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Abstract: The rate constants and the yields of the products of the nucleophilic substitution and elimination reactions
of 1-(4-methoxyphenyl)-3-methyl-3-butyl derivativels-X) have been determined in mostly agueous solvents, and
the absolute rate constant for reaction of the simple tertiary carbochtion50:50 (v/v) trifluoroethanol/water has

been estimated dg = 3.5 x 102 sL. Product studies show that the acid-catalyzed reactiods@f and 4-(4-
methoxyphenyl)-2-methyl-1-buteng)(do not proceed exclusively through a common carbocation intermetiate

The observed formation of small amounts of the azide ion adtidi likely occurs by a preassociation reaction
mechanism. The reactions dfCl and 1-O,CCgFs in 50:50 (v/v) trifluoroethanol/water give 39% and 56%,
respectively, of the alkene products of elimination, and the yields of the alkenes are unaffected by the addition of
0.50 M of the good nucleophile N. This result is consistent with a concerted unimolecular mechanism for the
elimination reactions of-X.

Introduction alkene product should be formed by proton transfer from the
] L ) N carbocation to chloride, bromide, or iodide ion leaving groups,
The stepwise B + An (Sv1)* mechanism for nucleophilic  pecause these anions are less basic than the ethanol solvent
sub_st|tut|or_1 at tertiary denvatl\_/es is strongly fa\{orgd by the Ia}rge which surrounds the carbocation-leaving group ion pair. Fur-
steric barrier to concerted bimolecular substitution at tertiary thermore, there is no experimental evidence teguiresthat
carbon and the large stabilization of the putative carbocation jon pairs form as intermediates of the elimination reactions of
intermediate by hyperconjugative electron donation from three tert byl halides: the decreasing yields of alkene products in
alkyl groups? However, there is no consensus about the solvents of increasing ionizing power may reflect the higher
dynamics of solvolysis and elimination reactions at tertiary polarity of the transition state for solvolysis than of that for a
carbon. In one textbook on physical organic chemistry, it has concerted elimination reactidhwhich would favor formation
been concluded that the solvolysis tit-butyl derivatives — of the solvolysis products in the polar solvent water.
praceeds through ion pair or iemolecule pair intermediates There is no significant common ion inhibition of the reaction

which undergo separation to free species in whtand in of tert-butyl bromide in 90% acetone in wateand very little

another that this classicak$ mechanism istiow recognized exchange ofCl from N&¥Cl into unreactedert-butyl chloride
as an extreme _s_ituation, thou_gh one which can oceur \’/v:]en aduring its reaction in metharfabr of scrambling of#0 between
particularly stab_|l|zed carbocatl_on such as &1 is m_uo_lyed_. . the bridging and nonbridging positions during the reaction of
These contradictory conclusions reflect the difficulties in 55 |pgjeq tert-butyl p-nitrobenzoate in 80% acetone in
Interpreting 'results fr.om the "te“'?““re. which pertain to the water? and the solvolysis of chiral tertiary chlorides proceeds
lifetime 9f simple tertiary carbocations in water. with partial inversion of configuration in 80% acetone in witer
The yields of methylpropene and the solvent adducts from gng jn methanol! These results are consistent with the
the reaction ofert-butyl chioride, bromide, and iodide in ethanol  ¢onclusion that the direct reaction of solvent with tertiary
vary with the leaving group, but they are almost constant when ¢arhocation-leaving group ion pair intermediates of solvolysis
the reactions are carried out in waterThese results are  rgactions in mostly organic solvents is faster than their separation
consistent with the conclusion that in an organic solvent, where t free jons, and that the chloride ion leaving group acts to shield
the diffusional separation of ion pair intermediates is relatively the jon pair intermediate from frontside attack of solvent.
slow, simple tertiary carbocations undergo deprotonation by the However, the change to a mostly aqueous solvent will favor
leaving group within the carbocation-leaving group ion pair, separation of the ion pair intermediates to the free carbocations.
but that in the highly polar solvent water, the diffusional Tertiary carbocations will be formed as liberated intermediates

separation to free ions is faster than the for_matlon of alkene of solvolysis reactions in water provided that the rate constant
products by proton transfer from the carbocation to the leaving

group. However, it is not clear why a significant amount of
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Lifetime of a Simple Tertiary Carbocation
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from product analysis will be amverestimateof the rate
constant ratio for partitioning of the carbocation between
reaction with N~ and solvent, and the value d§ (s
calculated from this observed ratio usikg = 5 x 10° M1

s 1 will then be anunderestimateof the reactivity of the
carbocation toward solvent.

In summary, the uncertainty regarding the lifetime of simple
tertiary carbocations in aqueous solvents is due to difficulties
in drawing generalizations from the results obtained in mostly
organic solvents, and to the relative scarcity and sometimes
guestionable accuracy of data for the product distributions of
these reaction®. We report here a comprehensive systematic
study of the kinetics and product distributions of the reactions
of 1-X and2 in mostly aqueous solvents, which was directed

Scheme 1) is larger than that for the direct reaction of solvent toward (a) estimating or establishing a limit for the rate constants

with the ion pair ks, Scheme 1). The two best estimates from
the chemical literature dés = 4 x 10° s1 12714 andks = 1010
s 115717 for the rate constant for reaction of thert-butyl
carbocation with water both suggest that this carbocation will

form as a liberated intermediate of solvolysis reactions in water.
Rate constants for the reaction of tertiary carbocations with

solvent might be calculated from the azide ion selectivity
determined from product analysig/ks (M~1), using a diffu-
sional rate constant for the reaction 0§ N ky; = kr = 5 x

10° M~1 s71 (Scheme 1}81° However, this azide “clock®2!
should be used only when trapping of tfree carbocation
(kr[Nu~], Scheme 1) is a step on the pathway to formation of
the azide ion adduct. It is unclear whether the low yields of

the azide ion adduct obtained from nucleophilic substitution at

tertiary derivative® represent diffusion-controlled trapping of
a free tertiary carbocation bysN or the alternative conversion

of an encounter complex ofgN and the substrate to the azide
ion adduct by a preassociation mechanisfys (ki', andkyy',

for reaction of the simple tertiary carbocati@h and thetert-
butyl carbocation with these solvents, (b) characterizing any

X = Cl, OH, 0,CC,F,

@ .

intermediate that is common to the acid-catalyzed reactions of
1-OH and2, (c) determining the extent of trapping of the simple
tertiary carbocatiorl™ by external nucleophilic reagents in
mostly aqueous solvents, and (d) characterizing the mechanism
of the elimination reactions df-X to give alkene products.

7
+ —
1 MeO@—/_< 3

Scheme 1§ The preferred reaction pathway depends on the Experimental Section
balance between the rate constants for the direct reaction of

solvent with the ion pair intermediatés() and its diffusional
separation to give free ionk({).2* If the direct reaction of
solvent with the ion pair is significantly faster than its separation
to free ions k&' > k-¢'), then the free carbocation will not be
formed and the azide ion adduotust be formed from an

Syntheses. The materials and procedures for the synthesis of the
following compounds, along with spectral data for these compounds
are given in the Supporting Information: 3-hydroxy-1-(4-methoxyphen-
yl)-3-methylbutane 1-OH), 1-(4-methoxyphenyl)-3-methyl-3-butyl
pentafluorobenzoatel {O,CCgFs), 4-(4-methoxyphenyl)-2-methyl-1-
butene ), and 3-chloro-1-(4-methoxyphenyl)-3-methylbutafed]).

encounter complex between the substrate and the nucleophile Product Studies. Reactions were carried out at 25 and a constant

by a preassociation mechaniskw{ Scheme 15* In the case
that the reaction of B does occur mainly by a preassociation
mechanism, then the observed valuégfks (M~1) determined
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ionic strength of 0.50 maintained with sodium perchlorate, and product
distributions were determined by HPLC analysis. Reactions were
initiated by making a 100-fold dilution of a solution of substrate in
acetonitrile into the reaction mixture to give a final substrate concentra-
tion of ca. 7 x 10~* M for the reactions ofl-Cl and2, or 0.02 M for

the reactions ofl-OH. The reactions ofl-O,CCgFs in 50:50 (v/v)
TFE/HO were initiated by making a 50-fold dilution of a solution of
this substrate in acetonitrile into trifluoroethanol, and then mixing the
resulting solution with an equal volume of 1.0 M aqueous sodium
perchlorate to give a final substrate concentration of 0.02 M. 9-Fluo-
renyl methyl ether (3x 10~ M) was used as an internal standard to
correct the observed areas of the substrate and product peaks for small
variations in the HPLC injection volume.

The yields of the products of the spontaneous reactios@CCgFs
and1-Cl were determined during the first 2% of reaction and after at
least ten reaction halftimes, respectively. The yields of the products
of the acid-catalyzed reaction dfOH were determined during the
appearance of up to 3% total products, and product yields for the acid-
catalyzed reaction df were determined during the first three halftimes
of the reaction. The conversion ®¥OH (20 mM) or of2 (20 mM) to
an equilibrium mixture of reaction products in 50:50 (v/v) TFEH
containing 1.00 M HCIQ and 3-(4-methoxyphenyl)-1-propanol (&

(25) Dimensionless ratios d&/knon = 3.9, 7, 12, 14.5, and 74 have
been reported for the partitioning of the putative intermediate of solvolysis
of tert-butyl bromide in aqueous acetone between reaction with ahd
water. Experimental and typographical errors have been suggested to account
for this range of values, and a “best” value has been identified.
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10~* M) as an internal standard was monitored by withdrawal of an
aliquot (120uL) of the reaction mixture at various times, which was
neutralized wih 2 M sodium acetate before analysis by HPLC.
HPLC Analyses. The products of the spontaneous reactiont-Gi
and1-O,CCgFs and the acid-catalyzed reactionslefOH and2 were

Jatand Richard

were calculated from the ratio of product yields using eq 3. Rate
constant ratios (M) for partitioning of1-X between reaction with N

and solvent were calculated using eq 4, whefg-Sol\] is the sum of

the concentrations of the products of the reaction of solvent Wi

A similar equation that treats the elimination reaction as a first-order

separated and quantified by HPLC analysis as described in previousprocess was used to calculate rate constant ratios for partitioning of

work 202627 The reaction products were detected at 278 nm, which is
Amax for 1-OH.

The alcohol {-OH) and the disubstituted alken®) (products of the
reactions ofL-X were identified by comparison of their HPLC retention
times with those of authentic materials. The eth&r®Me and
1-OCH,CF3 were identified as the peaks which appear during reaction
of 1-X in mixed MeOH/HO and TFE/HO solvents, respectively. The
trisubstituted alken® was identified as the additional product peak
that appears during the acid-catalyzed reaction$-6H and 2 and
the spontaneous reactions Bl and 1-O,CCgFs.

When the reactions df-Cl and1-O,CCgFs were carried out in the
presence of increasing concentrations of BldNere was no change in
the normalized peak area f@&, but there was an increase in the
normalized area of the peak fdthat was identical, within experimental
error, with the accompanying decrease in the sum of the normalize
peak areas for the solvent adducisSolv). This suggests that-Ns
and2 have nearly identical retention times. A partial resolution of the
peaks forl-N; and2 was achieved by use of very long HPLC analysis
times, but these conditions were not practical for the routine determi-
nation of product yields. The extinction coefficients bfSolv and

1-N; at 278 nm are identical (see below). Therefore, the peak areas
for 1-N; were estimated as either (a) the difference between the sum

of the normalized areas for the solvent peaksSplv) for reactions in
the presence and absence of Mr (b) the difference between the
normalized peak areas for the mixtureIeN; and 2 for reactions in
the presence of N and the peak area f@for reactions in the absence
of N3~. As required by mass balance, there is good agreement betwee
these two determinations.

The ratios of product yields were calculated using eq 1, where
and A, are the HPLC peak areas for the productad B ande/e;
is the ratio of the extinction coefficients fop Bnd R at 278 nm, the

[PI/[Pl, = (AJA) (e le,) 1

wavelength used for these analyses. A rati@,0bn/e1—ci = 1.0 was
determined from HPLC analysis using autheriti©H and1-Cl, and
ratios ofei—on/e1—x = 1.0 were used for the N (1-N3) and alkoxide

ion (1-OMe and1-OCH,CF3) adducts, because it has been shown in
previous work that, atmay the extinction coefficients ak-substituted
4-methoxybenzyl alcohols do not change when the hydroxy group is
replaced by azido or simple alkoxy grou§3$7-2° A ratio of ¢;—on/ez

1-X between nucleophilic substitution and alkene-forming elimination
reactions.

Knur/knuz = ([1-NuZj[Nu2])/([1-Nu2)[Nu1]) ®)

Kadks = [1-Ng]/(Z[1-SoM[N 5 ]) 4

The integrated HPLC peak areas and the rate constant ratios
calculated directly from the ratios of product peak areas are reproducible
to better thant5% and+10%, respectively. The product rate constant
ratios for reaction of " are estimated to be accuratett®0%, because
the yields of the azide ion addudtN; were determined from the
difference between the normalized areas of the product peaks for

d reactions in the presence and absence of this nucleophile (see above).

Kinetic Studies. Kinetic studies were carried out at 2& and a
constant ionic strength of 0.50 maintained with sodium perchlorate.
The reactions of.-Cl were initiated by making a 100-fold dilution
of a solution of substrate in acetonitrile into the reaction mixture to
give a final substrate concentration@d. 6 x 104 M. Reactions in
the presence of perchlorate, lyoxide, and halide ions were monitored
spectrophotometrically by following the increase in absorbance at 234
nm. Reactions in 50:50 (v/v) MeOHB in the presence of N were
monitored by following the protonation of a phenoxide anion indicator
(8 x 104 M) at 290 nm3® Argon was bubbled through both the
aqueous salt solutions (1.0 M) and the methanol cosolvent immediately

rpefore preparation of the mixed solvent used in the phenoxide indicator

assay, in order to minimize the amount of dissolved oxygen in the final
solvent. In most cases this eliminated the downward drift in the end
points for these reactions, which is probably due to oxidation of
phenoxide ion. In cases where the end point was unstable, it was
calculated by adding 3% to the change Agyo Observed after five
reaction halftimes. Observed first-order rate constagtss (s, for
the reaction ofl.-Cl were calculated from the slopes of semilogarithmic
plots of reaction progress against time, which were linear for at least
three reaction halftimes. The valueskgisswere reproducible to within
+5%.

The reactions olL-O,CCgFs in 50:50 (v/v) TFE/HO were carried
out as described for the product studies. The relative concentrations
of products E[P]) and substrate ([g] were monitored by HPLC
analyses during the first 2% of this reaction, agglqwas determined

= 1.0 at 278 nm was determined by showing that the decrease in theas the slope of a plot G[P}/[S]o against time.

normalized HPLC peak area f@ during its acid-catalyzed (0.50 M
HCIO,) reaction in 50:50 (v/v) TFE/RD is identical, within experi-

The acid-catalyzed reactions ©#fOH and 2 in 50:50 (v/v) TFE/
H.O were carried out as described for the product studies. The first-

mental error, with the increase in the sum of the normalized peak areasorder rate constant for conversion 4fOH to 1-OCH.CFs; was

for the reaction products, which are mostly the solvent addlx«s{

and 1-OCH20F3 (97%) A ratio Of€17c|/63 = ElfoH/€3 = 0.82 was
calculated using eq 2, whefg_¢ is the initial normalized HPLC peak
area for1-Cl, and Ai—son, A2, and Az are the final normalized peak
areas of the products of the complete reactiod-@l in 50:50 (v/v)
MeOH/H,O. The 7% increase in absorbance that is observed when
the reaction ofL-Cl in 50:50 (v/v) TFE/HO is followed spectropho-
tometrically at 278 nm is consistent with the conclusion that the
extinction coefficient for3 at 278 nm is slightly larger than that for
1-Cl.

€1-cles = (Ao = Ar_son — AR, 2

Calculation of Rate Constant Ratios. Dimensionless rate constant
ratios for the reactions df-X with nucleophilic reagents Nul and Nu2

(26) Richard, J. P.; Amyes, T. L.; Jagannadham, V.; Lee, Y.-G.; Rice,
D. J.J. Am. Chem. S0d.995 117, 5198-5205.

(27) Richard, J. PJ. Am. Chem. S0d989 111, 1455-1465.

(28) Richard, J. P.; Amyes, T. L.; Vontor, J. Am. Chem. S0d.992
114, 5626-5634.

(29) Richard, J. P.; Jagannadham, V.; Amyes, T. L.; Mishima, M.; Tsuno,
Y. J. Am. Chem. S0d.994 116 6706-6712.

determined as the slope of a linear plotAaf orre/A1—on @gainst time
during the first 12% of the approach to an equilibrium concentration
of 1-OCH,CF3, where Ai_orre and A;—on are the integrated HPLC
peak areas fol-OCH,CF; and 1-OH, respectively. The first-order
rate constant for the disappearanceafias determined as the slope
of a semilogarithmic plot of reaction progress against time which
covered three reaction halftimes.

Results

The first-order rate constants for the reactionle€l at 25
°C in 50:50 (v/v) TFE/HO, determined by monitoring the
increase in absorbance at 234 nm, kygg= 3.1 x 104 s (I
= 0.50, NaClQ) and 2.1x 10*st (I = 0). Figure 1 shows
the dependence tnsdko for the reaction ofL.-Cl at 25°C on
the concentration of added Cin 50:50 (v/v) MeOH/HO (I =
0.50, NaClQ) and on the concentration of added @ Br~ in
50:50 (v/v) TFE/HO (I = 0.50, NaClQ), wherek, is the rate
constant for reaction in the absence of added halide ion.

(30) Amyes, T. L.; Jencks, W. B. Am. Chem. S0d.989 111, 7900~
7909.
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Figure 1. The dependence dfsdko for the reaction ofl-Cl on the
concentration of added Xat 25°C andl = 0.50 (NaClQ), whereko

is the rate constant for reaction in the absence of added halide ion.
Key: @, effect of added Ciin 50:50 (v/v) MeOH/HO; B, effect of
added Ct in 50:50 (v/v) TFE/HO; a, effect of added Br in 50:50

(v/v) TFE/HO.
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Figure 2. The dependence dnsdko and the fractional yields of
substitution and elimination product&)(for the reaction ofL-Cl on
the concentration of added HOn 50:50 (v/v) MeOH/HO at 25°C
andl = 0.50 (NaClQ), wherek, is the rate constant for reaction in the
absence of added HOKey: @, kossdko; @, fractional yield of1-OH;

A, fractional yield of1-OMe; W, total fractional yield of2 and 3.

Figure 2 shows the effect of increasing concentrations of
added lyoxide ion onkepsdko and on the product yields,
determined by HPLC analysis, for the reaction1e€l at 25
°C in 50:50 (v/v) MeOH/HO (I = 0.50, NaClQ), wherekg is

J. Am. Chem. Soc., Vol. 118, No. 46, 19987
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Figure 3. The dependence df,sdko and the fractional yields of
nucleophilic substitution and elimination productg €or the reaction
of 1-Cl on the concentration of added;Nin 50:50 (v/v) MeOH/HO
at 25°C and!| = 0.50 (NaClQ), whereky is the rate constant for
reaction in the absence of addegi NKey: @, kowsdko; ®, total fractional
yield of 1-OH and 1-OMe; a, fractional yield of 1-N3; M, total
fractional yield of2 and 3.

Table 1. Product Rate Constant Ratios for the Partitionindlo
between Reaction with Azide lon and Solvent at’25and|l =
0.50 (NaClQ)?

Kadks Kad Kad
substrate solvent (M™) ko krord
1-Cl 50:50 (v/v) 0.38 13 19
trifluoroethanol/water
50:50 (v/v) 0.41 15 19
methanol/water
1-O,CCeFs?  50:50 (v/v) 0.31 11 19

trifluoroethanol/water

aThe rate constant ratios are estimated to be accurat2®d6 (see
Experimental Sectionf. Rate constant ratio for partitioning between
reaction with azide ion and solvent, calculated using egBimen-
sionless ratio of second-order rate constants for reaction with azide
ion and water, calculated using eq®®Dimensionless ratio of second-
order rate constants for reaction with azide ion and ROH, calculated
using eq 3¢ ROH = CR;CH,OH. fROH= MeOH. ¢ Determined from
the product yields during the first 2% of the reaction.

of a phenoxide anion indicator at 290 nm, and on the product
yields, determined by HPLC analysis, for the reactiori€Zl

at 25°C in 50:50 (v/v) MeOH/HO (I = 0.50, NaClQ), where

ko is the rate constant for reaction in the absence of adged N
Rate constant ratios for partitioning @fCl between reaction
with N3~ and with solvent, calculated from the product yields,
are reported in Table 1. These ratios were calculated by treating
the reactions of solvent either as a first-order procé&gsk{
M~1) using eq 4, or as bimolecular reactions of methanol and
water Ka/kmeon and kaZkpown) using eq 3. Azide ion (up to
0.50 M) has no effect on the total yield of 25% of the alkenes
2 and 3 from the reaction of1-Cl in this solvent, and the
observed product rate constant ratiggke (M2, not reported)

for partitioning of 1-Cl between formation of the azide ion

the rate constant for reaction in the absence of added lyoxideadduct and elimination to form alkenes decrease with increasing

ion. The addition of 0.25 M lyoxide ion has no effect on the
product distribution for the reaction afCl in the presence of
0.25 M N;~ in this solvent.

Figure 3 shows the effect of increasing concentrations of
added N~ onkonsdko, determined by monitoring the protonation

concentrations of . Table 1 also gives the product rate
constant ratios for the reaction ®fCI| with N3~ and solvent in
50:50 (v/v) TFE/HO (I = 0.50, NaCIQ) at 25 °C; there is
also no effect of N~ on the yields o and3 from the reaction
of 1-Cl in this solvent. Nucleophile selectivitiek/kuon
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Table 2. Yields of the Products of the Spontaneous Reactions-¥fand the Acid-Catalyzed Reactions biOH and2 in Mixed Alcohol/

Water Solvents at 28C andl = 0.50 (NaClQ)

yield of product (%3
solvent substrate 1-OH 1-OCH,CR; 1-OMe 2 3
TFE/H,O 1-Cl 50 12 13 26
50:50 (v/v) 1-O,CCeFsP 35 9.3 30 26
1-OH° 58 13 29
2d 87 10 3.4
MeOH/H,0O 1-Cl 54 21 7.2 18
50:50 (v/v) 1-OHe 66 13 21
2d 64 32 3.9
MeOH/TFE/HO 1-Cl 51 9.8 2.7 14 23
5:45:50 (v/viv) 1-OH¢ 47 12 15 27
2d 83 7.7 6.1 35
TFE/H,O 1-Cl 74 3.3 6.8 15
20:80 (v/v) 1-OH° 24 22 54
2d 95 2.6 2.7
MeOH/TFE/HO 1-Cl 75 2.2 0.88 6.9 15
2:18:80 (v/iviv) 1-OH¢ 24 8.6 20 48
2d 94 1.8 1.4 2.6

aProduct yields were determined by HPLC analysis at 278 nm and are given to two significant figemeduct yields determined during the
first 2% of the reaction¢ Acid-catalyzed reaction in the presence of 0.50 M HCI@hese yields were determined by short extrapolations to zero
time of plots of product yield against time during appearance of up to 3% total prodéatil-catalyzed reaction in the presence of 0.50 M
HCIO,. Product yields were determined during the first three halftimes of the reaction.

Scheme 2
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determined in these experiments fall within the broad range of (Table 2) is only 2-3%. A similar procedure was used to

values reported for the reactions teft-butyl derivatives>
The first-order rate constant for the reaction1e®©,CCgFs
at 25°C in 50:50 (v/v) TFE/HO (I = 0.50, NaClQ), determined
by following the formation of products during the first 2% of
reaction, iskopsg = 7.1 x 1078 s71. There is no detectable
change irkopsq (£5%) for this reaction when the concentration
of N3~ is increased from zero to 0.50 M, and the yields of the
alkenes2 and 3 are also independent of the concentration of
N3~. Rate constant ratios for partitioning df-O,CCgFs
between reaction with  and solvent, calculated from the
product yields using either eq 3 or 4, are reported in Table 1.
Table 2 gives the yields, determined by HPLC analysis, of

determine the initial yields of the products of the acid-catalyzed
reactions ofl-OH in other mixed alcohol/kD solvents (Table
2). Rate constant ratios for partitioning afOH between
nucleophilic substitution and elimination (Scheme 2A), calcu-
lated from the product yields in Table 2, are given in Table 3.
The change in the observed yields of the products of the acid-
catalyzed reaction o2 at 25 °C in 50:50 (v/v) TFE/HO
containing 0.50 M HCIQ is <10% during the first three
halftimes of the reaction (Table 1S, Supporting Information).
The yields of the products of the reactioniin several mixed
alcohol/HO solvents are given in Table 2. Rate constant ratios
for partitioning of 2 between nucleophilic addition of solvent

the products of the spontaneous solvolysis and elimination and isomerization (Scheme 2B), calculated from the product

reactions ofl-Cl and1-O,CCgFs in several mixed alcohol/water
solvents. Rate constant ratios for partitioningleX between
nucleophilic substitution and elimination (Scheme 2A), calcu-
lated from the product yields in Table 2, are given in Table 3.
The variation with time of the yields of the products of the
acid-catalyzed reaction df-OH, determined during the ap-
pearance of up to 3% total products, at 25 in 50:50 (v/v)
TFE/H,O containing 0.50 M HCI®Qis shown in Table 1S of

the Supporting Information. The small changes in the apparent
product yields over time are due to the acid-catalyzed reaction

of 2. Table 2 gives the initial yields of the products that were
determined by a linear extrapolation of product yields to zero
time. The absolute difference between the yield® ¢11%)
and 1-OCH,CF3 (60%) observed at early reaction times and
their yields determined by extrapolation of the data to zero time

yields in Table 2, are given in Table 3.

The first-order rate constant for the acid-catalyzed conversion
of 1-OH to 1-OCH,CF3, determined under initial velocity
conditions, at 25C in 50:50 (v/v) TFE/HO containing 0.50
M HCIO4is ks = 1.5 x 107 s™L. This can be converted to the
second-order rate constant for the acid-catalyzed cleavage of
1-OH to give the carbocation™, ky = 1.8 x 108 M1 571
using eq 5 ([H] = 0.50 M) and 6, which were derived for the

k(1A
_0.50|pv| ©)
. kodHOH kg ks
ST == Ry = R o D
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Table 3. Product Rate Constant Ratios for the Spontaneous ReactidiXafnd the Acid-Catalyzed Reactions bOH and2 in Mixed
Alcohol/Water Solvents at 25C andl = 0.50 (NaClQ) (Scheme 2)

rate constant ratfo
I(Zlkl\/IeOH I(JI(TFE IQ/kMeOH

solvent substrate  kpor/kweo?  Kuowkree®  Kweorkree®  kolkree (M) (M) (M) (M) ka/ka®
TFE/HO 1-Cl 1.1 7.6 15 2.0
50:50 (v/v) 1-O,CC¢Fs 0.92 22 19 0.89
1-OHd 1.6 3.4 2.1
2d 21 2.3
MeOH/H,O 1-Cl 1.1 4.2 10 2.4
50:50 (v/v) 1-OHd 2.3 4.0 1.7
2d 0.90 15
MeOH/TFE/HO 1-Cl 0.83 1.2 1.4 8.6 6.2 15 11 1.7
5:45:50 (viviv)  1-OH¢ 1.2 1.9 1.6 3.5 2.8 1.8
2d 0.60 2.4 4.0 2.8 0.70
TFE/HO 1-Cl 1.4 5.6 13 2.3
20:80 (V/V) 1-OHd 2.6 6.3 2.4
2d 2.2 2.8
MeOH/TFE/HO 1-Cl 0.94 1.9 2.0 7.7 3.9 17 8.7 2.2
2:18:80 (v/vlv)  1-OHd 1.8 2.0 1.1 4.8 2.7 2.4
2d 0.74 29 3.9 3.5 0.91

a Calculated from the product yields in Table 2. Rate constants are defined in Scheéien&nsionless ratio of second-order rate constants,
calculated using eq 3.Dimensionless ratio of first-order rate constants, calculated as the ratio of the yid@sd® (Table 2).9 Acid-catalyzed
reaction in the presence of 0.50 M HGIO

Scheme 3 Table 4. Equilibrium Constants for Interconversion of the
ke [H] krin [ TFE] + &, + k Products of the Acid-Catalyzed Reactionsle©H and2 at 25°C
1.OH B e 2 P 1.OCH.CF. + 2 + 3 in 50:50 (v/v) Trifluoroethanol/Water (Scheme?4)
- ~ oA PAEK]
kigonlHOH] equilibrium constarit
Krre® 0.11
mechanism shown in Scheme 3. A valuefpf 0.17 for the K 11x 103
fractional yield of 1-OCH,CF3 from partitioning of 1* was ﬁf’e 1-1X 10°?
estimated from the relative yields $fOCH,CF3, 2, and3 from iso 0
the reaction ofl-OH and with the assumption that the rate far = 0.011 frsoy = 0.989

constant ratio for partitioning of the intermediate of the acid-  aEquilibria were established in solutions that contained 1.0 M HCIO
catalyzed reaction of-OH between reaction with water and  The reactions of-OH and2 lead to the same equilibrium mixture of
trifluoroethanol is equal téon/kree = 1.1 determined for the p;?ﬁUCtS-bThf egu”ibg;igganétéms g;egﬁﬁntw in_lichemgelsa:io

: 31 : of the concentrations df- ,CF3 and1-OH at equilibrium.9 Ratio
spontaneous reactlone dF_Cll (:I'lable 3)* By Comparlson, a of the concentrations of the respective alkene and the solvent adduct
value ofky = 4 x 107° M~* s™* has been determined for the  1.0H at equilibrium.© Ratio of the concentrations of the trisubstituted
acid-catalyzed cleavage tért-butyl alcohol to form theert- alkene 3 and the disubstituted alker at equilibrium.? The total

butyl carbocation in watelt fraction of the alkeneg and3 at equilibrium.? The total fraction of

. . th Ivent adduct$-OH and 1-OCH,CF; at ilibrium.
The first-order rate constant for the disappearanczaif25 © solvent adduc an 2 s al equiibnium

°C in 50:50 (v/v) TFE/HO containing 0.50 M HCIQis k, = Scheme 4
4.0x 10°5s7L. This can be converted to the second-order rate 1-0C,CF,
constant for the protonation @to give 1*, ky = 8.1 x 107°
M~1s1 using eq 5 withf, = (1.0 — 0.016)= 0.984, where ” Krpg
0.016 is the fraction of the carbocation intermedidtethat
partitions to reforn2. This fraction was calculated from the 1-OH
yield of 3.4% of3 from the acid-catalyzed reaction ®fTable X X
2) and the rate constant ratiglk, = 2.1 for the formation oB 2/ \\ 3
and?2 from the acid-catalyzed reaction ®¥OH in 50:50 (v/v) 2 3
TFE/H0 (Table 3). Kigo

The reaction ofL-OH or of 2 for 6 days at 25C in 50:50
(v/v) TFE/HO containing 1.0 M HCIQleads to the formation  Discussion
of the same(+5% in the yield of the individual products)
equilibrium mixture of1-OH, 1-OCH,CFs, 2, and3 (Scheme The addition of g3-(4-methoxybenzyl) group teert-butyl
4). Table 4 gives the equilibrium constants for the acid- chloride to givel-Cl leads to a small decrease in the first-order
catalyzed interconversion of-OH, 1-OCH,CFs, 2, and 3 rate constant for reaction at 2& in 50:50 (v/v) TFE/HO (
shown in Scheme 4 that were calculated from the relative = 0), fromkobsa= 9 x 107* s™* for tert-butyl chloridé” to 2.1
concentrations of these species at chemical equilibrium. The X 107 s7* for 1-CI (Results), which can be attributed to the
value ofK, = 1.1 x 1073 for the interconversion af-OH and polar effect of the elec_tron-wqthdrawmg 4-mgthpxypenzyl group.
2in 50:50 (v/v) TFE/HO (Table 4) is larger than thé = 1.3 There is no nucleophilic assistance to the ionizatiot-6fl by

4 )
;; t](iCe Vﬂ?ﬁﬁ;ggggﬁg lzﬁrvtvh;é%ehydratlonteft-butyl alcohol (32) Eberz, W. F.; Lucas, H. 3. Am. Chem. Sod 934 56, 1230
: 1234.

(33) Estimated by linear interpolation frokgysa= 7.3 x 10~* and 1.6

(31) The very weak Brgnsted base Ghould have little or no effect on x 1073 s~ for reaction oftert-butyl chloride in TFE/HO (I = 0) containing
the relative reactivity of water and trifluoroethanol toward the carbocation 40 wt % and 50 wt % water, respectivéfito 50:50 (v/v) TFE/HO, which
intermediatel® of these reactions. contains 42 wt % water.
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the 4-methoxyphenyl group to form the arenium fbecause Scheme 5

no nucleophilic assistance by formation of a phenonium ion cl
was observed in earlier studies of the reactiomef0-5,% and Me Me
intramolecular nucleophilic displacement to form four-mem- kobsd
bered rings is typically 183-10%-fold slower than the corre-
sponding displacement reactions to form three-membered

rings3® The concentrations of™ and the arenium iod at X
Me _+ _Me
cl kg
—>  Products
X
data establish a linear logarithmic relationship (eq 7) between
®O0Me
4 X-5 1+ log k, = —0.53 logk,,cq 1+ 10.6 (7)

chemical equili+brium_ depend on the balance between the (<1 for reaction of ring-substituted cumyl chlorides in
stabilization ofl™ obtained from intramolecular addition of the 50:50 (v/v) TFE/HOS and the values dk (s2) for reaction of

4-methoxypheny! group to the tertiary carbocation anddfie e orresponding cumyl carbocations (Scheme 5). The values

26 kcal/mol of strain energy in the four-membered ringtdf of kopsq for reaction of1-Cl and tert-butyl chloride in 50:50
However, the stabilization obtained from addition of the (vv) TFE/H,0 at| = O (see Experimental Section) were

4-methoxyphenyl group to the tertiary cationic center must be g ,hstituted into eq 7 to give estimated valueskgf= 3.5 x
significantly smaller than 26 kcal/mol, because the addition of jy2 o1 gnd 1.6x 102 s for reaction of1* and thetert-

T oo
water tol* form theneutral alcohol1-OH, which is thermo- 1, ;v carhocation, respectively, with this solvent. This estimate
dy“iQ"Cf”‘”Y more stable thaf is favored by only by 23 kqa_l/_ of ks for reaction of thetert-butyl carbocation with solvent is
mol. S'.m”a.“ arguments exclude the more unlikely Poss'b"'ty more than 100-fold largethan the best available literature
of participation by C-1 of the 4-methoxyphenyl ring as a ggtimates of this rate constant cited in the introductioii. 6
Brensted base in intramolecular deprotonatiorLofto form v prefer the estimate made in this work to the earlier estimates
alkenes® We conclude that there is no internal nucleophilic because of the close structural similarity between cumyl
. R N )
assistance to the ionization &¢Cl to form 17, and that this  cp5riges, which were used to establish the linear relationship
c_arbocat|0|_'1 exists essentlally exclusively in the open form as @given by eq 7, and simple tertiary alkyl chlorides. By contrast,
S|mpI(_a tertiary carbocation. ¢ . ‘ . one of the earlier estimates of the lifetime of ttet-butyl
Estlma_ted Rate Constants for Riactlons ol Tertlar_y carbocation required extrapolation of a rate-equilibrium relation-
Carbocations. The rate constants (s™) for reaction of this gy established for oxocarbenium idfg8and the othé? was
solvent with a series of ring-substituted cumyl carbocations were p .o on the extrapolation of a linear logarithmic relationship

determined i_n previo‘l‘Js Wo,fk' by using the reac_tion of M’\;tgh between equilibrium constants for formation of highly resonance-
the carbocation as a “clock fo.r the §Iower reaction of sOMENt.  geapilized triarylmethyl carbocations in water and in the gas
The extended Hammett relationship established by these datg,, g3

was then extrapolated to give estimated rate constants for the” \ye are interested in understanding the factors which deter-
reactions of cumyl carbocations with solvent which were t00 .o \when a kinetic barrier appears for the reaction of

large to determine using the azide ion clock metfidd. These 5 /hocations with nucleophilic solvents, and the factors which

(34) Shiner, V. J., Jr.; Dowd, W.; Fisher, R. D.; Hartshorn, S. R.; Kessick, control the height of that barrié?. The data in this work suggest
Zﬂé‘g: Milakofsky, L.; Rapp, M. W.J. Am. Chem. Sod.969 91, 4838~ that the requirement for the partial loss of stabilizing hyper-

(35) The small 1.5-fold difference kupsafor reaction ofH-5 andMeO-5 con]ugatlve In'Feractlons 'petween thiehydrogens fi."d th.e.
is consistent with only a small inductive effect of the 4-MeO substituent Cationic center in the transition state for the nucleophilic addition
on the reaction, and it shows that there is no significant movement of positive of aqueous solvents to simple tertiary alkyl carbocations does

charge from the developing carbocation onto the aromatic ring [Brown, H. inati ; i ;
C. Kim, C. .J. Am. Chem. Sod968 90, 2082-2096]. not create a large kinetic barrier to this reaction.

(36) (a) Kirby, A. Adv. Phys. Org. Cheml198Q 183-278. (b) Knipe, The estimated rate constants for reaction of titre-butyl
A. C; Stirling, C. J. M.J. Chem. Soc. B968 67—71. (c) Bird, R.; Knipe, carbocation and* with solvent,ks ~ 10'2s71, are larger than
A. (C3-7 i-vghe_T- l\SAOCC-' gﬁfk'” ;ranliéﬁ?gllié?égio' both the rate constant for their diffusional encounter with
Innik, M. C. em. Re. y — . T 1 ~ -1
(38) Calculated from ks — —16.7 for1+ which was determined in this ~ €Xtérnal nucleophilic reagents[Nu'] ~ (5 x 10° M
work. s H[Nu~] (Scheme 181 and that for reorganization of the

(39) There will be no significant intramolecular proton transfer to C-1 |ocal solvation shell by the dielectric relaxation of SOIVdQJO(g
of the 4-methoxyphenyl ring in the presence of the fast competing proton
transfer and nucleophilic addition reactions of solvent for the following (42) (a) Richard, J. P.; Amyes, T. L.; Vontor, I.Am. Chem. So&991,
reasons: (i) This site is much more weakly basic than solventKagb 113 5871-5873. (b) The azide “clock” assumes a valuekgf=5 x 1°
—6.74 has been determined for protonation of methoxybenzene at oxygenM~t s for diffusion-limited trapping of carbocations bysN This
[Arnett, E. M.; Wu, C. Y.J. Am. Chem. Sod.96Q 82, 5660-5665], and assumption has been verified by direct measurement of second-order rate
the K, for protonation of C-4 of the aromatic ring must be even more constants for the diffusion-limited reaction ofyNwith triarylmethyl18
negative than this. (ii) Proton transfer between two carbon atoms is diarylmethyl!® ando-substituted 4-methoxybenz§lcarbocations. The rate
intrinsically slower than proton transfer between carbon and an electrone- constants for these diffusion-limited reactions range from 50° to 7 x
gative atom such as oxygen (see ref 41b, p 166). (iii) The effective molarities 10° M~1s71, which sets an error limit a£ 40% for the value oks calculated
for intramolecular proton transfer reactions are generally close to #dity, from the Ny~ selectivity kadks (M~1). (c) This relationship has been
so that there is no large kinetic advantage to intramolecular deprotonation determined using the following data, where X indicates the benzene ring

of 1*. substituent(s) (Scheme 5): %X 3-F, logkopsa= —0.92, logks = 11.1; X
(40) Saunders, W. Hl. Am. Chem. S0d.994 116, 5400-5404. = 4-NO,, log kopsa = —3.63, logks = 12.3; X = 3,5-(CF), log Kobsda =
(41) (a) Kresge, A. JAcc. Chem. Red975 8, 354-360. (b) Bernasconi, —4.50, logks = 13.1.

C. F.Adv. Phys. Org. Cheml992 27, 119-238. (43) Richard, J. PTetrahedron1995 51, 1535-1573.
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~ 10" s71).44 They suggest that the ion pair or ion molecule
intermediates of the reactions of simple tertiary derivatives
undergo direct reaction with a molecule of solvent within the
solvation shell that is present at the time of their formation,
with ks' ~ ks = keorg®® @nd that there is no significant chemical
reaction between these intermediates lani solvent, because
ki > kg~ 100 s,

Chloride ion is approximately 100-fold more reactive than
water toward stable carbocationg(ks ~ 100 M~1),4546s0 that
the chemicalbarrier to collapse of a contact ion pair between
Cl~ and 1%, in which the Ct is correctly aligned to allow
reaction to givel-Cl, should be even smaller than the barrier
to the reaction of solvent with the carbocation. Therefore, the
rate constanfor the reaction of Ct within the ion pairl*-Cl~
will lie close to the vibrational limit of 18 s™1, so that this ion
pair may not exist as an intermediate in a potential well for the
time of even one bond vibratior10~13s)23 By comparison,
Abraham has estimated a barrierd&* = 5 + 5 kcal/mol for
collapse of the contact ion pair between @nd thetert-butyl
carbocation to giveert-butyl chloride?” The results reported

J. Am. Chem. Soc., Vol. 118, No. 46, 119981
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product distributions of the acid-catalyzed reactions ¢dH
or 2 in aqueous solvents, because these reactions are expected
to proceed through tertiary carbocation intermediates that are
virtually identical ", Scheme 6).

The data in Table 2 show that the reactionsleédH and 2
in several mixed alcohol/water solvents give differeglative
yields of the solvolysis and elimination reaction products. Since
the major fate ofLt generated from the acid-catalyzed cleavage

here suggest that the barrier to collapse of the contact ion pairof 1-OH is its “invisible” reaction with water to regenerate

1*-ClI~ to give 1-Cl is much smaller than 5 kcal/mol. For
example, the Eyring equation [ki= In (ksT/h) — (AG*/RT)]
predicts a barrier oAG* = 1.1 kcal/mol for a reaction with a
rate constant of 8 s! at 25°C.

Estimated Equilibrium Constants for Formation of Ter-
tiary Carbocations. The estimated rate constant for conversion
of an ion—molecule pair betweet™ and solvent, in which the
solvent molecule is orientated to allow its reaction withto
give the solvent adduct, kg ~ 10*2s7 (see above). Therefore,
the rate-limiting step for reaction af* with a molecule of water
within the solvation shell which surrounds this carbocation at
the time of its formation as an intermediate in the acid-catalyzed
reaction of1-OH (Scheme 3) must be the rotation of a water
molecule into a reactive orientation, with a rate constant similar
to that for the dielectric relaxation of watéts (& Kreorg~ 10
s71).44 This value ofks = kyon[HOH] = 1 x 10" s1 andky
= 1.8 x 1078 M~1s 1 for the acid-catalyzed cleavage biOH

1-OH (Scheme 3), these differences are best illustrated as
differences in the product rate constant ratie&rre (M), ks
kmeon (M), andkueor/kree given in Table 3. These data require
the following: (a) thatl-OH and2 do not undergo exclusive
reaction through a common, identical, reaction intermediate
and (b) that the rate constant ratios for partitioningl®fin
nucleophilic solvents cannot be easily determined from these
product studies.

This failure, in very favorable circumstances, to observe acid-
catalyzed reactions df-OH and2 through a common tertiary
carbocation intermediate™ emphasizes the fleeting lifetime of
such carbocations, and the resulting difficulties in the determi-
nation of the distribution of the products of their reaction in
aqueous solution. The observed differences in the relative yields
of the products from the acid-catalyzed reactiong-@H and
2 might be explained by the following:

(1) There may be differences in the composition and reac-

were substituted into eq 8 that was derived for Scheme 3, to tivity of the solvation shell which surrounds™ at the time of

give an estimated value oKg = —16.7 for the simple tertiary
carbocationl* in 50:50 (v/v) TFE/HO. Similarly, the value

PKg = l0g (Ky/kyon[HOH])

of ks = kpon[HOH] = 1 x 10" s 1andky =4.0x 106 M1
s 1 for the acid-catalyzed exchange B0 from H,180 into
tert-butyl alcohol* gives Kr = —16.4 for the tert-butyl
carbocation in water. This is more negative than the earlier
estimates of kg = —15!3 and —15.5" for the tert-butyl
carbocation, which were obtained by extrapolation of linear free
energy correlations between data for reactions in the gashase
or organic solvent§ and HO.

Acid-Catalyzed Reactions of 1-OH and 2 One of the goals
of this work was to determine rate constant ratios for the
partitioning of1* which were free of the effects of the presence
of an anionic leaving group in an ion pair reaction intermediate.
In principle, this can be accomplished by determining the

8)

(44) Giese, K.; Kaatze, U.; Pottel, R. Phys. Cheml97Q 74, 3718-
3725. Kaatze, UJ. Chem. Eng. Data989 34, 371-374. Kaatze, U.; Pottel,
R.; Schumacher, Al. Phys. Chem1992 96, 6017-6020.

(45) Bailey, T. H.; Fox, J. R.; Jackson, E.; Kohnstam, G.; Queed, A.
Chem. Soc., Chem. Commui966 122-123.

(46) Royer, R. E.; Daub, G. H.; Van der Jagt, D. L. ¥.Org. Chem.
1979 44, 3196-3201.

(47) Abraham, M. HProg. Phys. Org. Chenl974 11, 1.

(48) Wayner, D. D. M.; McPhee, D. J.; Griller, D. Am. Chem. Soc.
1988 110, 132-137.

its formation from the respective substrates (Scheme 6).
However, the data in Table 3 require that such differences be
maintained even in 20:80 (v/v) TFED and 2:18:80 (v/v/v)
MeOH/TFE/HO (Table 3) which contain 94 mol % water.

(2) Acid-catalyzed nucleophilic substitution of solvent at
1-OH proceeds by partitioning of the nonselective carbocation
1+, becausaertiary aliphatic carbon is extremely resistant to
concerted nucleophilic substitution. A significant fraction of
the reaction of the acid-catalyzed addition of solven? toay
occur by a concerted reaction mechanism, because of the greater
steric ease of concerted nucleophilic addition of solvent at the
planar sp carbon of2 than at the tertiary carbon afOH. The
larger nucleophilic selectivitkyeow/krre = 4 for the acid-
catalyzed reaction of in 5:45:50 (v/v/iv) MeOH/TFE/HO
compared to the acid-catalyzed reaction1e®H for which
kveoktre = 1.2 (Table 3) shows that the former reaction
proceeds through a transition state in which the bonding to the
incoming nucleophile is stronger than for addition of solvent
to the nonselective carbocatidi™. This is consistent with
stabilization of the transition state by the incoming nucleophile,
whose addition t@ is concerted with proton transfer to carbon.

Reactions of 1-X in the Presence of Nucleophilic Reagents.
(&) Chloride lon. The kinetic data for the reaction @fCl in
the presence of increasing concentrations of Gérve to
illustrate the difficulty in distinguishing chloride common ion
and induced common ion inhibitiéhof solvolysis from specific
Cl~ salt effects.
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Figure 1 @) shows that the addition of 0.50 M Cleads to
no detectable common ion inhibition of the reactiorle€l in
50:50 (v/v) MeOH/HO (I = 0.50, NaClQ). However, the
replacement of 0.50 M sodium perchlorate with 0.50 M sodium
chloride results in a 30% decreasekyasq for reaction of this
substrate in 50:50 (v/v) TFEA® (Figure 1,M). By contrast,
when sodium chloride is the only salt presdgsqfor reaction
of 1-Cl in this solvent remains constarffsq = 2.1 x 1074
s 1) when the concentration of this salt is increased from 0 to
0.50 M. The decreases ikopsq that are observed when
perchlorate ion is replaced by Cin 50:50 (v/v) TFE/HO
(Figure 1,H) might be attributed to perchlorate-ion-induced
common ion inhibition of the reaction afCIl.*° However, these
decreases are more likely due to differences in specific
perchlorate and halide ion salt effectslapsg for the following

reasons: (a) Sodium bromide and sodium chloride lead to

similar decreases ikypsqfor reaction of1-Cl at constant ionic
strength of 0.50 maintained with sodium perchlorate (Figure
1)50 (b) There are only low yields of the azide ion addiidtl;
from the trapping ofL™ by the good nucleophile i (below),

so that there should be little or no common ion inhibition of
the reaction ofl-Cl from trapping ofl* by CI~, which is more
weakly nucleophilic than pt.

(b) Lyoxide lon. Figure 2 shows that there is no change in
the product distribution of the reaction @fCl in 50:50 (v/v)
MeOH/H,O when the concentration of lyoxide ion is increased
from 0 to 0.50 M ( = 0.50, NaClQ), but that there is an
accompanying 23% decreasekigsq for this reaction (Figure
2, ®), which can be attributed to a specific lyoxide ion salt
effect. An increase from 0 to 0.75 M sodium hydroxide also
has no effect on the relative yields of the solvolysis and
elimination products of the reaction of 2-chloro-2-methyl-1-
phenylpropaneH-5) in 25% acetonitrile in watet:

Jatand Richard

Scheme 7
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H,O (I = 0.50, NaClQ) when the concentration of 3N is
increased from 0 to 0.50 M. This is accompanied by the
formation of 13% of the azide ion addutiN; at the expense

of the solvent adducts, but there is no change in the total yield
of 25% of the alkene® and 3 (Figure 3). We attribute the
very small <0.1 kcal/mol) stabilization of the transition state
for the reaction ofl-Cl by 0.50 M N~ to either a specific i

salt effect or to a very weak bimolecular reaction af Nvith
1-Cl. The absence of any detectable increask,jg, for the
reaction of 1-O,CCeFs in 50:50 (v/v) TFE/HO when the
concentration of B is increased from 0 to 0.50 M (Results)
shows that there is also no significant bimolecular nucleophilic
substitution reaction of i with this substrate. Rate constant
ratios for the reaction o1-Cl and 1-O,CCgFs with N3~ and
solvent, calculated from the yields of thesNand solvent
adducts using eq 3 or eq 4, are reported in Table 1. The
dimensionless selectivitidg/kyon for the reaction ofl-X in

General base catalysts and lyoxide ion often cause an increas#nixed alcohol/water solvents (Table 1) are clos&itkion =

in the fractional yield of alkene from the partitioning of

ao-methylbenzyl carbocations between loss of a proton and wate

19 determined for the reaction &f-5 in 25% acetonitrile in
rsl

capture by solvent, because these bases provide stronger We now consider the detailed mechanism for the formation
catalysis of the deprotonation of the carbocation than of the of the small amounts of the azide ion adddeN; from the

nucleophilic addition of solverf855 By contrast, lyoxide ion

reactions ofL-Cl and1-O,CCg¢Fs5 (Table 1). The yield ofl-N3

leads to no detectable change in the total yields of 25% of the from the diffusion-controlled trapping of the ion pdit-X~ to

alkenes2 and 3 and 75% of the solvent adducisOH and
1-OMe from the reaction ofL-Cl in 50:50 (v/v) MeOH/HO

give the triple ion compleNs;=-1t-X~ (k{Nu~], Scheme 1) is
negligible even at the highest concentration gf Nsed in our

(Table 2 and Figure 2). This does not result from catalysis by experiments, because the first-order rate constant for this

lyoxide ion of both the deprotonation &f* andits capture by

reactionkgNz™] ~ (5 x 10° M~1s71) (0.50 M) 18194245 much

solvent, because the addition of 0.25 M lyoxide ion also has no smaller than the estimated rate constehts ks = 10! s~ for

effect on the product distribution of the reactionIeCl in the
presence of 0.25 M N in this solvent (Results), for which the
7.2% vyield of the azide ion adduttNs is formed at the expense

the direct reaction of solvent with the ion pair (see above).
Therefore, the possibility of diffusional encounter of the ion
pair 1t-X~ with N3~ to give the triple ion complekz=-1-X~

of only the solvent adducts. We conclude that the reactions of has been omitted from Schemé%®¢ The remaining possibili-

the carbocatiorl™ are so fast that it undergoes no detectable
competing bimolecular reaction with lyoxide ion.

(c) Azide lon. Figure 3 @) shows that there is a 10%
increase irkypsqfor the reaction ofL-Cl in 50:50 (v/v) MeOH/

(49) Winstein, S.; Klinedinst, P. E., Jr.; Robinson, G.JCAm. Chem.
Soc.1961, 83, 885-895. Vitullo, V. P.; Wilgis, F. PJ. Am. Chem. Soc.
1981, 103 880-883.

(50) 1-Br is too reactive to accumulate during the reactioriefl in
the presence of NaBr becausggsqvalues for reaction afert-butyl bromide
in mixed aqueous/organic solvents ar@ 40-fold larger than those for
reaction oftert-butyl chloride under the same conditions [Harris, J. M.;
Mount, D. L.; Smith, M. R.; Neal, W. C., Jr.; Dukes, M. D.; Raber, D. J.
J. Am. Chem. So0d.978 100, 8147-8155].

(51) Thibblin, A.J. Am. Chem. S0d.989 111, 5412-5416.

(52) Richard, J. P.; Jencks, W. R.Am. Chem. S0d.984 106, 1373~
1383.

(53) Thibblin, A.J. Chem. Soc., Perkin Trans.1®86 321—-326.

(54) Thibblin, A.J. Am. Chem. S0d.987 109, 2071-2076.

(55) Thibblin, A.J. Phys. Org. Chent989 2, 15-25.

ties are thatl-Ns is formed either by trapping of the free
carbocation1™ (k;, k-4 and kr[N3~], Scheme 7), or by a
preassociation mechanism through the association complex
N3~+1-X (Kas ki', andkyy', Scheme 7334257 The following
observations are consistent with the conclusion that the ion pair
intermediated*-X~ of the reactions ot-X are so reactive that
they undergo little or no diffusional separation to the free
carbocation ks > k—4, Scheme 7), so that most or all of the
observed azide ion adduetustbe formed by a preassociation
mechanisnt3

(1) There is no decrease in the product rate constant ratio
kadks (M™1) for the reaction ofL-Cl when the nucleophilicity

(56) Richard, J. PJ. Org. Chem1992 57, 625-629.

(57) There should be no significant formation of the solvent adducts from
reaction of the triple ion compledN; -1*t-X~, because the chemical
reactivity of Ns~ within this complex is much greater than that of the
surrounding solvent molecules.
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of the solvent is increased by replacing TFE in 50:50 (v/v) TFE/ 10.4%1-N3 under these conditions. This suggests that, at most,
H,O by methanol (Table 1). This is inconsistent with the only ca. 50% of the azide ion adduct can be formed by the
formation of 1-N3 and 1-Solv by trapping of a diffusionally- diffusion-controlled trapping of the liberated carbocatibh
equilibrated carbocation intermediate, because an increase inkrf[Ns~], Scheme 7). In fact, iKasis larger than 0.20 M,

the nucleophilicity of the solvent would lead to an increase in and/or if N5~ provides a small amount of assistance to the
the rate constant for the activation-limited reaction of solvent ionization of 1-Cl within the complexN3~-1-Cl, so thatk;' >

(kg), but to little or no change ik for the diffusion-limited ki (Scheme 7), then the preassociation mechanism could account
reaction of N, resulting in an overall decrease in the observed for the formation ofall of the observed azide ion adduct. In
azide ion selectivitk./ks (M~1). For example, there is alarge  any event, the conclusion that no more than 50% of the observed
decrease fronk,/ks = 105 to 10 M for reaction of the 1-(4- azide ion adductl-N; can result from trapping of the free
methoxyphenyl)ethyl carbocation when the solvent is changed carbocationlt requires that the diffusional separation of the
from 50:50 (v/v) TFE/HO to 50:50 (v/v) MeOH/HO.2° The ion pair 1*-Cl~ to give the free carbocatiot be no faster
almost identical product rate constant ratiggks (M %) for the that its direct reaction with solvent, so tHat > k_4 (Scheme
reaction of1-Cl in these solvents (Table 1) strongly suggest 7). The estimated rate constant for diffusional separation of a
that the yield of the azide ion adduct is determined by the carbocation-anion ion paik_q ~ 2 x 10 s715258then gives

magnitude of the association const#it (M 1) for formation ks = 2 x 10°s1. This lower limit is consistent with the value
of the preassociation complex betweeg Nind the substrate  estimated above dfy ~ ks = keog~ 1 x 10! s71 for the
(N3~-1-Cl). reaction of1* with solvent.

(2) The dimensionless selectivitikgeor/kree for partitioning Alkene-Forming Elimination. The yield of 13% of the

of 1-arylethyl carbocations between reaction with methanol and disubstituted alken@ from the elimination of HCI across the
trifluorethanol in 5:45:50 (v/v/iv) MeOH/TFEAD exhibit a methyl groups ofl-Cl in 50:50 (v/v) TFE/HO (Table 2) is
large dependence on the stability of the carbocation when thesimilar to the yield of 14% methylpropene from the reaction of
carbocations are solvent-equilibrated species, but they decreaséert-butyl chloride under similar reaction conditiots However,
sharply to a limiting value ofkyeor/krre < 3.0 when the the total yield of the alkenez and3 from the reaction of.-Cl
carbocation is so unstable that it reacts directly with the iS somewhat larger than this, because the yield of the thermo-
surrounding solvent podk52 Therefore, the small values of ~dynamically favored alken&is two-fold greater than the yield
kmeor/krre < 2.0 for the reactions of-Cl in 5:45:50 (V/v/v) of 2 (Table 2). The large increases in the rate constant ratios
and 2:18:80 (v/v/v) MeOH/TFE/FD (Table 3) are consistent  Ke/kron andka/krow for partitioning of1-X between elimination
with the partitioning of a short-lived ion pair intermediate and solvolysis as the leaving group is changed from water to
between reaction with methanol and trifluoroethanol within the chloride to pentafluorobenzoate (Table 3) show that the leaving

small pool of surrounding solvent molecuf@$? group must be present in the transition state for the product
The rate constant for reaction of the free carbocatiomith determining step for the reactions biCl and1-O,CCeFs. The
a solvent of 50:50 (v/v) TFE/JD cannot be calculated directly ~ POSSibility that solvent acts as a Bransted base to promote a
from the product azide ion selectiviky/ks = 0.38 ML for the concerted E2 elimination reactit}® of the tertiary chloride
reaction of1-Cl by using the diffusion-limited trapping df* _1-CI can be excluded, be_cause t_he mu_ch stronger base lyoxide
by Na~ (kr[N3~], Scheme 7) as a “clock” for the reaction of 1ON does not promote_th|s reaction (Figure 2). We therefore
solvent221 pecause very little of the observaeNs is formed conclude that the leaving group acts as the proton acceptor for
by trapping of the free carbocatidri. However, this observed the elimination reactions df-Cl, and probably for the reactions
azide ion selectivitycan be used to estimate lawer limit on of 1-O,CCeFs. ) o ) ) .
ke for the direct reaction of solvent with the ion pdit-Cl-, The alkene-forming elimination reactions of tertiary halides
provided it is possible to estimate the relative yieldsleNi and benzoate esters in polar sol\{ents are generally assumt_ad to
obtained from the trapping and preassociation reaction path-Proceed by a stepwise mechanism through the carbocation-
ways5? The yield of1-N; from the reaction ofL-Cl with N3~ leaving group ion pair intermediates of the solvolysis reaction

.. . . U 1,53-55,61-63 ihili
by a preassociation mechanism depends on the stability of the(Kp, Scheme 7§}-53755 and the possibility oconcerted
preassociation complek{s Scheme 7) and on the relative rates unimolecular eliminatiorthrough a cyclic transition state such

of ionization of1-Cl within this complex k') and of free1-Cl as6 and7 is not considered in the interpretation of experimental
(k). In the limit thatall of the azide ion adduct is formed by

a preassociation mechanism in whickrYrovides no assistance M M

to ionization of the substratéy( = ki, Scheme 7), theRa7ks A o, A

= Kjs S0 that the value df,sfor formation of the preassociation }Lo’

complex between N and the substrate can be determined R

directly from the yield of the azide ion adduct. Such a value 6 7

of Kas = kadks = 0.20 M1 has been estimated for the reaction . .

of (3,5-bis(trifluoromethyl)phenyl)diazomethane in 50:50 (v/ data for these reactiofis.However, the mechanism for the
v) TFE/H,0, for which the putative 3,5-bis(trifluoromethyl)- ~ €limination reactions of tertiary alkyl derivatives suchla€l
benzyl carbocation intermediate of the stepwise reaction of this @1d 1-02CCeFs in aqueous 50"{“0”5 deserves very close
substrate is too unstable to undergo diffusion-limited trapping Scrutiny for the following reasons:

by azide ior?® The total yield of 39% of the alkenesand3 (1) Itis not clear why the partitioning of the"~Cl™ ion pair
from the reaction ofl-Cl in 50:50 (v/v) TFE/HO (Table 2) is should lead to the formation of significant amounts of an alkene
unaffected by the addition of 0.50 M3N (Results). Therefore, (59) Bunnett, J. F.; Sridharan, $. Org. Chem1979 44, 1458-1471.
at [Ns7] = 0.50 M, the yield ofL-N3 from the reaction of.-Cl (60) Bunnett, J. F.; Migdal, C. Al. Org. Chem1989 54, 3037-3041.
by a preassociation mechanism witgs= 0.20 M1 is expected (61) Frisone, G. J.; Thornton, E. B. Am. Chem. S0d.968 90, 1211-

be 5.5%, which is onla 50% of the observed yield of (a5 Thibbiin. A Si -
to be 5.5%, which is onlya o of the observed yield o (62) Thibblin, A.; Sidhu, HJ. Chem. Soc., Perkin Trans1894 1423~

1428.
(58) Finnemann, J. I.; Fishbein, J. LAm. Chem. So&995 117, 4228- (63) Jansen, M. P.; Koshy, K. M.; Mangru, N. N.; Tidwell, T.J..Am.

4239. Chem. Soc1981, 103 3863-3867.
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product. The reason for this is two-fold: (a) Qb a very weak
Bransted base = —7 in water)$* and (b) the alkene
products are thermodynamically less stable than the adducts of
the carbocation to solvent,¢ = 0.011, Table 4§°

(2) Increasing concentrations ogNlead todifferentchanges
in the yields of the solvolysis and elimination reaction products
(Figure 3). The constant total yield of the alkerend3 from
the reactions ofl-Cl and 1-O,CCgFs in the presence of
increasing concentrations ogNin 50:50 (v/v) MeOH/HO and
TFE/H,O (Figure 3 and Results) is inconsistent with the
formation of an ionic reaction intermediate which partitions
between addition of solvenk{, Scheme 7) and loss of a proton
(ko', Scheme 7). These results are consistent with the following
mechanistic interpretation: (a) As discussed above, the solvent
adductsl-Solv are formed primarily from reaction of the free
substrate 1-Cl) and the azide ion addudtNs is formed from

reaction of the preassociation complex of the substrate wgth N
(N3~-1-Cl, Scheme 7). (b) The conversion @fCl to the
preassociation compleéd;~-1-Cl leads to the formation df-Ns
at the expense of onl§-Solv. (c) The yield of the alkene?
and 3 is insensitive to the conversion df-Cl into the
preassociation compleis~-1-Cl, because these products are

Cl

Figure 4. The free energy profile for ionization of a tertiary chloride

to give the carbocationchloride ion pair. A nucleophilic interaction
between the tertiary carbocation and solvent may increase the rate of
formation of the ion pair by either of the following mechanisms: (A)

a decrease in the intrinsic kinetic barrier to the reaction, which will
result in equal decreases in the kinetic barriers to both the formation
(k;)) and collapse K_;) of the ion pair; and (B) a decrease in the
thermodynamic barrier to the reaction, which will result in a decrease
in the kinetic barrier to formation of the ion pair through a late
carbocation-like transition state.

formed by concerted elimination reactions of both fie€l
and 1-Cl within the preassociation complé¥s-1-Cl, with the
same first-order rate constark,(Scheme 7§.

(3) Therate constanfor the collapse ol ™-Cl~ to 1-Cl was
estimated above to lie close to the vibrational limit o361
so that this ion pair may not exist as an intermediate in a
potential energy well for the time of even one bond vibration

(¥10°%2 S)'zi If there is no significanichemicalbarrier 0  gengitivities of the reactions ofert-butyl and adamantyl
collapse ofl"-Cl" to neutral reactant, then ellmlnz_;\tlon Of_HX_ derivatives to changes in the acidity of the solvent, with differing
from 1-X may proceed .by a qonperted mechanlsm which 'S degrees of electrophilic “pull” by solvent to the ionization of
enforced because the ion pair intermediate of the Stepwisey,age sypstratds: 72 Changes in the ground state solvation of
reaction Is too u_nstsable to exist in an energy well for the time ¢ g hstrate may also contribute to solvent effects on the rate
of a bond vibratiorf o constants for solvolysi& 75 and it has been suggested that some
(4) A concerted pathway for elimination of HCI frotert- apparent relationships between solvolysis rate and solvent

butyl chloride has been identified in a recent quantum mechan- n,cleophilicity in fact represent correlations of rate with the
ical/molecular mechanical coupled potential simulation of the ground state solvation of a phenyl grotip.

ionic fragmentation ofert-butyl chloride in watef? The small product rate constant ratiagor/krre = 1.4 and

The Question of Solvent Assistance to the lonization of 5 o getermined for the reaction diCl with methanol and
1-Cl. The effects of changes in bulk solvent on the rate yifjyoroethanol in 5:45:50 and 2:18:80 (v/viv) MeOH/TFE®]
constants for solvolysis represent the sum of many contributing respectively, show that the replacement of trifluoroethanol by
factors which are extremely difficult to separate and quantify. methanol results in only a small nucleophilic stabilization of
The rate constants for reaction @frt-butyl halides show an  {he product-determiningransition state, which is the addition
apparent larger sensitivity to changes in the r!ucleophlllcr[y of of solvent to the carbocation within the ion pdit-Cl- (see
bulk solvent than those for adamantyl de”Vatg'VGS which react ga). There are also only small stabilizations of the transition
by a limiting unassisted stepwise mechanfm? These data  gates for the rate- and product-determining steps of the reaction
may correspond to nucleophilic solvent assistance to the 5 1_cj by the very good nucleophile N (Table 1). This
ionization of tert-butyl chloride to form a nucleophilically g, ggests that there also is no assistance to the reaction of this

“solvated” ion pair intermediate. There is a strong correlation g pstrate by the much more weakly nucleophilic solént.
between the nucleophilicity of protic solvents and their Bragnsted

acidity, so that the data may also be explained by different

(70) Abraham, M. H.; Taft, R. W.; Kamlet, M. J. Am. Chem. Soc.
1981 46, 3053-3056. McManus, S. P.; Sedaghat-Herati, M. R.; Karaman,
R. K.; Neamati-Mazraeh, N.; Cowell, S. M.; Harris, J. M.Org. Chem.
1989 54, 1911-1918.

(71) Harris, J. M.; McManus, S. P.; Sedaghat-Herati, M. R.; Neamati-
Mazraeh, N.; Kamlet, M. J.; Doherty, R. M.; Taft, R. W.; Abraham, M. H.
In Advances in Chemistry Serieslarris, J. M., McManus, S. P., Eds;
American Chemical Society: Washington, DC, 1987; pp-2233.

(72) The most careful correlation of these data is consistent with the
conclusion that there is a small amount of nucleophilic assistance to the
ionization oftert-butyl derivatives [Bentley, T. W.; Roberts, K. Chem.
Soc., Perkin Trans. 2989 1055-1060].

(73) Arnett, E. M.; Bentrude, W. G.; Burke, J. J.; Duggleby, P. M.
Am. Chem. Sod965 87, 1541-1553.

(74) Gajewski, J. JJ. Org. Chem1992 57, 5500-5506.

(75) McLennan, D. J.; Martin, P. LJ. Chem. Soc., Perkin Trans1282
1091-1097.

(76) Kevill, D. N.; Ismail, N. H. J.; D’'Souza, M. 3. Org. Chem1994
59, 6303-6312.

(64) (a) Jencks, W. P.; Regenstein, JHandbook of Biochemistry and
Molecular Biology, Physical and Chemical Datard ed.; Fasman, G. D.,
Ed.; CRC Press: Cleveland, OH, 1976; Vol. 1; pp 3351. (b) The
observation that hydrochloric acid is completely dissociated in methanol
and in ethanol [Bell, R. PThe Proton in Chemistry2nd ed.; Cornell
University Press: Ithaca, New York, 1973; p 44] requires that i a
much weaker base than 50:50 (v/v) MeORH

(65) Hartsough, D. S.; Merz, K. M., Ji. Phys. Chenil995 99, 384—
390.

(66) Bentley, T. W.; Bowen, C. T.; Parker, W.; Watt, C. |. F.Am.
Chem. Socl979 101, 2486-2487. Bentley, T. W.; Bowen, C. T.; Morton,
D. H.; Schleyer, P. v. RJ. Am. Chem. S0d.981, 103 5466-5475.

(67) Bentley, T. W.; Carter, G. B. Am. Chem. S0d.982 104, 5741~
5747.

(68) Kevill, D. N.; Kamil, W. A.; Anderson, S. WTetrahedron Lett.
1982 45, 4635-4638.

(69) Kevill, D. N.; Anderson, S. WJ. Am. Chem. So&986 108 1579~
1585.
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+ ¥ s 123 Similarly, it is difficult to understand how there can be
H3" R H 8o R a large equilibrium stabilization of the carbocation by a
0 Bﬁ H nucleophilic interaction with solvent (“nucleophilic solvation”),
ArCHa Kooy ArCH R because once nucleophilic (i.e., bonding) interactions between
.8t 3 51 “CHy do T
¢l CHg cl these reactants become stabilizing it is simplest that the reactants
should continue to products in a strongly exothermic reaction,
8A 8B without passage over an free energy maximum. We know of

no theoretical support for the alternative coordinate for a reaction

Our results show that tertiary carbocatiechloride ion pairs  through nucleophilically solvated carbocation reaction interme-
lie in a shallow potential energy well, with very small barriers  djate in which partial bond formation between solvent and
to collapse of the carbocation by the addition of solvent or Cl  tertiary carbocation is first stabilizing as the solvated intermedi-
(k-1 = ki ~ 10" s7%, Scheme 7 and Figure 4). A nucleophilic  ate is formed, then destabilizing with the approach to the
interaction with solvent might lead either to a reduction in the transition state for nucleophilic addition of solvent, and again
“intrinsic” kinetic barrier, which would lead to equal increases stabilizing after passage over the reaction transition state.
in the rate constants for both the formation and collapse of the .
ion pair (Figure 4, A), or to a net thermodynamic stabilization Ackn(_)wledgmgnt. This wark was supported by a grant from
of the carbocation, which would be expressed primarily as a the National Institutes of Health (Grant GM 39754).
decrease in the kinetic barrier to formation of the ion pair, which  Supporting Information Available: Details of procedures
proceeds through a late carbocation-like transition state (Figurefor the synthesis of the compounds used in this work, and a
4, B). The former effect cannot be large, because the ratetable showing the change with time in the yields of the products
constant for collapse of the tertiary carbocation back to reactantsof the perchloric acid-catalyzed reactionsle®H and2 in 50:
(k-1, Figure 4) is already close to the vibrational limit of'0 50 (v/v) TFE/HO (5 pages). See any current masthead page
for ordering and Internet access instructions.

(77) Raber, D. J.; Harris, J. M.; Hall, R. E.; Schleyer, P. vJRAmM.
Chem. Soc1971, 93, 4821-4829. JA9617451



