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ABSTRACT: Various highly crowded tertiary alkyl chlorides having a neopentyl or a (1-adamantyl)methyl
substituent on the reaction center were subjected to solvolysis rate studies, and the Grunwald–Winstein (GW) type
relationship with respect to theYCl scale was examined. Analyses of the plots showed that these bulky substituents
efficiently preclude the nucleophilic solvent participation from the rear side and that the data points for non-aqueous
protic solvents give linear GW type plots. On the other hand, increased crowding causes considerable downward
dispersions of the data points in aqueous mixtures of ethanol, acetone and 1-propanol. The magnitude of the
downward dispersion increases in this order, giving a curvature with a downward bulge in the GW type relationship.
Aqueous mixtures of the smallest alcohol, methanol, on the other hand, give only slight downward dispersions of the
data points, which constitute a linear GW type plot. These results can be explained in terms of two causes. First,
structural crowding makes the transition state of ionization less susceptible to the Brønsted base-type hydration to the
b-hydrogens than 1-chloroadamantane as the standard of theYCl scale. Second, with highly hydrophobic substrates
the first solvation shell in aqueous ethanol is expected to become more ethanol rich than the bulk phase, causing less
easy ionization of the substrate. The rate data can be semiquantitatively analyzed by using Hansch’s hydrophobicity
parameters. The present anomalies found in solvolysis reactions are regarded as a kinetic version of Wepster’s
observations of the solvent effects on the magnitude of Hammetts constants of bulky alkyl groups. Copyright 2001
John Wiley & Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

Tertiary chloroalkanes constitute a family of popular
substrates in solvolysis studies.1 However, systematic
work related to the solvent effects on their solvolytic
reactivities, in particular on the Grunwald–Winstein
(GW) relationship, has been started only recently by
the Liu’s2 and our3 groups. This paper presents a full
account of the solvent effects in the solvolysis of various
crowded tertiary chloroalkanes3–9 in comparison with
2-chloro-2-methylpropane (2).

The GW relationship was originally proposed as a
linear free energy relationship in solvolytic reactions as

represented by the equation

logk=ko � mY 1

where k and ko are the first-order rate constants of
solvolysis of a given compound in a given solvent and in
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80%EtOH–20%H2O (v/v) at 25.0°C, respectively.4 As
thereferencecompound2 wasselected,andtheionizing
powerof asolvent,Y, wasdefinedby placingm= 1.00for
2 in eqn(1).4

In 1970, Schleyerand co-workersnoted that even2
would be subject to nucleophilic solvent participation
(NSP),5a andin 1982,Bentleyandco-workersredefined
YCl by using1-chloroadamantane(1)5b,c as the standard
chloridewhoserearsideis geometricallyprecludedfrom
NSP[Eqn. (2)]:

logk=ko � mYCl 2

TheyexaminedtheGW type relationshipof 2 against
YCl andfoundthat thedatapointsfor waterandaqueous
mixturesof organicsolventsfall upwardwith respectto
thosefor fluorinatedsolvents,suchas2,2,2-trifluoroetha-
nol (TFE),1,1,1,3,3,3-hexafluoro-2-propanol(HFIP)and
trifluoroaceticacid (TFA).5b Recently,we reportedthat
all the data points in many solventsexaminedfor 2-
chloro-2,4,4-trimethylpentane (3) are well accommo-
datedby a singlemYCl plot becausethe rearsideof 3 is
effectively shielded by the tert-butyl group.3a,c,d We
extendedthe study to the highly crowded 4-chloro-
2,2,4,6,6-pentamethylheptane(8) andfoundthat thedata
pointsof aqueousorganicsolventscomebelow thoseof
non-aqueoussolvents.3b The result was interpretedas
suggestingthat the bulky tert-butyl groups inhibit not
only the NSP toward the cationic center,but also the
Brønstedbase-typehydrationtowardtheb-hydrogensin
thetransitionstateof ionization.3b Furtherstudieson the
solvolysis of 8 revealedthat a downward bulge was
evident for the aqueousethanol data points.3d This
phenomenonwasascribedto hydrophobiceffects.3d

This papersummarizesthe accumulatedratedatafor
thesolvolysisof 3–9andsomeadditionalratedatafor 1
and2, andagainemphasizesthe importantfactorsof the
Brønstedbase-typehydrationandhydrophobiceffectsas
the causeof dispersionsof datapoints in the GW type
relationshipwith respectto YCl.

RESULTS

Substrates

The chlorides except for 5, 7 and 9 were reported
recently.6 The chlorides5, 7 and9 werepreparedfrom
the correspondingknown alcoholsby hydrochlorination
with HCl gas.The newprecursoralcoholcorresponding
to 9 was obtained by treating 1-(1-adamantyl)-4,4-
dimethyl-2-pentanone with methyllithium.

Solvolysis rates

1-Chloroadamantane (1). New YCl values for some

binarysolventsystemscontainingTFE andMeOH,TFE
andDMSO, and1-propanolandwaterwereobtainedby
determiningthe solvolysis ratesof 1 in thesesolvents.
The resultsaresummarizedin Table1.

2-Chloro-2-methylpropane (2) and 2-chloro-2,4,4-
trimethylpentane (3). New rateconstantsof solvolysis
of 2 were obtained in some binary solvent systems
containingTFE andMeOH, TFE andDMSO, and60%
TFE–40%EtOH(60T40E),andaresummarizedin Table
2. Table 2 also gives some newly determined rate
constantsfor 3 in 50% MeOH–50%water (50M50W)
andthreeTFE–EtOHmixtures.

Other congested tertiaryl chloroalkanes (4±9). The
ratesof solvolysis for 4–9 were determinedin various
solventsystemsandaresummarizedin Table3. Therate
of 8 in 80E20Whasalsobeenreportedin the literature.7

Elevenout of 25 rateconstantsfor thesolvolysisof 8 in
Table3 werereportedpreviously.3b

Solvolysis products

Previously,we reportedthat the methanolysisof 3 at
50°C gavethecorrespondingmethyletherandalkenesin

Table 1. Rate constants of solvolysis for 1-chloroadaman-
tane (1) in TFE±MeOH, TFE±DMSO, and 1-propanol±H2O at
25.0°C, and the corresponding YCl values

Solventa k� 105 (sÿ1) YCl
b

80T20M 0.0357c,d 1.65
60T40M 0.0041e,f 0.71
90T10D 0.0413c,g 1.71
80T20D 0.00385c,h 0.68
70P30W 0.0026e,i 0.51
60P40W 0.0073e,j 0.96

a M, T, D, P andW denotemethanol,2,2,2-trifluoroethanol,dimethyl
sulfoxide, 1-propanol,and water, respectively.The numbersmean
volumeÿ% of each componentat 25.0°C. The concentrationof
substratewas0.020mol dmÿ3.
b The YCl values were calculated by using ko = 8� 10ÿ9 sÿ1 for
80E20W5b andEqn.(2) with m= 1.
c Determined titrimetrically in a single run in the presenceof
0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%.
d k = 7.54� 10ÿ6 sÿ1 (50.0°C), 9.15� 10ÿ5 sÿ1 (75.0°C); DH‡ =
22.3kcalmolÿ1; DS‡ =ÿ13.2calmolÿ1 Kÿ1.
e Extrapolatedfrom datadeterminedtitrimetrically in thepresenceof
0.025mol dmÿ3 2,6-lutidineat othertemperatures.
f k = 1.05� 10ÿ6 sÿ1 (50.0°C), 1.69� 10ÿ5 sÿ1 (75.0°C); DH‡ =
24.3kcalmolÿ1; DS‡ =ÿ11.0calmolÿ1 Kÿ1.
g k = 1.05� 10ÿ5 sÿ1 (50.0°C), 1.34� 10ÿ4 sÿ1 (75.0°C); DH‡ =
23.3kcalmolÿ1; DS‡ =ÿ9.6 calmolÿ1 Kÿ1.
h k = 9.63� 10ÿ7 sÿ1 (50.0°C), 1.61� 10ÿ5 sÿ1 (75.0°C); DH‡ =
24.3kcalmolÿ1; DS‡ =ÿ11.0calmolÿ1 Kÿ1.
i k = 7.19� 10ÿ7 sÿ1 (50.0°C), 1.33� 10ÿ5 sÿ1 (75.0°C), 1.50�
10ÿ4 sÿ1 (100.0°C); DH‡ = 25.0kcalmolÿ1; DS‡ =ÿ9.4
calmolÿ1 Kÿ1.
j k = 2.08� 10ÿ6 sÿ1 (50.0°C), 3.71� 10ÿ5 sÿ1 (75.0°C), 4.38�
10ÿ4 sÿ1 (100.0°C); DH‡ = 25.0kcalmolÿ1; DS‡ =ÿ7.2
calmolÿ1 Kÿ1.
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26and74%yields,respectively.3c In themethanolysisof
4 theyieldsof themethyletherandalkeneswere30 and
70%,respectively,at 25°C (Scheme1). With increasein
crowding, the yield of methyl ether decreased;6 (at
50°C) and 8 (at 25°C) gave the correspondingmethyl
ether in 12 and 6% yields, respectively. In the less
nucleophilic solvent TFE the substitutionproduct was
formedin 1% or lessyield from 6 and8.

DISCUSSION

The Grunwald±Winstein (GW) type relationship

As mentionedabove,BentleyandCarterfound that the
GW type plot for 2-chloro-2-methylpropane(2) against
YCl showeddispersionsof thedatapointsfor fluorinated
solventsbelow the aqueousethanol,aqueousmethanol
and aqueousacetonedata points.5b The faster ratesof
solvolysis of 2 in aqueousorganic solvents such as
EtOH–H2O, MeOH–H2O, TFE–H2O and acetone–H2O
thanexpectedfrom fluorinatedsolventdatapointswere
ascribed to nucleophilic assistanceto ionization in
aqueoussolventmixtures.5b

We carefully examinedthe datapointsfor fluorinated
solvents and further added some data points for the
solventsasshownin Table2. In consequence,it turned

out thatall thedatapointsfor non-aqueoussolventswith
theexceptionof formic acidarewell accommodatedby a
singlestraightline with m= 0.58(r = 0.9967)(Fig. 1).3d

Themagnitudeof this valueis considerablysmallerthan
the m values (0.73–0.77) for the other crowded
compounds3–9 employed in this work. This can be
ascribedto thegreaterNSPof ethanolandmethanolthan
the fluorinatedsolvents.It shouldalsobe notedthat the
methanoldatapoint deviatesslightly upwards(Fig. 1).
The non-aqueoussolventsystems,which we concluded
could be accommodatedby the single linear relation,
include 97HFIP, TFA, TFE, TFE–EtOH,TFE–MeOH,
TFE–DMSO,AcOH, MeOH andEtOH. In this respect,
the marked upward deviation of the formic acid data
point suggests a significant contribution to cation
stabilization,which deservescarefulexamination

The upwarddeviationsof the datapointsfor aqueous
solventmixturesare obviously causedby the very fast
rateof 2 in water(YCl = 4.575b,c). Clearly,theproblemis
focused on the question of why water accelerates
dramatically the solvolysis of 2 as comparedwith 1
(seebelow).It shouldalsobepointedoutthattheaqueous
methanol data points are linear whereasthe aqueous
ethanolandaqueousacetonelines showa slight upward
bulge.

In contrast,all thedatapointsfor thesolvolysisof 3 in
both aqueous and non-aqueoussolvents are well
accommodatedby a single straight line (Fig. 1). Liu
and co-workersreportedthat 3-chloro-3-isopropylpen-
taneand3-tert-butyl-3-chloropentanebehavesimilarly to
3 in the GW relationship.2 Phenomenologically, this
would have beencausedby the close approachof the
water data point to the non-aqueousline. Most of the
solvolysisratesusedfor the plots in Fig. 1 arereported
ones;all the data are summarizedin Table S1 in the
SupplementaryMaterial.

The linear behavior of the GW relationship for 3
suggestedthatcompounds4–9 havinggreatercongestion
would also behavesimilarly. Figures2 and 3 showthe
GW plots for 4–6 and7–9, respectively.Therearea few
new phenomenathat havenot beennotedbeforein this
field, asfollows.

(1) In theGW plotsof 4, 5, 6 (Fig.2) and7 (Fig.3), the
aqueousmethanoldatapointsarenearlyaccommodated
by the linearcorrelationfor non-aqueoussolvents.Since
the aqueousmethanol lines are essentiallylinear, the
waterdatapoint would fall on the non-aqueousline. On
theotherhand,theaqueousethanolandaqueousacetone
datapoints fall below the non-aqueousline. Obviously,
theseaqueoussolventmixturesshowa curvaturewith a
downwardbulge.

(2) In the highly crowdedcompounds8 and 9, the
deviationof the aqueousethanol,aqueousacetoneand
two aqueous1-propanoldatapointsbecomesenormous.
In thesecompounds,the hypotheticalwater datapoints
aresupposedto fall belowthenon-aqueousline, sincethe
aqueousmethanollines are almost linear. This is also

Table 2. Newly determined rate constants of solvolysis for 2-
chloro-2-methylpropane (2) and 2-chloro-2,4,4-trimethyl-
pentane (3) in TFE±MeOH, TFE±DMSO, 50% MeOH or
TFE±EtOH at 25.0°C

k� 105 (sÿ1)

Solventa 2 3

80T20M 2.11b,c —
60T40M 0.595b,d —
90T10D 2.12b,e —
80T20D 0.391b,f —
50M50W g 3520h

60T40E 0.408b 52.1b

50T50E g 19.9b

40T60E — 7.45b

a E, M, T, D andW denoteethanol,methanol,2,2,2-trifluoroethanol,
dimethylsulfoxideandwater,respectively.Thenumbersmeanvolume
ÿ% of eachcomponentat 25.0°C. Theconcentrationof substratewas
0.020mol dmÿ3 in titrimetric runs or (2–3)� 10ÿ4 mol dmÿ3 in
conductimetricruns.
b Determined titrimetrically in a single run in the presenceof
0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%.
c k = 3.92� 10ÿ4 sÿ1 (50.0°C); DH‡ = 21.8kcalmolÿ1; DS‡ =ÿ6.9
calmolÿ1 Kÿ1.
d k = 1.18� 10ÿ4 sÿ1 (50.0°C); DH‡ = 22.3kcalmolÿ1; DS‡ =ÿ7.7
calmolÿ1 Kÿ1.
e k = 4.16� 10ÿ4 sÿ1 (50.0°C); DH‡ = 22.2kcalmolÿ1; DS‡ =ÿ5.5
calmolÿ1 Kÿ1.
f k = 8.90� 10ÿ5 sÿ1 (50.0°C); DH‡ = 23.3kcalmolÿ1; DS‡ =ÿ5.0
calmolÿ1 Kÿ1.
g SeeTableS1 in SupplementaryMaterial.
h Determinedconductimetricallyin the absenceof a buffer within an
experimentalerrorof �1%.
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supportedby the slower rate of 8 in 70T than in 100T
despitethegreaterYCl valueof theformer(2.96)5b,c than
the latter (2.83).5b,c

The abovetwo featuresappearto be characteristicof

highly alkyl-substitutedsubstrates.It is suggestedthat 8
and 9 may be less nucleophilically assistedthan the
standard1-chloroadamantane(1). We havefoundthat1-
bromo-3,5,7-triisopropyladamantane(10) also shows

Table 3. Rate constants of solvolysis of congested teritiary choloroalkanes

105 k (sÿ1) at 25.0°C
Solventa YCl

b 4 5 6 7 8 9

100E ÿ2.5 0.800c,d 1.17c 1.26c 3.92c 21.7c 37.7c

90E10W ÿ0.9 7.78c 10.1c 11.4c 31.8c 156e 233e

80E20W 0.00 32.0c 40.0c 46.5c 113e 527e,f 708e

70E30W 0.8 93.7e 124e 144e 318e 1500e 1760e

60E40W 1.38 245e 349e 481e 1070e 4280e 4190e

50E50W 2.02 1600e

40E60W 2.75 9170g

100M ÿ1.2 7.64c 11.9c 13.9c 39.3c 202e 370e

90M10W ÿ0.2 39.6e 61.3e 70.7e 174e 955e 1560e

80M20W 0.67 164e 207e 319e 703e 3910e 5280e

70M30W 1.46 568e 879e 1130e 2830e 13900e,h 21200e

60M40W 2.07 2180e 10500e

70A30W 0.17 34.7e 51.0c 55.4e 135e 596e 684e

50A50W 1.73 632e 1040e 1210e 1910e 6140e 8280e

40A60W 2.46 5130g

AcOH ÿ1.6 134i

100T (2.83)j 7390k 18800k 15100k,l 283000k,m,n

97T3W 2.83 8010k

70T30W 2.96 9800k 13300k 18700k,o 227000k,m,p

50T50W 3.16 11100k 19600k,m,q

80T20E 1.89r 922k 1630k 2220k 6750k 43000k,m,s

60T40E 0.63r 130k 209k 285k 779k 5100k 10100k

50T50E 0.16r 46.9k 81.9k 299k 1900k 3540k

40T60E ÿ0.48r 22.0k 691k 1410k

20T80E ÿ1.42r 112k

80T20M 1.65t 36600k,m,u

60T40M 0.71t 5920k,v

90T10D 1.71t 42800k,w

80T20D 0.68t 5100k,x

70P30W 0.51t 431g

60P40W 0.96t 855g

a E, M, A, T, D, P, andW denoteethanol,methanol,acetone,2,2,2-trifluoroethanol,dimethyl sulfoxide,1-propanolandwater,respectively.The
numbersmeanvolumeÿ% of eachcomponentat25.0°C, exceptfor theT–W system,which is basedonweightÿ%. Theconcentrationof substrate
was0.020mol dmÿ3 in titrimetric runsor (2–3)� 10ÿ4 mol dmÿ3 in conductimetric runs.
b Quotedfrom Ref. 5c unlessnotedotherwise.
c Determinedtitrimetrically in asinglerunin thepresenceof 0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerror�2%unlessnotedotherwise.
d k = 2.05� 10ÿ4 sÿ1 (50.0°C); DH‡ = 24.2kcalmolÿ1; DS‡ =ÿ0.5 calmolÿ1 Kÿ1.
e Determinedconductimetricallyin duplicatein thepresenceof 0.025mol dmÿ3 2,6-lutidinewithin anexperimentalerrorof �1%.
f A reportedvalueis 5.25� 10ÿ3 sÿ1.7
g Determinedconductimetricallyin duplicatein theabsenceof 2,6-lutidinewithin anexperimentalerrorof �1%.
h k = 0.0734sÿ1 (18.38°C), 0.109sÿ1 (22.5°C), 0.136sÿ1 (24.7°C); DH‡ = 16.2kcalmolÿ1; DS‡ =ÿ8.1 calmolÿ1 Kÿ1.
i Determinedin the presenceof 0.025mol dmÿ3 NaOAc.
j Thevalueof 97T3Wwasassumed.
k Determinedconductimetricallyin duplicatein thepresenceof 0.00125mol dmÿ3 2,6-lutidinewithin anexperimentalerrorof �1%.
l k = 0.0481sÿ1 (9.7°C), 0.111sÿ1 (20.5°C); DH‡ = 12.0kcalmolÿ1; DS‡ =ÿ22.1calmolÿ1 Kÿ1.
m Extrapolatedfrom dataat othertemperatures.
n k = 0.0547sÿ1 (ÿ20.0°C), 0.124sÿ1 (ÿ12.0°C), 0.351sÿ1 (ÿ0.6°C); DH‡ = 12.5kcalmolÿ1; DS‡ =ÿ14.4calmolÿ1 Kÿ1.
o k = 0.0459sÿ1 (12.1°C), 0.111sÿ1 (20.0°C); DH‡ = 17.8kcalmolÿ1; DS‡ =ÿ2.3 calmolÿ1 Kÿ1.
p k = 0.0575sÿ1 (ÿ10.5°C), 0.108sÿ1 (ÿ5.0°C), 0.180sÿ1 (ÿ0.6°C); DH‡ = 15.5kcalmolÿ1; DS‡ =ÿ4.8 calmolÿ1 Kÿ1.
q k = 0.0454sÿ1 (9.0°C), 0.0753sÿ1 (14.0°C), 0.120sÿ1 (19.5°C); DH‡ = 14.6kcalmolÿ1; DS‡ =ÿ12.9calmolÿ1 Kÿ1.
r Ref.13a.
s k = 0.0537sÿ1 (5.0°C), 0.0919sÿ1 (10.0°C), 0.204sÿ1 (17.5°C); DH‡ = 16.6kcalmolÿ1; DS‡ =ÿ4.6 calmolÿ1 Kÿ1.
t SeeTable1.
u k = 0.0790sÿ1 (9.5°C), 0.130sÿ1 (14.3°C), 0.216sÿ1 (19.5°C); DH‡ = 15.9kcalmolÿ1; DS‡ =ÿ7.1 calmolÿ1 Kÿ1.
v k = 0.0288sÿ1 (18.3°C), 0.0334sÿ1 (19.7°C), 0.0423sÿ1 (22.0°C); DH‡ = 17.9kcalmolÿ1; DS‡ =ÿ4.0 calmolÿ1 Kÿ1.
w k = 0.0973sÿ1 (10.5°C), 0.215sÿ1 (18.1°C); DH‡ = 16.6kcalmolÿ1; DS‡ =ÿ4.6 calmolÿ1 Kÿ1.
x k = 0.0272sÿ1 (19.32°C), 0.0328sÿ1 (20.95°C), 0.0406sÿ1 (22.91°C), 0.0594sÿ1 (26.40°C), 0.255 sÿ1 (40.00°C); DH‡ = 19.1kcalmolÿ1;
DS‡ =ÿ0.3 calmolÿ1 Kÿ1.
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very similar behaviorin the GW plot.3d We ascribethe
downwardpositioningof the waterdatapoint below the
non-aqueoussolventline andthebulgefoundfor aqueous
ethanol and aqueousacetonedata points to different
causesasdiscussedbelow.

Steric hindrance to Brùnsted-base type hydration

1-Chloroadamantane(1) cannot be attacked by a
nucleophilefrom the rearside.Therefore,the resultthat
1 is moresusceptibleto solventnucleophilicitythan8 or
9 may be interpretedas a sign that 1 is more strongly
solvatedthan8 or 9 on the cationside in the transition
stateof ionization.In theearlywork by Bentley,andco-
workers, they postulatedthat the NSP as indicatedby
using Eqn. (2) is consideredto involve the interactions
with both the reactingcarbonatom and the hydrogen
atoms,in particulartheb-hydrogens.8 Recently,Richard
et al. pointedout thatBrønstedbase-typesolvationto b-

Scheme 1

Figure 1. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 2 and 3 at 25°C. The points for 3 are shifted
upward by 2 units for clarity. The m value for 2 in non-
aqueous solvents is 0.58 (r = 0.9967) and that for 3 in all
solvents is 0.75 (r = 0.9977)
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hydrogenswould be more important than nucleophilic
assistancetowardcarbeniumcarbonin theionizationstep
of cumyl substrates.9 According to Monte Carlo and
RISM calculationson the hydrationof a t-Bu�Clÿ ion
pair, theaverageprimaryhydrationnumberis about1 for
carbeniumcarbon,but it amountsto 3 for eachmethyl
group.10Thelattertypeof solvationtob-hydrogensin the
transitionstateof ionizationof 8 or 9 shouldbeseverely
blocked owing to the presenceof bulkyl tert-butyl or
adamantylgroups. The downward positioning of the
waterpointsbelowthenon-aqueousline maybeascribed
to greater steric hindrance of hydration toward b-
hydrogensin 8 or 9 thanin 1.

Dependence of curvature on substrate and sol-
vent

Markeddeviationswith a curvedshapein the GW type
plot, which are observedfor the solvolysisof crowded
substratesin aqueousethanol, aqueousacetone and
aqueous1-propanol(Figs.2 and3), call for cautionand
placea limitation on the useof thesesolventsystems.
Aqueous methanol is a good solvent system in this
respect,butpoorsolubilitiesof substratesrestrictits wide

use.Severalfactorscould be behindthe behaviorof the
solvents to give curvatures, including hydrophobic
effects,changingclusterstructure,possibility of solvent
sortingor formationof waterpools,differencein ground-
statesolvationbetweensubstrates,andevenmechanistic
differences between the crowded alkyl systemsand
standard1-chloroadamantane(1). Among thesepossibi-
lities, we preferthehydrophobiceffect (seebelow).

Themarkedcurvaturesof theplotsof aqueousethanol
data(Figs.2 and3) stemfrom significantdeviationsfrom
linearity in the log k vs watermole fraction (fH2O) plots
[Fig. 4(a)]. More comprehensibleplots aregiven in Fig.
4(b),wherethedeviations(Dlog k) in Fig.4(a)areplotted
against fH2O. The deviation increasesin the order
2< 1� 3< 6< 8< 9.

We examinedsimilar plots for aqueousmethanoland
TFE–EtOHsystems,but the former showedonly slight
deviationsof <0.2 log k unit, and the latter gave an
essentiallylinear plot of log k vs. TFE mole fraction as
shownin Fig. 5 for 1, 2, 3 and8.

Hydrophobic effects

The deviation in the linear free energy relationship

Figure 2. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 4, 5 and 6 at 25°C. The points for 5 and 6
are shifted upward by 2 and 4 units, respectively, for clarity.
The m values for 4, 5 and 6 in non-aqueous solvents are 0.74
(r = 0.9976), 0.76 (r = 0.9959) and 0.75 (r = 0.9995), respec-
tively

Figure 3. Grunwald±Winstein plots with respect to YCl for
the solvolysis of 7, 8 and 9 at 25°C. The points for 8 and 9
are shifted upward by 2 and 4 units, respectively, for clarity.
The m values for 7, 8 and 9 in non-aqueous solvents are 0.73
(r = 0.9994), 0.77 (r = 0.9987) and 0.76 (r = 0.9992), respec-
tively
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causedby solvent effects has been reported in the
Hammett rule. Hoefnageland Wepsterfound that the
Hammetts constantsof bulky alkyl groups,suchastert-
butyl and1,1-diethylpropyl(Et3C), becomesignificantly
more negative (less ionizing) in aqueousethanol or
aqueoustert-butyl alcohol thanin water,andthe results
wereascribedto the hydrophobiceffect.11 They applied
Hansch’shydrophobicconstant(p)12 for substituentsto
improve the Hammett relationshipin aqueousorganic
solvents.11 The presentresults in solvolysis reactions
constitutea kinetic versionof HoefnagelandWepster’s
observations.We assumethat the more alkylated the
substrate,themorewatermoleculesareexpelledfrom the
solvation shell. Presumably,the first solvation shell
becomesmore ethanol-richthan the bulk phase.This
would leadto lesseasyionizationof thesubstrate.

We wished to examinesemiquantitativelythe sensi-
tivity of hydrophobiceffect in aqueousmethanoland
aqueousethanol.Sincetheextentof downwarddeviation
from thenon-aqueousline indicatesthemagnitudeof the
hydrophobiceffect, we examinedthe ratesin 70E30W
and80M20Wrelativeto thatin 60T40Easastandardfor
each substrate.These solvent systems have similar
respectiveYCl values,0.8,5b,c 0.675b,c and0.6313a (Table
3). Therefore,thequantitiesdefinedby log(k70E/k60T40E)
andlog(k80M/k60T40E) mayberegardedasa parameterof
thehydrophobiceffect exertedby 70Eand80M at a YCl

value of approximately 0.7. The magnitude of the
hydrophobiceffectwith respectto thesubstratestructure
may be evaluatedby makinga plot of log(k70E/k60T40E)
and log(k80M/k60T40E) vs relative Hansch’shydrophobic
constants(

P
p). We selected2-chloro-2-methylpropane

(2) asa standard(
P

p = 0), andthe
P

p valuesof other
compoundswerecalculatedby assumingtheadditivity of

p. For example,
P

p of 6 was evaluatedas 3.10 by
consideringthat the threehydrogensof 2 werereplaced
by a tert-butyl (p = 1.98)12 and two methyl (p = 0.56)12

groups.Table 4 summarizesthe
P

p, log(k70E/k60T40E),
and log(k80M/k60T40E) values, and Fig. 6 shows the
relationshipsbetweenthetwo logarithmicrateratiosandP

p.
A comparisonof theslopes,ÿ0.25for 70Eandÿ0.09

for 80M, indicatesthattheformersolventsystemis about
2–3 times more sensitiveto the hydrophobicityof the
substrate.Theupwarddeviationsof thevaluesfor 2 from
the correlationlines in Fig. 6 would be ascribedto NSP

Figure 4. (a) Plots of log k against mole fraction of water in the solvolysis of 1, 2, 3, 6, 8 and 9 in EtOH±H2O at 25°C. The rate
constants in water for 1 and 2 were taken from Refs 5b and 4, respectively, and those for 3, 6, 8 and 9 were estimated by
extrapolation of the MeOH±H2O data points to YCl of water (4.57) in Figs 1±3. (b) Plots of deviations of log k from a straight line
in Fig. 4(a) against mole fraction of water

Figure 5. Plots of log k against mole fraction of TFE in the
solvolysis of 1, 2, 3 and 8 in TFE±EtOH at 25°C
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including the Brønstedbase-typesolvation. Recently,
Tada et al. reported the hydrophobic effects on the
solvatochromism (ET) in various aqueous organic
solvents.14

Possibilities of differential ion-pair return or
mechanistic change

Recently,Kevill and D’Souza13b applied Eqn. (3) to a
limited numberof rate data3b for 8 that we reportedin
1997:

logk=ko � mYCl � hI 3

Equation (3) was originally developedto correct the
chargedelocalizationto an aromaticring,15 but it was
also shown to be usable for correction of ion-pair
return.16 Compounds8 and 9 mainly give alkenesas
solvolysisproduct.This meansthat the leaving group,
once ionized, mainly attacks one of the neighboring
hydrogenatoms,andthefractionof ion-pairreturnwould
be very small. On the basisof the fairly goodfit of the
plot, they suggesteda possibility of reducedion-pair
return.13b However,the behaviorof 10 in the GW plot
againstYBr

5b,cparameters,which is verysimilar to thatof
8 and 9,3d lessensthe possibility of reducedion-pair
returnasa causeof deviationsin theGW relationshipin
Figs2 and3.

It was also suggestedby Bentley et al. that the
unexpectedlyslow ratesof solvolysisof congestedalkyl
compoundsin aqueousethanol might be causedby
mechanisticchangesto concertedelimination.17 How-
ever,thispossibilitywouldbelow since10, whichcannot
undergo the elimination reaction, also shows marked
deviations in the GW relationship similarly to the
congestedsubstratesusedin thepresentstudy.3d

EXPERIMENTAL

Boiling andmelting pointsareuncorrected.1H and13C
NMR spectra were recorded in CDCl3 at 270 and
68MHz, respectively.Medium-pressureliquid chroma-
tography(MPLC) wasconductedon Merck silica gel 60
(230–400mesh).Theknownalcoholscorrespondingto 5
and 7 were preparedby treating 4,4-dimethyl-2-penta-
none (Aldrich) with propylmagnesiumbromide and
isobutyllithium, respectively. Most of the solvolysis
solvents were purified as describedpreviously.18 1-
Propanolwas distilled over CaH2. DMSO wasdistilled
overCaH2 underreducedpressure.HFIP wasdriedover
molecularsieves3A anddistilled.Solventmixturesbased
on volume-% were prepared by mixing weighed
componentsby usingthe following densities19 at 25°C;
water (0.99705),acetone(0.78440),ethanol(0.78493),
methanol(0.78637),TFE (1.3686,anextrapolatedvalue
from 1.4106and1.3736at 0 and22°C, respectively)and
DMSO (1.09537).

1-(1-Adamantyl)-2,4,4-trimethyl-2-pentanol. 1-(1-Ada-
mantyl)-4,4-dimethyl-2-pentanone20 (1.59g, 6.39mmol)
was treatedwith methyllithium (9.54mmol) in diethyl
ether.Usualwork-upof thereactionmixturefollowedby
MPLC [SiO2, hexane–diethylether(97:3)] affordedthe
alcohol (1.63 g) in 96% yield. Colorlesscrystals,m.p.
55.5–56.5°C. Found: C, 81.63; H, 12.41. C18H32O
requiresC, 81.75; H, 12.20%.�H, 1.03 (9H, s), 1.21
(1H, s),1.36(3H, s),1.34(1H, d, J 14.8Hz), 1.39(1H, d,
J 14.8Hz), 1.49 (1H, d, J 14.8Hz), 1.53 (1H, d, J
14.8Hz), 1.67–1.70(12H, m), 1.89–1.98(3H, m); �C,
28.9 (CH), 29.7 (CH3), 31.6 (C), 31.8 (CH3), 34.0 (C),
37.1(CH2), 44.2(CH2), 57.1(CH2), 58.7(CH2), 76.4(C).

General procedure for the preparation of 5 and 7. The
correspondingknown alcohols(ca 1.5 g) were treated

Table 4. Total p (
P

p) relative to 2 and logarithmic rate ratios
between the rate in 70% EtOH or 80% MeOH and that in
60%TFE±40% EtOH

Compound
P

pa Log(k70E/k60T40E)
b Log(k80M/k60T40E)

b

2 0 0.94 0.74
3 1.98 0.10 0.18
4 3.30 ÿ0.14 0.10
5 3.00 ÿ0.23 0.00
6 3.10 ÿ0.30 0.05
7 3.51 ÿ0.39 ÿ0.05
8 3.96 ÿ0.54 ÿ0.12
9 5.28 ÿ0.76 ÿ0.28

a Relativeto 2. For p, seeRef. 12.
b For ratedata,seeTables2, 3 andS1.

Figure 6. Plots of log(k70E/k60T40E) (*) and log(k80M/k60T40E)
(*) values against

P
p for the solvolysis of 2±9 at 25 °C
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with dry HCl gasin pentaneatÿ40°C for 5–10min. The
solutionwasdriedwith asmallamountof CaCl2, flushed
with N2 and filtered. Pentanewas evaporatedand the
chloride was distilled under reduced pressure.The
chlorides were used for rate studies without being
subjectedto microanalysisbecauseof their instability.

4-Chloro-2,2,4-trimethylheptane (5). B.p. 42.0–42.5°C
at6 mmHg.�H, 0.93(3H, t, J 7.3Hz), 1.05(9H,s),1.45–
1.60(2H, m), 1.63(3H, s),1.74–1.82(2H, m), 1.85(1H,
d, J 15.2Hz), 1.89 (1H, d, J 15.2Hz); �C, 14.2 (CH3),
18.2 (CH2), 31.5 (4� CH3), 32.3 (C), 48.8 (CH2), 55.7
(CH2), 75.8(C).

4-Chloro-2,2,4,6-tetramethylheptane (7). B.p. 43.0°C
at 4 mmHg.�H, 1.00(6H, d, J 6.6Hz), 1.06(9H, s),1.65
(3H, s), 1.68 (1H, dd, J 5.6, 14.8Hz), 1.78 (1H, d, J
15.2Hz), 1.79 (1H, dd, J 5.6, 14.8Hz), 1.91 (1H, d, J
15.2Hz), 1.89–2.00(1H, m); �C, 25.0(CH), 25.1(CH3),
31.4(CH3), 31.7(CH3), 32.3(C),55.4(CH2), 56.7(CH2),
75.8(C).

1-(2-Chloro-2,4,4-trimethylpentyl)adamantane (9).
The precursoralcohol (414mg, 1.57mmol) in CH2Cl2
was treatedwith dry HCl gasat ÿ40°C for 2 min. The
reaction mixture was treatedwith a small amount of
CaCl2, flushedwith N2, andfiltered. Evaporationof the
solventaffordeda yellow liquid, which wasfoundby 1H
and 13C NMR to contain threekinds of alkenesand 9
showingthe chlorinatedcarbonat 76.0ppm. The NMR
spectrashowedthat 9 waspresentin about40%,andno
indicationwasfound for the formationof otherchloride
isomers.All of the four tert-butyl signals and all the
olefinic protonsin 1H NMR spectrawereunambiguously
assigned(seeSupplementaryMaterial).Themixturewas
usedfor ratestudieswithout furtherpurification.

General procedures for product studies. Thesolvolysis
wasconductedfor a solutionof 0.04mol dmÿ3 substrate
in thepresenceof 0.05mol dmÿ3 2,6-lutidinefor 10half-
lives at appropriatetemperatures.The reactionsolution
wasmixedwith saturatedaqueousNaClandsuccessively
extractedwith pentane.Thecombinedpentanelayerwas
washedwith saturatedaqueousNaCl three times and
dried (MgSO4). The product distributions were deter-
mined by GLC (PEG 20M, 2m� 3 mmf id) for the
extract, or by 1H NMR for the crude product after
distillation of pentaneon a 30cm Vigreux column.

Methanolysis of 1-(2-chloromethylpropyl)adamantane
(4). GLC analysesshowedtheratio betweenalkenesand
the methyl etherto be 70:30. 1H NMR analysisshowed
theformationof theendo-alkene[�H 4.84(br s)] andthe
exo-alkene[�H 4.50(m), 4.76(m)] in a ratio of 5:65.

Methanolysis and tri¯uoroethanolysis of 4-chloro-4-
ethyl-2,2-dimethylhexane (6). The product ratio be-

tweenalkenesand substitutionproductwas determined
by GLC. The methoxyl 1H signal appearedat �H 3.12.
Detailedanalysisof alkeneswasnot carriedout.

Methanolysis and tri¯uoroethanolysis of 4-chloro-
2,2,4,6,6-pentamethylheptane (8). The product ratios
weredeterminedby 1H NMR. Themethyl ethershowed
the methoxyl signal at �H 3.12. No indication for the
formationof thetrifluoroethyletherwasfound.Theratio
betweenthe endo- (presumablya mixture of Z- and E-
forms) and exo-alkeneswas determinedbasedon the
respectivesignalsat �H 5.11(br s) and4.79(s).

Kinetic Methods. Thetitrimetric andconductimetricrate
constantsweredeterminedasdescribedpreviously.18

Supplementary Material

A tableof therateconstantsfor 2 and3 usedfor theplots
in Fig. 1 and1H NMR spectrafor 9 areavailableat the
epocwebsiteat http://www.wiley.com/epoc.
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