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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 thé- 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 agueous 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 Brgnsted base-type hydration to the
p-hydrogens than 1-chloroadamantane as the standard dtflseale. Second, with highly hydrophobic substrates

the first solvation shell in agueous ethanol is expected to become more ethanol rich than the bulk phase, causing les:
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 Hanwreethstants of bulky alkyl groups. Copyright2001

John Wiley & Sons, Ltd.
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INTRODUCTION represented by the equation

Tertiary chloroalkanes constitute a family of popular logk/ko = mY 1
substrates in solvolysis studitsHowever, systematic

work related to the solvent effects on their solvolytic where k and k, are the first-order rate constants of
reactivities, in particular on the Grunwald-Winstein solvolysis of a given compound in a given solvent and in
(GW) relationship, has been started only recently by

the Liu's® and ou? groups. This paper presents a full

account of the solvent effects in the solvolysis of various

cl
crowded tertiary chloroalkane®-9 in comparison with cl ¢l cl
2-chloro-2-methylpropane). %
The GW relationship was originally proposed as a
3 4 5

linear free energy relationship in solvolytic reactions as
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80% EtOH—20%H,0 (v/v) at 25.0°C, respectively* As
thereferencecompound wasselectedandtheionizing
powerof asolvent,Y, wasdefinedby placingm = 1.00for
2ineqn(1)?

In 1970, Schleyerand co-workersnotedthat even 2
would be subjectto nucleophilic solvent participation
(NSP)>*andin 1982, Bentleyand co-workersredefined
Yc by using 1-chloroadamantangl)*” asthe standard
chloridewhoserearsideis geometricallyprecludedrom
NSP[Eqgn. (2)]:

logk/ko = mYg 2

They examinedthe GW type relationshipof 2 against
Y andfoundthatthe datapointsfor waterandaqueous
mixturesof organicsolventsfall upwardwith respecto
thosefor fluorinatedsolvents suchas2,2,2-trifluoroetha-
nol (TFE), 1,1,1,3,3,3-hexafluor2-propano(HFIP) and
trifluoroaceticacid (TFA).? Recently,we reportedthat
all the data points in many solventsexaminedfor 2-
chloro-2,4,4-trimetilpentane (3) are well accommo-
datedby a singlemYc, plot becausdgherearsideof 3 is
effectively shielded by the tert-butyl group®*¢9 we
extendedthe study to the highly crowded 4-chloro-
2,2,4,6,6-pentaethylheptan€8) andfoundthatthe data
pointsof aqueousrganicsolventscomebelow thoseof
non-aqueoussolvents®® The result was interpretedas
suggestingthat the bulky tert-butyl groupsinhibit not
only the NSP toward the cationic center, but also the
Brgnstedbase-typenydrationtowardthe -hydrogensn
the transitionstateof ionization3? Furtherstudieson the
solvolysis of 8 revealedthat a downward bulge was
evident for the aqueousethanol data points®® This
phenomenomasascribedo hydrophobiceffects

This papersummarizeghe accumulatedate datafor
the solvolysisof 3—9 andsomeadditionalrate datafor 1
and2, andagainemphasizetheimportantfactorsof the
Brgnstedase-typénydrationandhydrophobiceffectsas
the causeof dispersionsf datapointsin the GW type
relationshipwith respecto Yg,.

RESULTS
Substrates

The chlorides except for 5, 7 and 9 were reported
recently® The chlorides5, 7 and 9 were preparedrom
the correspondindnown alcoholsby hydrochlorination
with HCI gas.The new precursoralcohol corresponding
to 9 was obtained by treating 1-(1-adamantyl)-4}-
dimethyl-2-pentanomwith methyllithium.

Solvolysis rates

1-Chloroadamantane (1). New Y, values for some
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Table 1. Rate constants of solvolysis for 1-chloroadaman-
tane (1) in TFE-MeOH, TFE-DMSO, and 1-propanol-H,0 at
25.0°C, and the corresponding Y values

Solvent kx10° (s 7
80T20M 0.0357¢ 1.65
60T40M 0.004F" 0.71
90T10D 0.04139 1.71
80T20D 0.00385%" 0.68
70P30W 0.0026" 0.51
60P40W 0.0073 0.96

&M, T, D, P andW denotemethanol,2,2,2-trifluoroethanoldimethyl
sulfoxide, 1-propanol,and water, respectively. The numbersmean
volume-% of each componentat 25.0°C. The concentrationof
substratavas0.020mol dm 3,

b The Yc,, values were calculated by using ko =8 x 10°stfor
80E20W®P andEqn. (2) with m=1.

¢ Determined titrimetrically in a single run in the presenceof
0.025mol dm~2 2,6-lutidinewithin an experimentakrror +2%.
dk=7.54x 10°s71(50.0°C), 9.15x 10 °s 1 (75.0°C); AHt=
22.3kcalmol™ % ASt=—13.2calmol * K.

¢ Extrapolatedrom datadetermineditrimetrically in the presenceof
0.025mol dm™3 2,6-lutidineat othertemperatures.

fk=1.05x 10 %571 (50.0°C), 1.69x 10°°s ! (75.0°C); AHt=
24.3kcalmol™%; ASt=—11.0calmol™* K™%,

9k=1.05x 10 ° s (50.0°C), 1.34x 10 *s ! (75.0°C); AH%=
23.3kcalmol % ASt=—9.6calmol * K™%,

hk=9.63x 10 " 571 (50.0°C), 1.61x 10 °s 1 (75.0°C); AHt=
24.3kcalmol™%; ASf=—11.0calmol ™t K

"k=7.19%x 107" s71(50.0°C), 1.33x10°s?t (75.0°C), 1.50x
104s?t (100.0°C);  AH$=25.0kcalmol™;  ASt=-9.4
calmolt K1,
I k=2.08x10°%s1(50.0°C), 3.71x10°s?! (75.0°C), 4.38x
104st (100.0°C);  AH#=25.0kcalmol %, AS{=-7.2
calmol ™t K71,

binary solventsystemscontainingTFE andMeOH, TFE
andDMSO, and 1-propanolandwaterwere obtainedby
determiningthe solvolysisratesof 1 in thesesolvents.
Theresultsaresummarizedn Table1.

2-Chloro-2-methylpropane (2) and 2-chloro-2,4,4-
trimethylpentane (3). New rate constantf solvolysis
of 2 were obtainedin some binary solvent systems
containingTFE and MeOH, TFE and DMSO, and 60%
TFE-40%EtOH (60T40E),andaresummarizedn Table
2. Table 2 also gives some newly determinedrate
constantsfor 3 in 50% MeOH-50% water (50M50W)
andthree TFE-EtOHmixtures.

Other congested tertiaryl chloroalkanes (4-9). The
ratesof solvolysisfor 4-9 were determinedin various
solventsystemsandaresummarizedn Table3. Therate
of 8in 80E20Whasalsobeenreportedin the literature’
Elevenout of 25 rate constantdor the solvolysisof 8 in
Table 3 werereportedpreviously®’

Solvolysis products

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

kx 10° (s7h)
Solvent 2 3
80T20M 2.1P°¢ —
60T40M 0.598"¢ —
90T10D 2.1 —
80T20D 0.39Pf —
50M50W 9 3520
60T40E 0.408 52.1
50T50E 9 19.9
40T60E — 7.48

2E, M, T, D andW denoteethanol,methanol,2,2,2-trifluoroethanol,
dimethylsulfoxideandwater,respectivelyThenumbersneanvolume
—% of eachcomponentat 25.0°C. The concentratiorof substratevas
0.020moldm™2 in titrimetric runs or (2-3)x 10~*moldm™2 in
conductimetriaruns.

Determined titrimetrically in a single run in the presenceof
0.025mol dm ™2 2,6-lutidinewithin an experimentakrror +2%.
©k=3.92x 10°* 57! (50.0°C); AHt =21.8kcalmol™*; ASt=—-6.9
calmol* K™%,
9k=1.18x 10* s7* (50.0°C); AHf=22.3kcalmol™; ASt=—-7.7
calmol ™t K™%,
©k=4.16x 10* s (50.0°C); AHt =22.2kcalmol™*; ASt=—-5.5
calmol 1 K1,
fk=8.90%x 107° s7* (50.0°C); AHt =23.3kcalmol™%; ASt=-5.0
calmol * K™,

9 SeeTableS1in Supplementaraterial.

Determinedconductimetricallyin the absenceof a buffer within an
experimentakrror of +1%.

26 and74%yields, respectively*® In the methanolysisf
4 theyields of the methyl etherandalkeneswere 30 and
70%,respectivelyat 25°C (Schemel). With increasen
crowding, the yield of methyl ether decreasedf (at
50°C) and 8 (at 25°C) gavethe correspondingnethyl
etherin 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,Bentley and Carterfound that the
GW type plot for 2-chloro-2-methylpropan€?) against
Yo showeddispersionf the datapointsfor fluorinated
solventsbelow the aqueousethanol,aqueousmethanol
and aqueousacetonedata points>® The faster rates of
solvolysis of 2 in aqueousorganic solvents such as
EtOH-H,0, MeOH-H,0, TFE-H,0O and acetone—-EO
than expectedrom fluorinatedsolventdatapointswere
ascribed to nucleophilic assistanceto ionization in
aqueoussolventmixtures®

We carefully examinedthe datapointsfor fluorinated
solvents and further added some data points for the
solventsas shownin Table2. In consequencet turned
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outthatall the datapointsfor non-aqueousolventswith

theexceptionof formic acidarewell accommodatetly a
single straightline with m=0.58(r = 0.9967)(Fig. 1).3

The magnitudeof this valueis considerablysmallerthan
the m values (0.73-0.77) for the other crowded
compounds3-9 employedin this work. This can be
ascribedo thegreatemNSPof ethanolandmethanothan
the fluorinatedsolvents.lt shouldalsobe notedthat the
methanoldatapoint deviatesslightly upwards(Fig. 1).

The non-aqueousolventsystemswhich we concluded
could be accommodatedy the single linear relation,
include 97HFIP, TFA, TFE, TFE-EtOH, TFE-MeOH,
TFE-DMSO,AcOH, MeOH and EtOH. In this respect,
the marked upward deviation of the formic acid data
point suggestsa significant contribution to cation
stabilization,which deservegarefulexamination

The upwarddeviationsof the datapointsfor aqueous
solventmixtures are obviously causedby the very fast
rateof 2 in water(Yg = 4.57°9. Clearly, the problemis
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
ethanolandaqueousacetondines showa slight upward
bulge.

In contrastall the datapointsfor the solvolysisof 3in
both aqueous and non-agueoussolvents are well
accommodatedy a single straight line (Fig. 1). Liu
and co-workersreportedthat 3-chloro-3-isopropylpen-
taneand3-tert-butyl-3-chloropentanbehavesimilarly to
3 in the GW relationship? Phenomenoldgally, this
would have beencausedby the close approachof the
water data point to the non-aqueoudine. Most of the
solvolysisratesusedfor the plotsin Fig. 1 arereported
ones;all the data are summarizedin Table S1 in the
Supplementaryaterial.

The linear behavior of the GW relationship for 3
suggestethatcompound#-9 havinggreatercongestion
would also behavesimilarly. Figures2 and 3 showthe
GW plotsfor 4-6 and7-9, respectively.Thereareafew
new phenomendhat havenot beennotedbeforein this
field, asfollows.

(1) IntheGW plotsof 4, 5, 6 (Fig. 2) and7 (Fig. 3), the
agueousnethanoldatapointsare nearlyaccommodated
by thelinear correlationfor non-aqueousolvents.Since
the aqueousmethanollines are essentiallylinear, the
waterdatapoint would fall on the non-aqueousine. On
the otherhand,the aqueousthanolandaqueousicetone
datapointsfall below the non-aqueousine. Obviously,
theseaqueoussolventmixturesshowa curvaturewith a
downwardbulge.

(2) In the highly crowdedcompounds8 and 9, the
deviation of the aqueousethanol,aqueousacetoneand
two aqueousl-propanoldatapoints becomesenormous.
In thesecompoundsthe hypotheticalwater datapoints
aresupposedo fall belowthenon-aqueoubne, sincethe
aqueousmethanollines are almostlinear. This is also
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Table 3. Rate constants of solvolysis of congested teritiary choloroalkanes

10° k (s %) at 25.0°C

Solvent Y 4 5 6 7 8 9
100E -25 0.80G° 117 1.26° 3.9% 21.7F 37.F
90E10W -0.9 7.78 10.° 11.£ 31.8 156° 23F
80E20W 0.00 32.0 40.C 46.5 113 527°f 708
70E30W 0.8 93.7 124 14 31& 1500 1766
60E40W 1.38 245° 349 481° 107C 428(F 419CF
50E50W 2.02 160C°
40E60W 2.75 917¢F
100M -1.2 7.64£ 11.9 13.9 39.3 202 37¢F°
90M10W -0.2 39.6 61.3 70.7 17£ 955° 1566
80M20W 0.67 164 207 319 703 391C° 5280
70M30W 1.46 568 87 113C 283C 13906" 21206
60M40W 2.07 218¢° 10506
70A30W 0.17 34.7 51.0° 55.4£ 135 596° 684
50A50W 1.73 632 104C° 1216 191CF° 6140 828C°
40A60W 2.46 5130 _

AcOH -1.6 134

100T (2.83) 7390¢ 18800 15100 2830004™"

97T3W 2.83 8010

70T30W 2.96 9800 13306 18700¢° 227000™P

50T50W 3.16 11106 19600¢¢™4

80T20E 1.89 92 1630 2220 6750 43000°™s

60T40E 0.63 130 209 285¢ 779 5100 10100
50T50E 0.16 46.9¢ 81.9 29¢ 1900 3540
40T60E —0.48 22.0% 691 1410
20T80E —1.42 11X

80T20M 1.65 36600-™ Y

60T40M 0.71 59204

90T10D 1.71 42800

80T20D 0.68 5100

70P30W 0.51 4319

60P40W 0.96 855

2E,M, A, T, D, P,andW denoteethanol,methanol,acetone2,2,2-trifluoroethanoldimethyl sulfoxide, 1-propanoland water, respectively The
numberaneanvolume —% of eachcomponentt 25.0°C, exceptfor the T-W systemwhich is basedn weight—%. The concentratiorof substrate
was0.020mol dm~2 in titrimetric runsor (2—3) x 10~ moldm~2 in conductimetr runs.
b Quotedfrom Ref. 5¢c unlessnotedotherwise.
¢ Determineditrimetrically in asinglerunin thepresencef 0.025mol dm > 2,6-lutidinewithin anexperimentarror+2% unlessotedotherwise
9k=2.05% 10~*s7* (50.0°C); AHt = 24.2kcalmol™%; ASt = —0.5calmol™* K%,
€ Determinedconductimetricallgin du;)licatein the presencef 0.025mol dm 3 2,6-lutidinewithin an experimentakrror of +1%.
" A reportedvalueis 5.25x 10> s,
9 Deteminedconductimetricallyin duplicatein the absenceof 2,6-lutidinewithin anexperimentakrror of £1%.
" k=0.0734s71 (18.38°C), 0.109s ! (22.5°C), 0.1365 ! (24.7°C); AH$ = 16.2kcalmol™; ASt= —8.1calmol™* K2,
' Determinedin the presencef 0.025mol dm~> NaOAc.
) The value of 97T3W wasassumed.
Deteminedconductimetricallyin duplicatein the presenceof 0.00125mol dm ™2 2,6-lutidinewithin an experimentakerror of +1%.
' k=0.0481s7(9.7°C), 0.111s* (20.5°C); AH$ = 12.0kcalmol™%; ASE= —22.1calmol™* K2,
M Extrapolatedrom dataat othertemperatures.
"k=0.0547s"* (—20.0°C), 0.124s™* (~12.0°C), 0.351s * (—0.6°C); AHt = 12.5kcalmol™; ASt = —14.4calmol™ K™,
©k=0.0459s* (12.1°C), 0.111s ' (20.0°C); AHt = 17.8kcalmol™*; ASt= —2.3calmol ™t K™,
Pk=0.0575s"* (—10.5°C), 0.108s ! (—5.0°C), 0.180s* (—0.6°C); AH$ = 15.5kcalmol~*; ASf = —4.8calmol * K.
k= 0.0454s71 (9.0°C), 0.0753s ™ (14.0°C), 0.120s™* (19.5°C); AH$ = 14.6kcalmol™%; ASt=—12.9calmol ™t K2,
Ref.13a.
Sk=0.0537s ! (5.0°C), 0.0919s * (10.0°C), 0.204s ! (17.5°C); AH$ = 16.6kcalmol™*; ASt = —4.6 calmol * K.
! SeeTablel.
Yk=0.0790s ! (9.5°C), 0.130s * (14.3°C), 0.216s5 * (19.5°C); AHt = 15.9kcalmol™*; ASt = —7.1calmol™* K 1.
v k=0.0288s ! (18.3°C), 0.0334s ' (19.7°C), 0.0423s * (22.0°C); AH$ = 17.9kcalmol: ASt=—4.0calmol * K™%,
Wk=0.0973s 1 (10.5°C), 0.2155 * (18.1°C); AH% = 16.6kcalmol - ASt = —4.6 calmol L K,
* k=0.0272s"! (19.32°C), 0.0328s ! (20.95°C), 0.0406s™* (22.91°C), 0.0594s5 ! (26.40°C), 0.255s5* (40.00°C); AHt =19.1kcalmol™t;
ASt=-0.3calmol K%,

supportedby the slowerrate of 8 in 70T thanin 100T highly alkyl-substitutedsubstrateslt is suggestedhat 8
despitethe greaterYq, valueof theformer (2.967°than and 9 may be less nucleophilically assistedthan the
the latter (2.83)5P¢ standardl-chloroadamantan@). We havefoundthat1-

The abovetwo featuresappearo be characteristicof bromo-3,5,7-triisoprpyladamantane(10) also shows
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5-b- b

Cl

MeOH, 2,6-lutidine
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4 5% 65% 30%
cl (o]3]
SOH, 2,6-lutidine -
+ +
50 °C, 10ty
;_Y_J
6
S=Me 88% 12%
S = CF4CH, 99% 1%
cl 0os
SOH, 2,6-lutidine S
+ +
25°C, 10 typ
8
S=Me 26% 68% 6%
S=CFsCH;  31% 69% <1%
Scheme 1

70HFIP

log(10%k/s™")

97HFIP
TFA

HCO,H
80T20E

> 907100
60T40M " 80T20M

60T40E
80T20D

LA LA L L L I L LA L LB BB

-3 -2 -1 0 1 2 3 4 5 6
Yo

Figure 1. Grunwald-Winstein plots with respect to Y, 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-
agueous solvents is 0.58 (r=0.9967) and that for 3 in all
solvents is 0.75 (r=0.9977)
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very similar behaviorin the GW plot.>*¢ We ascribethe
downwardpositioningof the waterdatapoint belowthe
non-aqueousolventline andthebulgefoundfor aqueous
ethanol and aqueousacetonedata points to different
causesasdiscussedelow.

Steric hindrance to Bronsted-base type hydration

1-Chloroadamantang(1l) cannot be attacked by a
nucleophilefrom the rearside. Therefore the resultthat
1 is moresusceptibldgo solventnucleophilicitythan8 or
9 may be interpretedas a sign that 1 is more strongly
solvatedthan 8 or 9 on the cation sidein the transition
stateof ionization.In the earlywork by Bentley,andco-
workers, they postulatedthat the NSP as indicated by
using Eqn. (2) is consideredo involve the interactions
with both the reacting carbonatom and the hydrogen
atoms,in particularthe -hydrogeng Recently,Richard
et al. pointedout that Brgnstedbhase-typesolvationto f3-

Br

10
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=1

80T20E, 40A

70M,/C V 50E
80M 50A
60T40E

v

log(10°k/s™)

Figure 2. Grunwald-Winstein plots with respect to Y, 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 mvalues 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

hydrogenswould be more importantthan nucleophilic
assistancwardcarbeniuntarbonin theionizationstep
of cumyl substrates. According to Monte Carlo and
RISM calculationson the hydrationof a t-Bu™Cl~ ion
pair,theaveragerimaryhydrationnumberis aboutl for
carbeniumcarbon,but it amountsto 3 for eachmethyl
group?® Thelattertypeof solvationto f-hydrogensn the
transitionstateof ionizationof 8 or 9 shouldbe severely
blocked owing to the presenceof bulkyl tert-butyl or
adamantylgroups. The downward positioning of the
waterpointsbelowthe non-aqueoulne maybeascribed
to greater steric hindrance of hydration toward /-
hydrogensn 8 or 9 thanin 1.

Dependence of curvature on substrate and sol-
vent

Marked deviationswith a curvedshapein the GW type
plot, which are observedfor the solvolysisof crowded
substratesin aqueousethanol, agueousacetone and
agueousl-propanol(Figs. 2 and3), call for cautionand

place a limitation on the use of thesesolventsystems.

Aqueous methanolis a good solvent systemin this
respectput poorsolubilitiesof substratesestrictits wide

Copyright0 2001JohnWiley & Sons,Ltd.

9 4
8
"
6_‘ 7. A70M
o JroEs &, 0T40M £.50a
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8 4 /. soTeoE 8020
] 50A
37
2
.
0
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Figure 3. Grunwald-Winstein plots with respect to Y, 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 mvalues 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

use.Severalfactorscould be behindthe behaviorof the
solvents to give curvatures, including hydrophobic
effects,changingclusterstructure possibility of solvent
sortingor formationof waterpools,differencein ground-
statesolvationbetweersubstratesandevenmechanistic
differences between the crowded alkyl systemsand
standardl-chloroadamantan@). Among thesepossibi-
lities, we preferthe hydrophobiceffect (seebelow).

The markedcurvaturef the plots of aqueougthanol
data(Figs.2 and3) stemfrom significantdeviationgrom
linearity in the log k vs watermole fraction (f,0) plots
[Fig. 4(a)]. More comprehensiblglots aregivenin Fig.
4(b),wherethedeviationgAlog k) in Fig. 4(a)areplotted
against f 0. The deviation increasesin the order
2<1<3<6<8<«9.

We examinedsimilar plots for aqueougnethanoland
TFE-EtOHsystemsput 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

J. Phys.Org. Chem.2001;14: 229-238
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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-H,0 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-H,0 data points to Y 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

causedby solvent effects has been reported in the
Hammettrule. Hoefnageland Wepsterfound that the
Hammetto constant®f bulky alkyl groups,suchastert-

butyl and1,1-diethylpropyl(EtsC), becomesignificantly
more negative (less ionizing) in aqueousethanol or

aqueoudert-butyl alcoholthanin water,andthe results
wereascribedto the hydrophobiceffect!* They applied
Hansch’shydrophobicconstant(z)*? for substituentgo

improve the Hammettrelationshipin aqueousorganic
solventst* The presentresultsin solvolysis reactions
constitutea kinetic versionof Hoefnageland Wepster’'s
observationsWe assumethat the more alkylated the
substratethemorewatermoleculesareexpelledfrom the
solvation shell. Presumably,the first solvation shell

becomesmore ethanol-richthan the bulk phase.This

would leadto lesseasyionization of the substrate.

We wishedto examinesemiquantitativelythe sensi-
tivity of hydrophobiceffect in agueousmethanoland
agueougthanol Sincethe extentof downwarddeviation
from the non-aqueousine indicatesthe magnitudeof the
hydrophobiceffect, we examinedthe ratesin 70E30W
and80M20Wrelativeto thatin 60T40Easa standardor
each substrate. These solvent systems have similar
respectiveYc, values,0.8°*°0.677>°and0.6333(Table
3). Therefore the quantitiesdefinedby log(k;oe/KsoT408
andlog(ksom/KsoTaoe Mayberegardedasa parametenof
the hydrophobiceffect exertedby 70Eand80M ata Y,
value of approximately 0.7. The magnitude of the
hydrophobiceffectwith respecto the substratestructure
may be evaluatedby making a plot of log(k7oeKsoT408
andlog(Ksom/KeoT408 VS relative Hansch’shydrophobic
constanty} 7). We selected2-chloro-2-methylpropane
(2) asa standard> = =0), andthe > = valuesof other
compoundsverecalculatedoy assumingheadditivity of

Copyright0 2001JohnWiley & Sons,Ltd.

n. For example,> = of 6 was evaluatedas 3.10 by
consideringthat the threehydrogensof 2 werereplaced
by a tert-butyl (z = 1.98)*? and two methyl (= = 0.56)"
groups.Table 4 summarizeghe > r, log(kzoe/KeoT408),
and log(ksom/KsoTa0e Values, and Fig. 6 shows the
relationshipsetweerthe two logarithmicrateratiosand
> om.

A comparisorof the slopes,—0.25for 70Eand —0.09
for 80M, indicateghattheformersolventsystems about
2-3 times more sensitiveto the hydrophobicity of the
substrateThe upwarddeviationsof the valuesfor 2 from
the correlationlines in Fig. 6 would be ascribedto NSP
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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

J. Phys.Org. Chem.2001;14: 229-238



236 K. TAKEUCHI ETAL.

Table 4. Total = (3 _=) relative to 2 and logarithmic rate ratios
between the rate in 70% EtOH or 80% MeOH and that in
60%TFE-40% EtOH

Compound > =%

Log(kzodKsota08”  LOg(Ksom/KsoTa08"

2 0 0.94 0.74
3 1.98 0.10 0.18
4 3.30 -0.14 0.10
5 3.00 -0.23 0.00
6 3.10 —0.30 0.05
7 3.51 —0.39 —0.05
8 3.96 —-0.54 -0.12
9 5.28 -0.76 —0.28

@ Relativeto 2. For n, seeRef. 12.
b For ratedata,seeTables2, 3 and S1.

including the Brgnstedbase-typesolvation. Recently,
Tada et al. reportedthe hydrophobic effects on the
solvatochromism (E) in various aqueous organic
solventst

Possibilities of differential ion-pair return or
mechanistic change

Recently,Kevill and D'Souza®" applied Eqn. (3) to a
limited numberof rate dat&® for 8 that we reportedin
1997:

logk/ko = MY + hl 3

Equation (3) was originally developedto correct the
chargedelocalizationto an aromaticring,*® but it was
also shown to be usable for correction of ion-pair
return’® Compounds8 and 9 mainly give alkenesas
solvolysis product. This meansthat the leaving group,
once ionized, mainly attacks one of the neighboring
hydrogeratoms andthefractionof ion-pairreturnwould
be very small. On the basisof the fairly goodfit of the
plot, they suggesteda possibility of reducedion-pair
return?*® However, the behaviorof 10 in the GW plot
againstYg,>>°parameterayhichis very similarto thatof
8 and 9,%Y lessensthe possibility of reducedion-pair
returnasa causeof deviationsin the GW relationshipin
Figs2 and3.

It was also suggestedby Bentley et al. that the
unexpectedhslow ratesof solvolysisof congestedlkyl
compoundsin aqueousethanol might be causedby
mechanisticchangesto concertedelimination!’ How-
ever,this possibilitywould below sincel0, which cannot
undergothe elimination reaction, also shows marked
deviations in the GW relationship similarly to the
congestedsubstratesisedin the presentistudy>®
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Figure 6. Plots of Iog(k7OE/k60T4OE) (O) and |Og<k80M/k60T40E)
(@) values against > = for the solvolysis of 2-9 at 25 °C

EXPERIMENTAL

Boiling and melting points are uncorrected*H and*°C
NMR spectrawere recordedin CDCl; at 270 and
68 MHz, respectively.Medium-pressurdiquid chroma-
tography(MPLC) wasconductecbn Merck silica gel 60
(230-400mesh).Theknownalcoholscorrespondindgo 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 described previously® 1-
Propanolwas distilled over CaH,. DMSO was distilled
over CaH, underreducedpressureHFIP wasdried over
molecularsieves3A anddistilled. Solventmixturesbased
on volume-% were prepared by mixing weighed
componentsy usingthe following densities$® at 25°C;
water (0.99705),acetone(0.78440),ethanol (0.78493),
methanol(0.78637),TFE (1.3686,an extrapolatedvalue
from 1.4106and1.3736at0 and22°C, respectivelyland
DMSO (1.09537).

1-(1-Adamantyl)-2,4,4-trimethyl-2-pentanol. 1-(1-Ada-
mantyl)-4,4-dimethyR2-pentanon® (1.59g, 6.39mmol)
was treatedwith methyllithium (9.54mmol) in diethyl
ether.Usualwork-upof thereactionmixture followed by
MPLC [SiO,, hexane—diethykther(97:3)] affordedthe
alcohol (1.63 g) in 96% yield. Colorlesscrystals,m.p.
55.5-56.5C. Found: C, 81.63; H, 12.41. C.gH3,0
requiresC, 81.75; H, 12.20%. éH, 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); 6C,
28.9 (CH), 29.7 (CH3), 31.6 (C), 31.8 (CHs), 34.0(C),
37.1(CH,), 44.2(CH,), 57.1(CH,), 58.7(CH,), 76.4(C).

General procedure for the preparation of 5 and 7. The
correspondingknown alcohols(ca 1.5 g) were treated
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with dry HCI gasin pentaneat —40°C for 5-10min. The
solutionwasdriedwith a smallamountof CaCl, flushed
with N, and filtered. Pentanewas evaporatedand the
chloride was distilled under reduced pressure.The
chlorides were used for rate studies without being
subjectedo microanalysishecausef their instability.

4-Chloro-2,2,4-trimethylheptane (5). B.p. 42.0-42.5C
at6é mmHg.6H, 0.93(3H,t,J7.3Hz),1.05(9H, s),1.45—
1.60(2H, m), 1.63(3H, s), 1.74-1.822H, m), 1.85(1H,
d, J 15.2Hz), 1.89 (1H, d, J 15.2Hz); 6C, 14.2 (CHy),
18.2 (CH,), 31.5(4 x CHy), 32.3(C), 48.8 (CH,), 55.7
(CH,), 75.8(C).

4-Chloro-2,2,4,6-tetramethylheptane (7). B.p. 43.0°C
at4 mmHg.&H, 1.00(6H, d, J 6.6Hz), 1.06(9H, s), 1.65
(8H, 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(CHs),
31.4(CHs), 31.7(CHs), 32.3(C), 55.4(CHy), 56.7(CHy),
75.8(C).

1-(2-Chloro-2,4,4-trimethylpentyl)adamantane 9).
The precursoralcohol (414mg, 1.57mmol) in CH,CI,
wastreatedwith dry HCI gasat —40°C for 2 min. The
reaction mixture was treatedwith a small amount of
CaCl, flushedwith N, andfiltered. Evaporationof the
solventaffordeda yellow liquid, which wasfoundby *H
and **C NMR to containthreekinds of alkenesand 9
showingthe chlorinatedcarbonat 76.0ppm. The NMR
spectrashowedthat9 waspresenin about40%,andno
indicationwasfound for the formation of otherchloride
isomers.All of the four tert-butyl signalsand all the
olefinic protonsin *H NMR spectravereunambiguously
assignedseeSupplementaraterial). The mixture was
usedfor rate studieswithout further purification.

General procedures for product studies. The solvolysis
wasconductedor a solutionof 0.04mol dm~ substrate
in the presencef 0.05mol dm 3 2,6-lutidinefor 10 half-
lives at appropriatetemperaturesThe reactionsolution
wasmixedwith saturatecdiqueousdNaClandsuccessively
extractedwith pentaneThe combinedpentandayerwas
washedwith saturatedaqueousNaCl three times and
dried (MgSQy). The product distributions were deter-
mined by GLC (PEG 20M, 2m x 3mmg¢ id) for the
extract, or by *H NMR for the crude product after
distillation of pentaneon a 30cm Vigreux column.

Methanolysis of 1-(2-chloromethylpropyl)adamantane
(4). GLC analyseshowedthe ratio betweeralkenesand
the methyl etherto be 70:30. *H NMR analysisshowed
theformationof theendoealkene[éH 4.84 (br s)] andthe
excalkene[éH 4.50(m), 4.76(m)] in aratio of 5:65.

Methanolysis and trifluoroethanolysis of 4-chloro-4-
ethyl-2,2-dimethylhexane (6). The product ratio be-
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tweenalkenesand substitutionproductwas determined
by GLC. The methoxyl*H signalappearedat 6H 3.12.
Detailedanalysisof alkeneswasnot carriedout.

Methanolysis and trifluoroethanolysis of 4-chloro-
2,2,4,6,6-pentamethylheptane (8). The productratios
weredeterminecby *H NMR. The methyl ethershowed
the methoxyl signal at §H 3.12. No indication for the
formationof thetrifluoroethyletherwasfound. Theratio
betweenthe ende (presumablya mixture of Z- and E-
forms) and excalkeneswas determinedbasedon the
respectivesignalsat 6H 5.11 (br s) and4.79(s).

Kinetic Methods. Thetitrimetric andconductimetricate
constantsvere determinedasdescribedpreviously*®

Supplementary Material

A tableof therateconstantgor 2 and3 usedfor the plots
in Fig. 1 and'H NMR spectrafor 9 are availableat the
epocwebsiteat http://www.wiley.com/@oc.
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