupling constants. On this basis the structure I is 
preferred for all radicals listed in Table I. 

It is apparent that the use of this unique matrix for 
photochemical studies on free radicals offers distinct 
advantages over conventional low-temperature matrix 
experiments;6-8 namely, (a) the large temperature 
range over which the experiments may be performed,1,2 

(b) the straightforward analysis of the resulting iso­
tropic epr spectra, and (c) the transparency of the 
matrix in wavelength regions of photochemical im­
portance. Preliminary experiments have indicated 
that many other classes of free radicals in adamantane 
produced by X-irradiation yield results of similar 
photochemical interest. These results will be reported 
at a later date. 

(4) J. A. Pople, D. L. Beveridge, and P. A. Dobosh, / . Amer. Chem. 
Soc, 90,4201 (1968). 

(5) A. Carrington and A. D. McLachlan, "Introduction to Magnetic 
Resonance," Harper and Row, New York, N. Y., 1967. 

(6) G. V. Pukhal'skaya, A. G. Kotov, and S. Ya. Pshezhetskii, DoM. 
Akad.NaukSSSR, 171,1380(1966). 

(7) S. G. Hadley and D. H. Volman, / . Amer. Chem. Soc, 89, 1053 
(1967). 

(8) D. Cordischi and R. Di Blasi, Can. J. Chem., 47, 2601 (1969). 
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Evidence against the Generality of the Ion-Pair 
Mechanism for Nucleophilic Substitution 

Sir: 

Recently, evidence has been reported1-3 which 
suggests that certain nucleophilic displacements occur 
via attack of the nucleophile on a previously formed 
ion pair. Such evidence has been reported only for 
reactions in which the carbonium ion member of that 
pair would be stabilized by substituents. However, 
the proposal has been made2 that all nucleophilic 
displacements from saturated carbon, including those 
involving primary and methyl substrates, occur via 
ion pairs, and that "Ion pairs have been established as 
substrates for nucleophilic attack; covalent, saturated 
carbon has not."2 

Studies in progress in these laboratories indicate 
that a full positive charge cannot be present on the 
central carbon of activated complexes for nucleophilic 
displacements on haloacetic acids; such a charge is 
required by an ion-pair mechanism. Covalent, satu­
rated carbon therefore can and does act as a substrate 
for nucleophilic attack. 

Consider a displacement in which nucleophile and 
leaving group are identical (e.g., reaction 1, Table I). 
If the forward reaction passes through an ion pair 
prior to the rate-determining step, then the principle 
of detailed balance4 requires that the reverse reaction 
pass through the same intermediate after its rate-
determining step, and the symmetry of the reaction 
requires that such intermediates lie on both sides of the 
rate-determining transition state (eq 1). If direct 

X - + RX <=t X - + R+X-

attack on covalent, saturated carbon never occurs 
(as has been suggested),2 then analogous arguments 
require that the rate-determining transition state also 
lie between ion-pair intermediates when the displace­
ment is nonsymmetric. The activated complex would 
therefore resemble an ion triplet. 

If the ion-pair mechanism were general, displacement 
by a nucleophile, N n + , on a primary halide, RCH2X, 
would thus proceed through a rate-determining transi­
tion state in which the central carbon of the activated 
complex, I, carried a charge, qc, of one protonic unit 

rate-
determining 

step 
x-R+ + X- <=* X R + X-

N 
(<?N = It) 

R 
I 

CH2 

(Qc = +1) 
I 

X 
(<?x = - 1 ) 

and the charges, qN and qx, on N and X had values 
characteristic of free N"+ and X - . If a fully covalent 
description of the transition state were correct, qc 

would be zero and the sum, qN + ^x , would be one 

(1) (a) R. A. Sneen and J. W. Larsen, J. Amer. Chem. Soc, 91, 362 
(1969); 88, 2593 (1966); (b) H. Weiner and R. A. Sneen, ibid., 87, 
287,292(1965). 

(2) R. A. Sneen and J. W. Larsen, ibid., 91, 6031 (1969). 
(3) W. J. Albery and B. H. Robinson, Trans. Faraday Soc, 65, 980, 

1623 (1969). 
(4) R. C. Tolman, "The Principles of Statistical Mechanics," Oxford 

University Press, London, 1938, p 165. 
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Table I. Observed and Predicted Transition State Acidities for Reactions at 65 ° 

. pKg. * predicted for -
Ion triplet Covalent 

Reaction p£ a * " (obsd) (1,R = CO2H) (11,R = CO2H) 

Br" + BrCH2CO2H 4.79 (CO2H)1 <3 .6 4.4 ± 0.5 (8 = 0.5)= 
HO" + BrCH2CO2H 4.36(CO 8Hy < 3 . 0 4.9 ± 0.5 (5 = 0.5)* 
H2O + BrCH2CO2H 3.16 (CO2H)6 < 1 . 6 3.14« (5 = O)/ 
H2O + BrCH2CO2H 11.33(H2O)1 <9 .6 11.1 ± 0.5 (S = 0)» 
H2O + BrCH2CO2" 12.54(H2O)6 <11.0 12.5 ± 0.5 (S = O)" 

" Calculated from k for the tabulated reaction and k for the reaction involving the conjugate base of the tabulated reactant. b Functional 
group in the activated complex to whose ionization pK* * refers. c Required by symmetry. d Predicted value of pKa, * is insensitive to 8 
due to cancellation of effects due to the CO dipole and to the negative charge. • Value for unperturbed BrCH2CO2H. ' Predicted value of 
pATa* is too low if 3 is assumed large enough to produce a significant CO dipole. • Predicted value of pK% * is too low if any significant posi­
tive charge is present on H2O. 

unit more positive than in I; such a structure is shown 
in II, where S measures the C-N bond order. 

R 
I 

N- • • -CH2- • • -X 
(?N = n + 3) (qx = -S) 

(?c = O) 
II 

It has been shown56 that rate data for pairs of 
reactions in which the substrates differ only in whether 
or not they are protonated may be analyzed to obtain 
the value of pA"a for the activated complex in the 
reaction of protonated substrate. In general, if kHS 

and ks are rate constants observed for reaction of 
protonated and unprotonated substrate then 

pA"a* = pKHS + log (kHS/ks) (2) 

where pA"HS is pXa for the initial state reactant, HS. 
In the experiments considered here, each pair of 
substrates is composed either of haloacetic acid and 
the corresponding haloacetate ion or of water and 
hydroxide ion; pA~a* thus measures the acidity either 
of the carboxyl proton or of the water protons in the 
activated complex. 

Rate constants for the symmetric halide exchanges 
were taken from the literature.7 Other rate constants 
were measured in these laboratories. All data refer 
to reactions in dilute aqueous solutions; all pA"a 

values were corrected to a reference state of zero ionic 
strength using the Davies equation.8 Rate constants 
for the reactions of undissociated haloacetic acids 
with hydroxide ion were estimated from the correspond­
ing rates observed for haloacetamides. 

Methods for predicting the effects of charged and 
dipolar substituents on acid strength are well known. 
Both empirical correlations611'9'10 and direct electro­
static calculations11-13 have been used, and the un­
certainties in such predictions are significantly smaller 
than the differences between the pA"a values predicted 

(5) J. L. Kurz, J. Amer. Chem. Soc., 85,987 (1963). 
(6) (a) J. L. Kurz, ibid., 86, 2229 (1964); (b) J. L. Kurz and J. I. 

Coburn, ibid., 89, 3528 (1967). 
(7) F. J. Johnston, J. Phys. Chem., 68, 2370 (1964). 
(8) C. W. Davies, "Ion Association," Butterworths, London, 1962, 

p41. 
(9) R. W. Taft, Jr., in "Steric Effects in Organic Chemistry," M. S. 

Newman, Ed., Wiley, New York, N. Y., 1956, Chapter 13. 
(10) G. E. K. Branch and M. Calvin, "The Theory of Organic Chem­

istry," Prentice-Hall, Englewood Cliffs, N. J., 1941, Chapter 6. 
(11) (a) J. G. Kirkwood and F. H. Westheimer, J. Chem. Phys., 6, 

506 (1938); (b) F. H. Westheimer and J. G. Kirkwood, ibid., 6, 513 
(1938); (c) F. H. Westheimer and M. W. Shookhoff, J. Amer. Chem. 
Soc, 61, 555 (1939). 

(12) C. Tanford, ibid., 79, 5348 (1957). 
(13) H. D. Holtz and L. M. Stock, ibid., 86, 5188 (1964). 

for structures I and II. Table I lists values of pA"a* 
implied by the rate constants observed for hydrolysis 
and bromide exchange reactions of BrCH2CO2H and 
BrCH2CO2

-. Also tabulated are pA"a values predicted 
for structures I and II (CCX and CCN angles of 90°, 
CX and CN distances for I calculated from the bond 
orders by Pauling's rule,14 and for II set equal to the 
corresponding noble gas two-atom cluster distance).15 

For example, consider Br- I /2CH2(C02H)Br- , / ! (Il (5 
= 0.5), line 1, Table I). At 65°, CH3CO2H has pA"a = 
4.92 ;16 (CHj)2CHCO2H has pA"a = 4.98,16 implying 
that steric hindrance by Br will not significantly affect 
pA^*. A. model for the effect of the negative charge 
on Br is ApA: = 2.6 for HSeCH2CO2H vs. -SeCH2-
CO2H;17 correction for the difference in geometry 
between this model and II gives ApK* = 3.3. Known 
values of dipole moments18 and their variations with 
bond stretching19 together with the observed effects of 
carbon-halogen dipoles at varying distances and angles 
on the acidities of carboxylic acids imply ApK* = —3.7 
for the effect of the two CBr dipoles. Summing these 
estimates gives pA"a* = 4.5 ± 0.5; the uncertainty is 
estimated from the scatter observed when similar 
methods are used to predict acidities of compounds 
whose pA â's are known. 

Uncertainties are greater when predicting acidities 
for ion triplets, I. However, an upper bound on 
pA3* can be assigned. For example, consider Br --
C+H2(CO2H)Br- (I, line 1, Table I). Assuming that 
the effective dielectric constant, DB, controlling trans­
mission of the effect of the negative charges on bromide 
is as low as that for a covalent halo acid, that the DB 

controlling transmission of the effect of the positive 
charge on carbon is as high as that for a charge on a 
terminal group, and that no CBr bond dipoles exist, 
then pA"a* = 3.6. More realistic estimates of any of 
those effects would result in lower estimates of pA"a*. 

In summary, pA"a* values observed for hydrolyses 
and bromide exchange reactions of BrCH2CO2H and 
BrCH2CO2" (Table I) are all within the expected 
uncertainty of predictions for entirely covalent tran­
sition states and are all 1-2 pA: units higher than the 
highest possible values for ionic transition states.20 

(14) H. S. Johnston, "Gas Phase Reaction Rate Theory," Ronald 
Press, New York, N. Y., 1966, p 81. 

(15) Reference 14, p 74. 
(16) R. A. Robinson and R. H. Stokes, "Electrolyte Solutions," 

Butterworths, London, 1959, p 517. 
(17) J. Coburn Harris and J. L. Kurz, J. Org. Chem. in press. 
(18) A. L. McClellan, "Tables of Experimental Dipole Moments," 

W. H. Freeman, San Francisco, Calif., 1963. 
(19) D. F. Hornig and D. C. McKean, J. Phys. Chem., 59, 1133 

(1955). 
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Since 5 « O for simple hydrolysis, an intermediate with 
no covalent bond to H2O could be present; however, 
the CBr bond could not be ionic. Although all 
tabulated reactions have X = Br, qualitatively identical 
conclusions result when X = F, Cl, I. 
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(20) Small charges on the central carbon such as are present in con­
ventional descriptions of SN2 activated complexes (e.g., J. Hine, "Phys­
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The Degenerate [3,3]Sigmatropic Shift of 
Acetyl Peroxide 

Sir: 

Almost invariably, the [3,3]sigmatropic shift1 of a 
1,5-diene (the Cope rearrangement) predominates over 
its two potential competitors: [1,3] shift of either allyl 
moiety or homolytic cleavage into two such fragments2 

(Figure 1,X = CH2). Current understanding of this 
preference is as yet less useful in heteroatomic sys­
tems. There, inversion of configuration is more diffi­
cult to detect; profound thermodynamic biases are 
more common.2d~4 

To avoid the latter problem, one need only demand a 
choice among three such mechanisms in a degenerate 
transformation, here that of the 7r-isoelectronic diacyl 
peroxide (Figure 1, X = O). In this way we now 
demonstrate the [3,3]sigmatropic path to be the dom­
inant (though not exclusive) one for the scrambling 
of carbonyl and peroxidic oxygens in acetyl peroxide. 
While confirming a prior speculation,5 this too shifts 
the focus of current experimental disagreement.6 

Acetylcarbonyl-18O peroxide was prepared from ace-
tonitrile and "10%" enriched H2

18O by wholly con­
ventional means.7 Recrystallized first from ether and 

(1) R. B. Woodward and R. Hoffmann, / . Amer. Chem. Soc, 87, 
2511 (1965); Angew. Chem., 81, 797 (1969); Angew. Chem., Int. Ed. 
Engl., S, 781 (1969). 

(2) (a) S. J. Rhoads in "Molecular Rearrangements," Part 1, P. 
de Mayo, Ed., Wiley, New York, N. Y., 1963, Chapter 11; (b) W. 
von E. Doering and W. R. Roth, Tetrahedron, 18, 67 (1962); (c) R. 
Malojcic, K. Humski, S. Borcic, and D. E. Sunko, Tetrahedron Lett., 
2003 (1969); (d) exceptions are reported by J. A. Berson and E. J. 
Walsh, Jr., / . Amer. Chem. Soc., 90,4729, 4730, 4732 (1968). 

(3) Such systems might well also lie beyond the reach of otherwise 
useful approximation. Cf. M. J. S. Dewar, Tetrahedron, Suppl, 8 (I), 
75 (1966). 

(4) For recent comparisons of Claisen with Cope rearrangements, see 
M. Rey and A. S. Dreiding, HeIv. Chim. Acta, 48, 1985 (1965); S. J. 
Rhoads and R. D. Cockcroft, / . Amer. Chem. Soc, 91, 2815 (1969). 
Other recent heterosigmatropics are reported by R. W. Jemison and 
D. G. Morris, Chem. Commun., 1226, 1345 (1969); J. M. Vernon and 
D. J. Waddington, ibid., 623 (1969); J. E. Baldwin and J. E. Brown, 
/ . Amer. Chem. Soc, 91, 3647 (1969). The classical studies of Claisen 
and benzidine rearrangements are summarized by H. J. Shine, "Aro­
matic Rearrangements," Elsevier, Amsterdam, 1967. 

(5) A. T. Balaban, D. Farcagiu, and R. Banica, Rev. Roum. Chim., 
11,1205(1966). 

(6) (a) L. Herk, M. FeId, and M. Szwarc, J. Amer. Chem. Soc, 
83, 2998 (1961); (b) J. W. Taylor and J. C. Martin, ibid., 89, 6904 
(1967); (c) J. C. Martin and S. A. Dombchik, Advan. Chem. Ser , No. 
75, 269 (1968). 
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Figure 1. Competing mechanisms for a degenerate transformation. 

then from its solutions in isooctane and cumene, its 
0.1 M solutions were found to be contaminated by 
less than 0.002 M ether (by gas chromatography) and 
by less than 0.001 M acetic acid (by infrared). The 
two peroxidic oxygen atoms could be converted intact 
to those of molecular oxygen in over 90% yield by 
the sequence: alkaline hydrolysis, acid hydrolysis, and 
CeIV oxidation. The expected8 retention of isotopic 
integrity throughout both synthesis and degradation 
paths was confirmed by the identity (within 0.5%) 
of the 34/(33 + 32) mje ratios of O2 derived from 
enriched initial peroxide, from isotopically normal per­
oxide degraded in 1.5% 18O enriched media, or from a 
commercial cylinder. 

Corresponding degradation of partially decom­
posed acetyl peroxide, recovered from its cumene or 
isooctane solutions at 44.4 or 55.1 °, provided O2 whose 
increasing 34/32 and 36/34 m/e ratios (R1 and R2) 
were fitted to eq 1-49 by a nonlinear least-squares 
program.10 The two experimentally distinguishable 
scrambling rate constants, \ T s ("totalsc rambling") 

(1) 

(2) 

(3) 

R1 = N1I(I - N 1 - N2) 

R2 = N2IN1 

N1 + 2N2 = (c + p) - (c - />)e~XTS( 

N2 = [(c + /074] - [(c2 - p>)l2]e-™ + 

[(c - p)2/4]e-XBSt (4) 

and XRS ("random scrambling"), listed in Table I, 
are related by Figure 2 to the three possible mech­
anistic hypotheses.11 In this way, exclusive dom-

(7) S. Oae, T. Kitao, and Y. Kitaoka, / . Amer. Chem. Soc, 84, 3359 
(1962); E. M. Schantz and D. Rittenberg, ibid., 68, 2109 (1946); J. R. 
Slagle and H. J. Shine, / . Org. Chem., 24,107 (1959). 

(8) C. A. Bunton, T. A. Lewis, and D. R. Llewellyn, J. Chem. Soc, 
1226 (1956); A. E. Cahill and H. Taube,/. Amer. Chem. Soc, 74, 2312 
(1952). 

(9) M and M are the mole fractions of "O2 and "Oa; c and/> are the 
initial atom fractions of 18O in one carbonyl and in one peroxidic oxy­
gen. Experimentally determined rate constants are denoted by \ ; 
k is reserved for those defined by a reaction mechanism. 

(10) Details of both the mass spectral analysis and the statistical 
evaluation of its results may be found in the Ph.D. thesis of H. A. Jud-
son, Cornell University, Ithaca, N. Y., Jan 1970, and will be elaborated 
in the full publication. 

(11) The important alternative, an irreversible decomposition that 
entirely bypasses the acetoxy radical pair,12 is implicitly included as 
the kinetically indistinguishable consequence of /R = 0. Less plausible 
scrambling alternatives that require bimolecular intervention of free 
acetoxy radicals are ignored in view of the general consensus6'13 that 
such radicals never escape their cage of birth. 

(12) M. J. Goldstein, Tetrahedron Lett., 1601 (1964). 
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