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Abstract: New o% constants for the 3,4-methylenedioxy, p-ethoxy, and p-isopropoxy substituents were determined from the
rates of solvolysis of the corresponding 2-aryl-2-propy! p-nitrobenzoates in 80% aqueous acetone at 25 °C. Moreover, the ¢*
constant for the p-dimethylamino substituent was calculated from other data reported in this study. The availability of a great-
ly expanded series of ¢+ constants in the highly activating region, —1.74 for p-Me;N-, —0.984 for 3.4-ethanooxy(5’-coumaran-
yl), —0.848 for p-i-PrO-, =0.811 for p-EtO-, —0.778 for p-MeO-, —0.676 for 3.4-OCH,0-, and —0.542 for p-MeS-, made
possible a detailed examination of the rates of solvolysis of the l-aryl-1-cyclopropy! 3.5-dinitrobenzoate in 80% aqueous ace-
tone as a function of the electron supply from the activated aryl group. A plot of log k vs. o revealed definite deviation from
the usual linear correlation. indicating a change in the mechanism as the electron demand at the cationic center becomes en-
hanced. The more activating groups, p-dimethylaminopheny! and 5’-coumaranyl. yield preducts which are solely the unrear-
ranged |-aryl-1-cyclopropanols. With decreasing electron supply (increasing electron demand). the products reveal increasing
amounts of the rearranged product. the ring-opened allyl alcohol. Thus, the p-MeO derivative gives 13%, p-MeS 30%, and
p-Me 95% of the allyl alcohol product. The rates and the products of solvolysis were determined at two temperatures. From
these results the titrimetric rate constants could be dissected into the assisted (k) and the unassisted (k.) components. Both
log k 5 and log k. plot linearly against ¢*. The log k 5 vs. ¢* plot yields a value of py + of —=2.47. On the other hand, the plot
of log k¢ vs. o yields a value of p.* of —7.07, the most negative value of p* yet observed. This value of pct correlates nicely
with the linear plot of log k (for the l-anisyl-1-cycloalky! p-nitrobenzoates) vs. p* for the ring derivatives (ring members 3-8),
removing the discrepancy previously noted for the cyclopropy! system. Extrapolation of the data for the tertiary derivatives
to the parent secondary cyclopropyl! system by the Peters’ procedure indicates that the solvolysis of the secondary derivative
must be enhanced by huge anchimeric assistance, in the neighborhood of ~10'2, much larger than the values estimated previ-

ously.

The chemical reactivity of cyclic carbon compounds is in-
fluenced markedly by variations in the size of the ring.2:3 Of
these ring compounds, the most extreme in behavior is the
cyclopropyl system. Thus, it has been known for many years
that cyclopropyl derivatives undergo nucleophilic substitution
with the greatest reluctance.® This exceptional inertness has
been accounted for in terms of I-strain—the highly unfavorable
increase in angle strain accompanying the change from the
ground state to the transition state.2.5

For example, the acetolysis of cyclopropyl tosylate (1)
proceeds at a rate some 10° times slower® than that of cyclo-
hexyl tosylate, itself a relatively slow derivative.3 The acetolysis
product is entirely the ring-opened species, allyl acetate (2) (eq

).

OTs

HOAc /\/OAC
, 7

It was suggested that the cyclopropyl tosylate undergoes very
slow ionization to a cyclopropyl cation (3) followed by a fast
opening of 3 to the allyl cation (4) (eq 1). However, Schleyer
and Nicholas? raised objections to this interpretation, pointing
out that the rate of acetolysis of 1 was actually faster than that
of 7-norbornyl tosylate, despite the considerably larger bond
angle at the 7 position. They suggested that the rate of sol-
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volysis of cyclopropyl tosylate must be enhanced and proposed
that ionization must be concerted with ring opening.®

The precise mechanism of ring opening in carbonium re-
actions of cyclopropyl derivatives has received widespread
attention. It was predicted that the ring opening must be ste-
reospecific and disrotatory,® with the direction of ring opening
depending upon the stereochemistry of the leaving group.!0
These predictions have received experimental support,!08.11.12
based largely upon indirect kinetic evidence from cyclopropyl
solvolyses and thermolyses. These studies led Schleyer and his
co-workers to estimate the anchimeric assistance in the ace-

tolysis of cyclopropyl tosylate to be huge, in the range of
104.7-7 13

Such enhanced reaction rates with associated ring openings
should not be a factor under circumstances where (1) the re-
quired disrotatory motion is precluded by geometrical con-
straints!413 or (2) the cyclopropyl cation is stabilized by a
substituent which is sufficiently electron rich.16-18

The latter appeared to be a promising avenue to explore. It
should be possible to introduce highly activating groups which
would permit the solvolysis of the cyclopropyl derivatives to
proceed without anchimeric assistance or rearrangement.
Then, by modifying the substituents, the electron demand
could be increased and the effects of anchimeric assistance
observed. In this way it should be possible to achieve a quan-
titative understanding of the importance of anchimeric assis-
tance and rate of solvolysis as a function of the electron de-
mand. Indeed, DePuy and his co-workers pioneered such a
study. They examined the acetolysis of 1-aryl-1-cyclopropyl
tosylates and reported p* values both for the normal solvolysis
and that involving internal return.!9%1% Unfortunately, their
study was handicapped by the lack of o* values for highly
activating groups. Consequently, their study was limited to
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Table I. Rates of Solvolyses of 2-Aryl-2-propyi Derivatives in 80% Aqueous Acetone
aryl leaving 100k, 57! AHF,
group group T,,°C 7> °C 25.0°C kecal mol—! AS# eu ot
p-dimethylaminophenyl? -1.74
5’-coumaranyl OBz 5.48 (0) 154 21.0 ~5.5
OPNB 32034-c -0.984
p-isopropoxypheny! OBz 132 (0) 38.0 21.2 ~7.8
OPNB 790¢ —0.848
p-ethoxyphenyl OBz 0.9 (0) 25.2 21.0 ~9.2
OPNB 524¢ -0.811
p-methoxyphenyl OBz 17.24
OPNB 372¢ -0.778
3,4-methylenedioxy- OBz 5.76
phenyl OPNB 199¢ —-0.676
p-methylthiophenyl OPNB 504 (50) 26.16 22.1 -5.5 -0.542
p-methyl -0.311
pheny! OPNB 391 (100) 33.6 (75) 0.072¢f 24.8 -8.2 0.0

4 See text. # Reference 26. ¢ Calculated by multiplying the rate constant for the benzoate by the factor 20.8. 4 These values give kopnp/kop:
= 21.6, in good agreement, within the experimental uncertainty, with the earlier value 20.8 we have been using. For consistency the value
20.8 will continue to be used. ¢ Reference 31./ Calculated from the data at higher temperatures.

p-Me and p-H as the more activating groups, and neither
achieved a solvolysis that was free of anchimeric assistance and
rearrangement.

We have recently been exploring the tool of increasing
electron demand?® as a means of achieving understanding of
such structure-reactivity questions. Indeed, the tool of in-
creasing electron demand appears to offer major promise for
exploring the effect of structure on the stability of carbocations
produced in solvolytic processes.2! It appears to minimize the
serious difficulty in structural studies arising from the need
to select an appropriate model system for comparison of the
rates.??-24 Representative systems have now been subjected
to examination by this tool to establish the effect on the de-
veloping carbocationic center of typical cyclic and acyclic
groups.

Recently, we applied the tool to the study of the effect of ring
size on solvolysis.?>2% We observed a remarkable parallelism
between the pt values realized for rings of four to eight
members and the relative reactivities exhibited by these ring
systems.?’ But the cyclopropyl point deviated badly.2®

The question arose as to whether the relationship between
ring size and p* breaks down with the cyclopropyl ring system
or whether the p* value, based on the titrimetric rate constants,
was not the correct value. In all other cases, the 1-aryl-1-cy-
cloalkyl derivatives underwent solvolysis without detectable
rearrangement. However, rearranged products were present
in the products from all of the 1-aryl-1-cyclopropyl derivatives
examined.

We decided that a full understanding of this system would
require ¢t values for highly activating aryl groups and solvo-
lytic data, both rate and product, for 1-aryl-1-cyclopropyl di-
nitrobenzoates containing such highly activating groups. That
study is here reported. The results provide full clarification of
the behavior of the 1-aryl-1-cyclopropyl derivatives.

Results

Synthesis. 2-p-Methylthiophenyl-2-propyl p-nitrobenzoate,
2-(5’-benzo-1,3-dioxazole)-2-propyl benzoate, 2-p-ethoxy-
phenyl-2-propyl benzoate, 2-p-isopropoxyphenyl-2-propyl
benzoate, and 2-(5-coumaranyl)-2-propyl benzoate were
prepared by standard methods. 1-Aryl-1-cyclopropanols (5,
X = p-Me, p-SMe, 3,4-OCH,0, p-OMe, and p-O-i-Pr) were
synthesized following the general method described by DePuy
et al.2” (eq 2) and converted into the corresponding 3,5-dini-
trobenzoates (6). The 1-aryl-1-cyclopropanols, p-dimethyla-
minophenyl and 5’-coumaranyl, were synthesized by the fol-
lowing method. Treatment of |-ethoxycyclopropanol (7) with

X
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1 molar equiv of methylmagnesium iodide yielded a species (8)
which readily reacted with p-dimethylaminophenyllithium and
5’-coumaranyllithium to yield the desired 1-aryl-1-cyclopro-
panol (8) in good yield?® (eq 3). The tertiary alcohols (5) were
converted into the 3,5-dinitrobenzoates (6) by treating them
with 3,5-dinitrobenzoyl chloride in pyridine (eq 2). The

EIQ_ OH 3 gl A OH
7 8 5

properties of the dinitrobenzoates are reported in the Experi-
mental Section.

Solvolysis. The rates of solvolysis of the 2-aryl-2-propyl
p-nitrobenzoates were determined in 80% aqueous acetone.
The rate constants for 2-(5'-benzo-3,4-dioxazole)-2-propyl,
2-(p-ethoxyphenyl)-2-propyl, 2-(p-isopropoxyphenyl)-2-
propyl, and 2-(5"-coumaranyl)-2-propyl p-nitrobenzoates were
calculated by multiplying the rate of the benzoate by a factor
of 20.8,?° confirmed by comparing the rates of solvolysis of the
2-anisyl-2-propyl derivatives.26 The pertinent rate data and
ot constants are summarized in Table 1.

Rates of solvolysis of the I-aryl-1-cyclopropyl 3,5-dinitro-
benzoates were determined in 80% aqueous acetone. The rate
constants and the activation parameters for the solvolysis of
the various 1-aryl-1-cyclopropyl 3,5-dinitrobenzoates are
tabulated in Table I1.

Product Studies. The products of solvolysis of 1-aryl-1-
cyclopropyl 3,5-dinitrobenzoates were determined in buffered
aqueous acetone. The products were analyzed by GC and by
'H NMR. The results are summarized in Table I11.
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Table II. Rates of Solvolyses of 1-Aryl-1-cyclopropyl 3,5-Dinitrobenzoates in 80% Aqueous Acetone

aryl 106k, 57! AHF,

group T,,°C T, °C 25°C kcal mol—! AS# eu
p-dimethylaminopheny! 399
S’-coumaranyl 399 (125) 33.0 (100) 1.52 X 1073 ¢ 28.84 =22
p-isopropoxypheny! 40.3 (125) 42.6 (125) 1.23 X 10742 29.3 =55
p-methoxyphenyl 212 (150) 21.4 (125) 47 X 1073« 29.9 -11.0

11.8 (150)¢ 1.21 (125)® 293X 1076 a.b . 29.8 -11.0

3,4-methylenedioxyphenyl 102 (150) 9.62 (125) 1.45X 10754 31.03 -4.1
p-methylthiophenyl 22.7 (150) 2.1 (125) 2.87 X 1076 a.b 313 -6.5
p-methylphenyl 86.2 (175) 8.23 (150) 1.78 X 1077 a.6 348 =0.1

@ Extrapolated from data at higher temperatures. ¢ p-Nitrobenzoate. This gives kopns/kopng = 16.0. Reference 26.

Table III. Products of Solvolyses of 1-Aryl-1-cyclopropyl 3,5-
Dinitrobenzoates in 80% Aqueous Acetone?

phenyl-2-propyl p-nitrobenzoate, it was not possible to utilize
this method to establish the o* value for the p-dimethylamino

product, %° group. We had to resort to less direct methods.
aryl temp, unrearranged rearranged The ¢* constant for the p-dimethylamino group has been
group °C alcohol alcohol estimated to be —1.58 (uncatalyzed bromination),32 —1.74
; ; (protonolysis of ArSiMe;),33 —2.0 (ionization of Ar,-
g’:_dc‘(;‘;?;?r’ﬁr;l‘"(’phe"yl ég :88 8 CHOH),3* —1.55 (jonization of Ars;COH).?* An average value
p-isopropoxyphenyl 150 97.5 25 of —1.7 had been assigned as the o* value for the dimethyl-
125 100 0 amino group on the basis of these values.3?

p-methoxyphenyl 150 87.0 13.0 An analysis of the solvolytic rate data for the 7-aryl-7-nor-
125 89.0 11.0 bornyl p-nitrobenzoates2 provides a ¢* value of —1.73 for the
3,4-methylenedioxyphenyl 150 78.5 21.5 p-dimethylamino group. Moreover, analysis of our data on the
125 80.8 19.2 solvolysis of the 1-aryl-1-cyclopropyl dinitrobenzoates gave
p-methylthiophenyl i;(s) ;(2)(6) ;(7)2 an almost identical o* value of —1.74 for this group. Conse-
. ‘ quently, we are adopting a value for ¢* for the p-dimethyl-

p-methylpheny!l %28 2(5) gig amino group of —1.74 (Table 1). ?

2 Solvolyzed in 80% aqueous acetone containing 10% molar excess
of NaOAc. Solvolyzed for 10 half-lives, except in the case of p-CH3
at 150 °C, where the solvolysis was run only for 2.5-3 half-lives. # The
products were analyzed by NMR and GC.

Discussion

In our earlier study?® we had examined the solvolysis of
1-aryl-1-cyclopropyl 3,5-dinitrobenzoates containing mo-
derately activating substituents in the phenyl group (p-MeQO,
p-MeS, and p-Me). The titrimetric rate constants, over the
limited range of ¢% values available (¢+ —0.778, —0.542, and
—0.311, respectively), plotted linearly against %, providing
a p* value of —5.19, considerably more negative even than the
unusual value of —4.91 observed for the related cyclobutyl
derivatives,?? and approaching the exceptional value of —5.27
noted for 7-norbornyl.??

However, the failure of this p* value for cyclopropyl to fit
the linear plot we had achieved for the other ring compounds?2’
persuaded us of the need to examine the solvolysis of the 1-
aryl-1-cyclopropyl 3,5-dinitrobenzoates over a much greater
range of electron supply, especially toward the higher range.
Previous problems had emphasized examination of the effect
of increasing electron demand on various systems. Conse-
quently, we had emphasized obtaining ¢ constants for sub-
stituents toward the lower end of electron supply. Now we
undertook to remedy this oversight and provide a full range of
ot values in the highly activating region.

¢t Constants for Activating Substituents. Determination of
the rates of solvolysis of appropriately substituted ters-cumyl
p-nitrobenzoates in 80% aqueous acetone at 25 °C (or ex-
trapolated to 25 °C) provided data for the calculation of the
ot values for substituents in the activating range. The usual
expression, log (k/ky) = pTot,30 with pt = —4.723! was used.
For convenience, both the present data and earlier values for
substituents in the activating range are listed in Table 1.

Because of the extreme reactivity of 2-p-dimethylamino-

Correlation of the Rate Constants. We previously had ex-
amined the solvolysis of the 1-arylcyclopropyl dinitrobenzoates
containing as activating substituents in the l-aryl groups p-
methoxy, p-methylthio, and p-methyl.26 The logarithms of
these titrimetric rate constants at 25 °C plotted linearly against
ot (Figure 129), yielding a p* value of —5.19.

The present o values provide a far greater range of reac-
tivity. The rate data for these derivatives are summarized in
Table 11. However, with this far greater range of reactivities,
the log k- plot (Figure 1) reveals a definite deviation from
a linear correlation.

The plot is clearly reminiscent of the log k-o* treatment of
the data for the solvolysis of the 7-aryl-anti-norbornenyl de-
rivatives?® and the corresponding plots for the 3-aryl-2-butyl
derivatives.33:36 In each of these cases the deviations from a
linear correlation were quantitatively accounted for in terms
of a change in mechanism from &\ to k. for the 7-aryl-anti-
norbornenyl derivatives and from &  to k, for the 3-aryl-2-
butyl compounds. Accordingly, we were encouraged to un-
dertake a similar analysis of the data for the l-aryl-1-cyclo-
propyl dinitrobenzoates.

Solvolysis Products for the 1-Aryl-1-cyclopropyl Dinitro-
benzoates. The two derivatives at the upper range of reactivity
(electron supply), p-dimethylaminophenyl (9) and 3,4-etha-
nooxy (12), undergo solvolysis to give 1-aryl-1-cyclopropanols
(11, 14) with no detectable rearrangement or ring opening (eq
4, 5). To our knowledge, these are the first 1-aryl-1-cyclo-
propanyl derivatives to undergo solvolysis without detectable
rearrangement.

This result is in accord with a simple ionization without
anchimeric assistance (a k. process) to the corresponding
carbonium ions, 10 and 13, which undergo capture of water
in the solvent to yield the unrearranged products, 11 and
14,

With increasing electron demand there appears in the
product increasing amounts of the ring-opened derivatives (150
°C): 2.5% for p-isopropoxy, 13% for p-methoxy, 21.5% for
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Figure 1. Log k-o* plot at 25 °C for the 1-aryl-1-cyclopropy! 3,5-dini-
trobenzoates in 80% aqueous acetone.
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3,4-methylenedioxy, 30% for p-methylthio, and 95% for p-
methyl (Table 111).
The question arises as to whether the two products arise from
a rate-determining ionization to the cation, followed by a dis-
tribution of the cation to the two products (eq 6), or whether

the ionization itself follows two pathways, one without an-
chimeric assistance and the other with (eq 7).
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Figure 2. Plots of log kc-o% and log ks-ot+ at 25°C for the 1-aryl-1-cy-
clopropy! 3,5-dinitrobenzoates in 80% aqueous acetone.
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With the considerable confidence engendered by the nu-
merous successful applications of the p* ¢+ relationship,30-2!
one can predict that a simple ionization process of the kind
represented by eq 6 should provide a simple linear log & vs. %
correlation. That is clearly not the case here (Figure 1). On the
other hand, concurrent k. and k , processes should permit an
analysis into linear log k. vs. o+ and log k y vs. o*. We under-
took to test this possibility.

Correlation of the Separated Rate Constants. We assumed
that the unrearranged alcohol arises from a &, process and the
rearranged alcohol from a k y process:

k1=kc+kA (8)

The observed value of &k, at each experimental temperature
was multiplied by the fractions of the two products to yield
calculated values of k. and & at those temperatures. These
values could then be extrapolated to 25 °C to obtain individual
values of k. and & at that standard temperature. The data and
results are summarized in Tables 1V and V.

A plot of the logarithms of these constants against ¢* yields
two linear correlations which intersect at ot = —0.46 (Figure
2). That would be the ¢ value of a substituent which would
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Table IV, Dissection of the Titrimetric Rate Constants into the k. Component

aryl 106k, s™! AHF,

group 71, °C T, °C 25°Ca kcal mol™! ASF, eu
p-dimethylaminophenyl 399
5’-coumaranyl 399 (125) 33 (100) 1.52 x 1073 28.8 =22
p-isopropoxyphenyl 393 (150) 42.6 (125) 1.42 X 1074 29.2 -58
p-methoxyphenyl 184 (150) 19.1 (125) 482X 1073 29.8 -5.8
3,4-methylenedioxyphenyl 80 (150) 7.77 (125) 1.39 X 1073 30.6 -54
p-methylthiophenyl 15.9 (150) 1.53 (125) 253X 1076 30.8 ~8.3
p-methylphenyl 4.31 (175) 0.45 (150) 2.0X 1078 334 -9.3

ap.t = ~7.07; correlation coefficient —0.996.

Table V. Dissection of the Titrimetric Rate Constants into the k s Component

aryl 106k 5, 57! AHF,

group 71, °C T,, °C 25°Ca keal mol~! AS*, eu
p-dimethylaminophenyl ~0
5’-coumaranyl ~0
p-isopropoxyphenyl 19.4 (150) very small (125) ~0
p-methoxyphenyl 27.6 (150) 2.35(125) 2.02 X 10—¢ 324 -3.5
3,4-methylenedioxypheny! 21.9 (150) 1.85 (1295) 1.49 X 10-° 325 =36
p-methylthiophenyl! 6.8 (150) 0.57 (125) 465X 1077 32.5 -59
p-methylphenyl 81.7 (175) 7.77 (150) 1.59 X 10-7 34.9 -0.1

a gt = —2.47, correlation coefficient —0.989.

130 most reactive derivatives, p-dimethylaminophenyl and 5'-

coumaranyl (Table 11), the temperature extrapolations are far
smaller. Moreover, since the products are 100% unrearranged,
the observed values of k; can be taken as the values of k..
Utilizing the ¢* values for these two groups of —1.74 and
—0.984 (Table 1) yields a p.* value of —7.2. Consequently,
there would appear to be no reason to be uncertain that p.* for
the solvolysis of the 1-aryl-1-cyclopropyl dinitrobenzoates is
a reaction that is exceptionally sensitive to the substituents in
the aromatic ring.

We have been utilizing the tool of increasing electron de-
mand to search for carbon participation (293738 74,39 and
¢%%) in various systems.?! It is of interest that p,* reveals a
major increase in value over p.+, with Ap* = 4.6 units, even
larger than the Ap* value of 3.0 realized in the 7-norbornenyl
system.?0

Log k-p* Correlation for Cyclic Systems. We had previ-
ously observed that the logarithm of the rate constants for the
solvolysis of the 1-p-anisyl-1-cycloalkyl p-nitrobenzoates
plotted linearly against p* for rings of four to eight members.*
However, the p* value previously realized for the 1-aryl-1-
cyclopropyl derivatives, p* —5.19, based on the assumption
of a simple 1onization with subsequent rearrangement (eq 6),2
failed to fit this correlation. It is gratifying to note that the new
value realized in this study, —7.07, provides a reasonable fit
(Figure 3).

o Extrapolation to Secondary Cyclopropyl. As was pointed
out earlier, Schleyer and his co-workers had recognized that
the rate of acetolysis of cyclopropyl tosylate must involve a
large contribution from anchimeric assistance. He had esti-
mated the anchimeric assistance to be in the range of 1046~

10.01-

15 +logkp ap,

sof

L 1 L 1

80 7.0 6.0 5.0 Y 230

Figure 3. Log k-p* at 25 °C for the 1-p-anisyl-1-cycloalky! p-nitroben-
zoates in 80% aqueous acetone.

provide equal values of k. and k4, i.e., 50% of rearranged and
50% of unrearranged alcohol.

The assisted pathway provides a value of pa* of —2.47. The
unassisted pathway provides a p.* of —7.07. This is by far the
most negative value of p* to be encountered in the examination
of some 50 systems. It should be compared with the value for
7-norbornyl, the next most negative value which has been en-
countered, —5.27.20

Questions might be raised as to how reliable this value,
—17.07, is in view of the manipulations and extrapolations which
were necessary to arrive at this quantity. If we utilize the two

107.13 We had previously attempted to extrapolate from the
tertiary l-arylcyclopropyl derivatives to the secondary deriv-
atives using the Peters technique4!-#* with 4+ for hydrogen
taken as 2.53. We arrived at a rate enhancement of ~109.

However, the rate constants used in the extrapolation were
ki =ke+ ka(eq8). We now have values for the individual &
and k. components, with considerably more values than be-
fore. Accordingly, we reexamined the extrapolations (Figure
4). 1t indicates that the acetolysis of the secondary tosylate is
enhanced by a factor far larger than has been estimated in the
past-—a rate enhancement by a factor of ~10!2!
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Table VI. Properties of 1-Aryl-1-cyclopropanols

aryl yield, mp or bp molecular anal., %
group % (mm), °C formula C H N
p-dimethylaminophenyl 57 113-114 CHsNO Ce74,58 8.47 7.9
Fb 74,70 8.24 7.96
5’-coumaranyl 51 130-132 (0.3) C1H,0, C 750 6.82
F 75.09 6.78
-isopropoxyphenyl 19 65-66 Cy2H 1602 C 750 8.33
PrISOPTOPORPRENY F 75.09 8.49
3,4-methylenedioxyphenyl 40 120-121 (0.1) CyoH 1003 C 6742 5.62
F 67.28 5.50
a Calculated. ¢ Found.
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Figure 4. Correlation of the rates for unassisted solvolyses (k) of the
tertiary cyclopropy! derivatives with that of the secondary.

It was also of interest to examine the extrapolation of the
k 5 values to cyclopropyl. Here we have fewer data and the
extrapolation proceeds from a shorter base. Consequently, the
confidence level in this extrapolation must be lower. Never-
theless, the data provide a reasonable correlation of the &
values for the tertiary derivatives with the observed rate con-
stant, presumably &, for the acetolysis of secondary cyclo-
propyl tosylate (Figure 5).

Rate Retardation Induced by the Cyclopropyl System. We
now have rate data for the 5-coumaranyl derivatives in the
tert-cumyl system (Table 1) and in the 1-aryl-1-cyclopropyl
system (Table I1). Both systems solvolyze without rear-
rangement, presumably by a k. process. A direct comparison
of the rates should provide a reasonable estimate for the I-
strain retardation induced by the three-ring system* (eq 9).

[e]
Q

/ = 3x107  (9)
OPNB

HC—C=CH,
OPNB

a+

Figure 5. Correlation of the rates for assisted solvolyses (k1) of the tertiary
cyclopropy! derivatives with that of the secondary.

Conclusion

It has been established that 1-aryl-1-cyclopropyl derivatives
containing highly electron-supplying aryl groups (p-di-
methylaminophenyl and 5'-coumaranyl) undergo solvolysis
without rearrangement. Derivatives containing poorer elec-
tron-supplying groups undergo solvolysis with partial rear-
rangement. The data permit analysis of the rate constants into
two distinct processes, k4 and k., each of which correlates
linearly against ot. Consequently, it is concluded that the
system undergoes solvolysis with concurrent k5 and k. pro-
cesses. The value of p.*, ~7.07, is the most negative value yet
noted, an indication of the enormous electron demand made
as a result of I-strain by the developing cationic center in the
three-membered ring. The much less negative value of p,*,
—2.47, reveals the effect of carbon participation in partially
satisfying this electron demand. With this new value of p.¥,
the anomaly previously noted in correlating the reactivities of
the 1-p-anisyl-1-cycloalkyl derivatives vs. p* is resolved. Fi-
nally, extrapolation of the values of k.. for the tertiary deriva-
tives to the secondary by the Peters’ procedure indicates an-
chimeric assistance in the secondary compound of ~10!2!
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Table VII. Properties of 1-Aryl-1-cyclopropyl 3,5-Dinitrobenzoates
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aryl yield, mp, molecular anal., %
group % °C formula C H N
p-dimethylaminophenyl 76 137-138 CgH17N30¢ Ca 58.22 4,58 11.32
Fb58.32 4,62 11.05
5’-coumaranyl 76 147-148 CgH14N207 C 58.32 3.78 7.57
F 58.19 4.04 7.48
p-isopropoxyphenyl 62 105-106 Cy1gHs§N204 C 59.06 4.66 7.25
F 5877 4.66 7.06
3,4-methylenedioxyphenyl! 60 152-153 Cy7H2N,Os C 54.83 3.23 7.53
F 55.02 3.42 7.29

@ Calculated. ¢ Found.

Experimental Section

The preparations of 2-(p-methylthiophenyl)-2-propy! p-nitro-
benzoate and 2-(5’-coumaranyl)-2-propyl benzoate were described
in an earlier publication.26

5-Bromo-1,3-benzodioxazole, The procedure followed is essentially
the same as described in the literature.4” The bromo compound was
obtained in 90% yield, bp 85-86 °C (0.9 mm) [lit.4” bp 85-86 °C (1
mm)].

2-(5'-Benzo-1,3-dioxazole)-2-propanol. S-Bromo-1,3-benzodiox-
azole (6 g, 30 mmol) was converted into the Grignard reagent by
treatment with ethylene dibromide (5.64 g, 30 mmo!) and magnesium
(1.66 g, 60 mmol) in ether. To this was added acetone (2.32 g, 40
mmol) in ether at 0 °C. After the usual workup and distillation in
vacuo, the pure tertiary alcohol was obtained, bp 102-103 °C (0.05
mm) (50% yield).

2-(5-Benzo-1,3-dioxazole)-2-propy! Benzoate. The benzoate was
prepared by treating the tertiary alcohol with #-butyllithium and
benzoy! chloride in THF .48 Examination by NMR indicated that the
benzoate was 98% pure. This was used without further purification
for the solvolytic studies.

2-p-Ethoxypheny!-2-propanol. To p-bromoethoxybenzene (6.03
2,30 mmol) in ether at 0 °C was added n-BuLi (16.7 mL of 1.8 M,
30 mmol). To the lithium derivative thus formed was added acetone
(2.32 g, 40 mmol) in ether. After the usual workup, the crude alcohol
was obtained as a colorless oil.

2-p-Ethoxyphenyl-2-propy| Benzoate. This benzoate was prepared
by treating the crude alcohol, 2-p-ethoxyphenyl-2-propanol, in THF
with #-BuLi and benzoy! chloride.*® The benzoate was obtained as
an oil. NMR examination indicated a purity 295%. The product was
used as such for the rate study.

2- p-Isopropoxypheny!-2-propanol. To p-bromoisopropoxybenzene
(6.45 g, 30 mmol) in ether at 0 °C was added n-BuLi (16.7 mL of 1.8
M, 30 mmol). To the lithium derivative formed was added acetone
(2.32 g, 40 mmol) in ether. After the usual workup and distillation
in vacuo, the pure tertiary alcohol was obtained, bp 100-102 °C (0.02
mm) (56% yield).

2-p-Isopropoxyphenyl-2-propy! Benzoate. This benzoate was
prepared by treating the tertiary alcohol with n-butyllithium and
benzoy! chloride in THF.#8 The benzoate was a liquid, more than 95%
pure by NMR. 1t was used for the rate study without further purifi-
cation.

1-Aryl-1-cyclopropanols. The !-aryl-1-cyclopropanols with the
substituents p-isopropoxy, p-methoxy, 3,4-methylenedioxy, p-
methylthio, and p-methy! in the aryl group were synthesized by the
procedure described by DePuy et al.27 The l-aryl-1-cyclopropanols
with the substituents p-dimethylamino and 5’-coumaranyl in the aryl
group were synthesized by a new method (eq 3). The details of this
new synthetic procedure are being reported elsewhere.2® The prop-
erties of the 1-aryl-1-cyclopropanols synthesized are summarized in
Table V1.

1-Aryl-1-cyclopropy! 3,5-Dinitrobenzoates. The dinitrobenzoates
of the tertiary alcohols were prepared by treating them with 3,5-di-
nitrobenzoy! chloride in pyridine following the general procedure
described earlier.4® The properties of the dinitrobenzoates are listed
in Table V11

Kinetic Procedure. The procedure employed in determining the rate
constants followed that described earlier.*® All temperatures in the
kinetic measurements were controlled to within £0.02 °C.

Product Analysis. The 3,5-dinitrobenzoates (1 mmol) were solvo-
lyzed in 80% aqueous acetone containing a 10% molar excess of sodium

acetate. Sealed ampules were used. After 10 half-lives, ampules were
cooled and opened. The acetone was evaporated and the residue ex-
tracted with ether. Because of the extreme slowness of the reaction,
the p-methyl derivative was solvolyzed (150 °C) only for 2-3 half-
lives. The solvent was removed and the products were analyzed by GC
and '"H NMR. The product compositions are tabulated in Table
111
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Radical Production from the Interaction of Closed-Shell
Molecules. 9. Reaction of Ozone with tert-Butyl

Hydroperoxide!2

Michael E. Kurz!? and William A. Pryor*

Contribution from the Department of Chemistry, Louisiana State University,

Baton Rouge, Louisiana 70803. Received June 13, 1977

Abstract: Ozone reacts rapidly at —60 to 24 °C with rert-butyl hydroperoxide (TBH) in various halogenated solvents to pro-
duce rert-butyl alcohol (70%), acetone (2-10%), and di-tert-butyl peroxide (1-9%). A reaction scheme involving both peroxy
and alkoxy radicals in radical chain reactions is proposed to account for the products. Evidence for the involvement of the feri-
butoxy radical in this system was obtained by determining relative rates of hydrogen abstraction from added cyclohexane (to
form rert-butyl alcohol) vs. 8-cleavage (to form acetone). Kinetic studies were carried out for both TBH and rerz-butyl hydro-
peroxide-d; by two methods: (1) by monitoring the disappearance of dissolved ozone by UV in the presence of excess hydroper-
oxide; and (2) by measuring peroxide decomposition in an ozone air-flow system. A mechanism is suggested consisting of eq
1-5 (see Scheme 1). In addition, the data require a reaction between peroxy radicals and ozone to yield alkoxy radicals and O,
eq 6. A primary kinetic isotope effect, ky/kp = 2.8 + 0.3, is observed for the radical-producing reaction between ozone and
hydroperoxide at =4 °C. The overall Arrhenius parameters are E, = 7 kcal/mol and log 4 & 757!, We believe that the initial
reaction of ozone with hydroperoxide is best formulated as a molecule-assisted homolysis (MAH) reaction. Electron transfer
and dipolar insertion mechanisms are eliminated by our data. A series of compounds was studied, and TBH was found to pos-

sess a reactivity toward ozone intermediate between that of typical alkanes and alkenes.

Introduction

Reactions in wicn ¢iosea-sneil moiecules interact 10 pro-
duce free radicals are of considerable theoretical and practical
interest.2~* In this context, we became fascinated by the re-
actions of ozone with various organic materials that can lead
to radical production even at very low temperatures in the dark.
Ozone reacts with olefins to produce radicals under certain
conditions® and with saturated compounds in processes that
often are formulated as involving radicals.-8

We decided to examine the reaction of ozone with hydro-
peroxides, since the brief communication by Barnard,
McSweeny, and Smith® suggested that ozone reacts with
tert-butyl hydroperoxide (TBH) by a molecule-assisted ho-
molysis (MAH) process. Earlier, Bray and Taube!? had re-
ported a study of the ozone-H,O, reaction and also had pro-
posed a mechanism involving an assisted homolysis. And re-
cently, Bartlett and co-workers! 12 have used the reaction of
ozone with hydroperoxides at temperatures below —50 °C to
prepare solutions of trioxides, which they propose are formed
by combination of alkoxy and peroxy radicals.

In addition, we are studying the autoxidation of polyun-
saturated fatty acids by ozone-air mixtures (at parts per mil-
lion levels) in an investigation of the mechanisms of ozone-
induced lung damage.!3 Fatty acid hydroperoxides are pro-
duced in this process; thus, the ozone-lipid hydroperoxide re-
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action is a possible source of radicals under these autoxidation
conditions.

Experimental Section

tert-Buty! Hydroperoxide. Lubrizol (90%) material was fractionally
distilled at 20 mm pressure. The main fraction, shown to be 98.6% pure
by iodometry, was collected at 40 °C following a forecut containing
azeotroped water. fert-Butyl hydroperoxide-d, was prepared!4 by
treating TBH (40 g) in CDCl3 (30 mL) with D,O (5 X 50 mL). Direct
fractional distillation gave a middle cut (15 g) with an active oxygen
titer of 98.8% (iodometry). Quantitative IR analysis {O-H stretch,
3530; O-D stretch, 2610 cm™!) indicated about 10% O-H impurity,
while quantitative NMR indicated only a trace of O-H proton at 9.1
ppm (ratio of 0.03:9 for methy! proton, indicating 3% proton impu-
rity).

Other Materials. Chloroform (AR grade) was washed with sulfuric
acid and then water, dried on CaCl,, and distilled to rid of alcohol
stabilizer. lsopropy! alcohol, used as solvent for iodometry, was dried
on magnesium sulfate, reluxed with magnesium and iodine, then
fractionally distilled.!> The remaining solvents were found to be
greater than 99.98% pure by gas chromatography (GC) and were used
directly; if ozone solutions were to be made up in them, they were first
pretreated with ozone.!6:17

Ozonolysis Reactions. Ozonolyses were carried out using a Wels-
bach T-23 ozonator and appropriate gas-washing apparatus. A
high-porosity sintered glass frit was used in reactions carried out at
—4 or —24 °C, but a plain tube without a frit was employed to intro-
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